
The Scientific World Journal

Impacts of Land Use Changes  
on Soil Properties and Processes

Guest Editors: Antonio Paz González, Cleide Aparecida de Abreu,  
Ana Maria Tarquis, and Eduardo Medina-Roldán



Impacts of Land Use Changes on
Soil Properties and Processes



The Scientific World Journal

Impacts of Land Use Changes on
Soil Properties and Processes

Guest Editors: Antonio Paz González,
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Land use is one of the main drivers of many processes of
environmental change, as it influences basic resources within
the landscape, including the soil resources. Poor soil manage-
ment can rapidly deteriorate vast amounts of land, which fre-
quently becomes a major threat to rural subsistence in many
developing and developed countries. Conversely, impact of
land use changes on soil can occur so unnoticed that land
managers hardly contemplate initiating ameliorative mea-
sures. Knowledge and understanding of soil properties and
processes ensures remediation or reclamation of disturbed
or damaged soils.

This special issue brought together an international
group of scientists presenting results from field trials and
data harvesting carried out in a range of different soils
and environments, from Poland, Italy, Spain, and USA to
China, Indonesia, Venezuela, Brazil, and Argentina, together
with laboratory experiments, reviews, and modeling with
advanced mathematical tools. The strength of such issue
was derived from a mutual interest in the mechanisms that
regulate the impact of land use and changes in land use on soil
properties and processes and also in the development and use
of the most advanced methods and procedures for assessing
them.

Drawing on the latest research and opinion, first this issue
contains one state-of-the-art review and two research articles
highlighting the usefulness and efficiency of the approach

adopted here in a general context. W. Zhou et al. reviewed
the effect of paddy upland rotation on soil properties. W.
Shangguan et al. addressed the soil pedodiversity of China,
mapping the distribution and extent of different soil taxa;
this allowed identification of nearly 90 endangered soils,
also suggesting that at least two dozens of soils have already
gone extinct due to inadequate land use. J. Rejman et al.
addressed the role of land use change in soil losses and relief
modification in Loess areas of Poland.

Various authors reported laboratory experiments aiming
to clarify the role of external inputs (amendments, irriga-
tion, etc.) in selected soil properties. More specifically, A.
D. Karathanasis et al. used several amendment materials
together with extracts from crop biomass to accelerate frag-
mentation of fragipans and, therefore, to increase the water
holding capacity of these soils. L. Chu et al. assessed the
potential of microsprinkler irrigation as amethod to alleviate
soil salinization, allowing crop growth. M. Garćıa-Albacete
et al. conducted leaching experiments to analyse phosphorus
mobility in both soil-compost ad soil-digestate systems,
showing that phosphorus losses were higher for the former
than for the latter; in addition this study provided evidence
of the importance of waste’s wettability for assessing P
sorption mechanisms and risk of leaching losses. M. Garćıa-
Sánchez et al. using a batch experiment showed that both
organic amendments and a sulfur compound added to two
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differentHg contaminated soils (luvisol and chernozem)were
able to reduce Hg mobile fractions and increased availability
of macro- and micronutrient.

The role of land use in soil organic matter and nitrogen
dynamics has been illustrated by case studies carried out
in contrasting soil and climatic conditions. A. F. González-
Pedraza and N. Dezzeo studied soil nitrogen seasonality in
the Western Llanos of Venezuela. S. Dori et al. addressed
soil carbon dynamics in different regions of Europe and
discussed the efficiency ofmanagement practices that control
the potential of sequestration of soil organic carbon. A. Liang
et al. analysed the mechanisms of soil organic carbon
turnover on agricultural systems using a combination of
isotopic tracer and physical fractionation under no-tillage
and mouldboard ploughing; results showed that shot term
impact of the studied tillage treatments varied in the different
fractions analysed. D. A. McGranahan et al. analysed the
reliability of carbon sequestration estimations associatedwith
the effect of unexplained variability and due to interactions
of vegetation, land use management, and soil properties
with belowground ecosystem function; subsequently, even if
rangeland soils are important carbon pools, it is unlikely that
rangeland plant communities can be effectively categorized
by their carbon sequestration potential.

Land use impacts on greenhouse gasses have been amajor
topic of this special issue. Z. S. Zhang et al. conducted a
field trial to evaluate the effect of mulching from residues
of a previous crop on paddy fields under no-tillage; this
management system was found to significantly increase CO

2

and N
2
O emissions, while decreasing CH

4
emissions. S. F.

Smith andK. R. Brye reported results fromafield trial on a silt
loan soil under soybean, showing that the impact of irrigation
on seasonal CO

2
emissions differed between years, whereas

no-tillage management reduced seasonal CO
2
emissions; the

tillage effect on total CO
2
emissionswas not dependent on the

irrigation scheme used. L. N. L. K. Choo and O. H. Ahmed
used a lysimeter experiment to analyse both CO

2
emissions

and dissolved organic carbon leaching in a drained peat land
cropped to pineapple under tropical conditions. Y. Lu and H.
Xu performed an incubation experiment to test the effects of
soil temperature, flooding, and organic matter addition on
N
2
O emissions in a wetland soil.
Two manuscripts addressed the role of land use in soil

organism. G. M. Siqueira et al. used the classical pitfall
trap method to study the interactions between the soil
arthropod community and land use and management of
an entisol under semiarid climate in Brazil; the arthropod
abundance under native forest was much lower than under
native biomes with tropical climate. Agricultural land use
strongly decreases the abundance of Formicidae compared
to natural biome. E. E. Kuramae et al. studied the role
of several land uses in the structure and composition of
microbial communities in Netherlands using DNA analysis;
the functional gene diversity found in different soils did not
group the sites accordingly to land management, and the
main factors driving differences in functional genes between
land uses or management systems were carbon : nitrogen
ratio, phosphatase activity, and total nitrogen.

New experimental and conceptual methods are needed
to assess the effects of land use changes on soil properties
and processes. J. L. M. P. de Lima et al. mapped soil surface
macropores using infrared thermography; this technique is
expected to provide a better understanding of the com-
plex relationships between soil pores and soil physical and
hydraulic properties. C. Moreno et al. developed an image
analysismethod to estimate the soil cover by different types of
mulchingmaterials during degradation in the field; particular
attention was paid to thresholding methods in image treat-
ment; proportion of areas lacking mulch have been automat-
ically assessed. The applications of fractals and multifractals
in soil and earth sciences are increasing, since many soil
properties and processes have been shown to depend on
complex interactions that could be assessed by fractalmodels.
Also there is an increasing availability of data sets allowing
computation and modelling using these mathematical tools.
J. de Castro et al. described fractal analysis of Laplacian
pyramidal and applied this method to segmentation of soil
micromorphology; the algorithm used produced more reli-
able results than the commonly employed OTSU algorithm.

Geostatistics was used to evaluate the spatial variability
of several soil properties as related to land use at various
sampling scales. G. M. Siqueira et al. used soil apparent
electrical conductivity for devising soil sampling schemes in
an agricultural field that in a further step were analyzed by
geostatistical techniques; as a result, a first manuscript was
devoted to estimated spatial patterns of soil compaction and
a second one provided insight into the spatial variability of
selected general soil properties. L. A.Morales et al. studied the
spatial distribution of ammonium-nitrogen, phosphorus, and
potassium in a paddy field at Argentina during three different
vegetative periods of the rice crop. X. Tan et al. analyzed the
spatial variability of sixteen soil properties, including several
soil enzymes, focusing on soil quality assessment; it was
concluded that the spatial patterns of soil quality were better
reflected using an integrated index based on soil enzyme
activities. P. L. Aguado et al. used multifractal analysis to
characterize a landscape, based on a high resolution digital
elevation model; it was shown that the use of the multifractal
approach withmean absolute gradient data is a useful tool for
analyzing topographical features.

We believe that the present special issue reflects recent
advances on the effects of land use over a range of soil
properties and processes, complemented with insightful case
studies using advanced mathematical techniques and new
experimental methods for assessing soil surface characteris-
tics.
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The apparent soil electrical conductivity (ECa) was continuously recorded in three successive dates using electromagnetic induction
in horizontal (ECa-H) and vertical (ECa-V) dipole modes at a 6 ha plot located in Northwestern Spain. One of the ECa data sets
was used to devise an optimized sampling scheme consisting of 40 points. Soil was sampled at the 0.0–0.3m depth, in these 40
points, and analyzed for sand, silt, and clay content; gravimetric water content; and electrical conductivity of saturated soil paste.
Coefficients of correlation between ECa and gravimetric soil water content (0.685 for ECa-V and 0.649 for ECa-H) were higher than
those between ECa and clay content (ranging from 0.197 to 0.495, when different ECa recording dates were taken into account).
Ordinary and universal kriging have been used to assess the patterns of spatial variability of the ECa data sets recorded at successive
dates and the analyzed soil properties. Ordinary and universal cokriging methods have improved the estimation of gravimetric soil
water content using the data of ECa as secondary variable with respect to the use of ordinary kriging.

1. Introduction

The quality of soil data collection for precision agriculture
has a very important influence, since it has been found that
acquisition of exhaustive information in this phase supports
the use of geospatial technologies for the estimation of soil
spatial variability and later on assists in the determination of
“management units.” However, for assessing the soil spatial
variability, a large number of samples are generally needed,
which considerably increases costs of sampling and analysis.
Notwithstanding, the sampling process can be improved,
using soil variables that can be recorded or measured quickly,
which can help in enhancing the estimation of other soil
properties more difficult to measure.

The measurement of apparent soil electrical conductivity
(ECa) allows the collection of information on the field and on
the spatial distribution of other properties that are correlated.
In accordance with Corwin and Rhoades [1] the main
methods for the measurement of soil ECa are contact and
electromagnetic induction. McNeill [2], Sudduth et al. [3],
Corwin and Lesch [4], and Kühn et al. [5] indicate that ECa
is mainly influenced by soil water content, texture, organic
matter content, size and distribution of pores, salinity, cation
exchange capacity, concentration of electrolytes dissolved in
the soil solution, temperature, composition of soil colloids,
and so on. Thus, the use of ECa for soil classification
allows recognition and delimitation of the physical, chemical,
and biological soil properties that play an important role
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Figure 1: Geographical location of the study area (a). Field digital elevation model (b).

in agricultural production and environmental conservation.
Thus, these data are essential for monitoring the temporal
condition of the soil and application management processes
[6]. Therefore, the ECa parameter is used as an aid in
precision agriculture, to promote the evaluation of the spatial
variability of soil and the definition of management units.

The use of geostatistics has great advantages because it
allows the study of the spatial variability of soil properties.
Kriging is a geostatistical method that can be used to
predict the value of soil properties in unsampled locations,
favouring the application of differentiated soil management
in precision agriculture. Several authors have devised soil
sampling schemes directed by properties that directly or
indirectly influence crop yield [7–10], and the success of this
approach depends on the use of variables that are quickly and
easily measured, such as ECa.

Based on the above rationale, the objectives of this work
were as follows: (1) to analyze the spatial dependence of
successive ECa data sets, (2) to assess the spatial variability of
soil texture attributes using a soil sampling scheme directed
by soil ECa, and (3) to improve the estimation of the
spatial variability of soil variables such as soil water content
through multivariate geostatistics using ECa as secondary
information.

2. Material and Methods

2.1. Study Site. The experimental field is 6 ha in surface and
it is located in Castro Ribeiras de Lea (Lugo, NW Spain).
Geographic coordinates are 43∘0949N and 7∘2947W,
average elevation is 410m, and mean slope is 2% (Figure 1).

The area where the field is located is considered to be rep-
resentative of both the topographic patterns and themain soil
type of the region “Terra Cha,” which is characterized by an
extensive livestock production, on a landscape with seasonal
conditions of hydromorphy, due to impeded drainage.

The crop succession of the experimental site was fallow-
silage corn (Zea mays L.) under no-till farming during the

Table 1: Soil texture data for a representative profile of the study
area.

Horizon Depth (m)
Organic
matter Clay Silt Sand Gravel

g dm−3 g kg−1

Ap 0.0–0.35 50.50 175 191 634 370
Bw 0.35–0.70 7.20 192 207 591 448
Btg >0.70 2.60 479 280 241 —

study year. Previously, this site had been under pasture for
silage production. Field data recording and soil sampling
were performed in spring 2008.

The soil was classified as aGleyic Cambisol [11], and it was
developed over Tertiary-Quaternary sediments; the parent
material from the Quaternary has high gravel content and it
is underlain by clayey Tertiary sediments with low saturated
hydraulic conductivity [12]. According to Neira Seijo [13] the
soil profile of the studied field is represented by the sequence
Ap-Bw-Btg, developed on successive sedimentary layers with
heterogeneous soil particle size distribution (Table 1). The
soil texture of the fine earth (<2.00mm) was sandy-loam at
the Ap horizon, sandy-clay-loam in Bw horizon, and clayey
in the horizon Btg and there was a general clay increase
with soil depth. Moreover, the Ap and Bw horizons were
characterized by a high content of gravel, attaining 37% and
45%, respectively. The organic matter content was rather
high on the Ap horizon (5.05%) contrasting with the lower
contents at the underlying horizons of the soil profile. The
climate of the Terra Cha region is classified as maritime
temperate climate (Cfb, according to Köppen), characterized
by warm summers and no dry season; average annual rainfall
is as high as 930mm.

2.2. Apparent Soil Electrical Conductivity Measurements and
Sampling Scheme. Apparent soil electrical conductivity (ECa)
was measured using electromagnetic induction equipment
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Figure 2: Scheme showing apparent electrical conductivity (ECa) continuously recorded (line) and the location of 40 soil sampling points
(circles) on 23/6/2008 (a) and cart containing the EM38-DD equipment and GPS (b).
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Figure 3: Scheme showing apparent electrical conductivity (ECa) recorded during 14/3/2008 (a) and 3/4/2008 (b).

EM38-DD [14]. This device consists of two integrated EM38
units oriented in the horizontal and vertical dipole positions,
providing simultaneous measurements for the two dipoles
modes; in the vertical dipole mode, the primary magnetic
field is thought to effectively penetrate to a depth of about
1.5m, while in the horizontal dipole position EM38-DD is
thought to be effective for a shallower soil depth estimated
at about 0.75m [14].

To complete continuous record of the apparent soil
electrical conductivity in horizontal dipole (ECa-H, mSm−1)
and in vertical dipole (ECa-V, mSm−1) (Figures 2(a) and
3), the EM38-DD was installed in a car built with plastic

materials (Figure 2(b)). In addition, GPS RTK was used for
georeferencing the recorded measures.

The reference measurements of ECa-H and ECa-V were
performed on 23/6/2008 at 1859 sampling points following
the scheme presented in Figure 2(a). The soil sampling
scheme was devised using the software tool ESAP-RSSD
(response surface sampling design), based on a multiple
linear regression model [7, 9].This software aims to optimize
the position of new sampling points considering apparent
soil electrical conductivity (ECa) measured with horizontal
(ECa-H) and vertical dipoles (ECa-V) (Figure 2(a)). The
optimized soil sampling scheme consisted of 40 points. In
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Table 2: Statistical parameters of the continuously recorded ECa data sets and the soil properties analyzed.

Date Variable Unit 𝑁 Min. Max. Mean ± SD Variance CV Skew Kurt 𝐷

14/3/2008 ECa-V mSm−1 1887 5.75 18.38 10.48 ± 1.19 1.42 11.35 0.527 0.124 0.045Ln
14/3/2008 ECa-H mSm−1 1887 9.25 19.00 14.1 ± 0.77 0.60 5.46 0.065 1.810 0.040Ln
3/4/2008 ECa-V mSm−1 1871 9.63 20.50 14.04 ± 2.15 4.64 15.31 0.662 0.083 0.073Ln
3/4/2008 ECa-H mSm−1 1871 6.63 19.50 14.59 ± 0.77 0.60 5.28 0.160 10.51 0.095Ln
23/6/2008 ECa-V mSm−1 1886 4.13 20.13 11.21 ± 2.47∗ 6.12 22.03 0.485 −0.243 0.071Ln
23/6/2008 ECa-H mSm−1 1886 6.63 20.00 12.12 ± 1.79∗ 3.22 14.77 0.839 1.285 0.092Ln
23/6/2008 CEe mSm−1 40 7.00 28.00 13.82 ± 5.09 25.94 36.83 1.200 1.008 0.159n
23/6/2008 Clay g kg−1 40 119.00 220.00 168.37 ± 30.92 956.54 18.36 −0.190 −1.321 0.153n
23/6/2008 Silt g kg−1 40 233.00 357.00 296.25 ± 35.06 1229.73 11.83 0.149 −1.041 0.098n
23/6/2008 Sand g kg−1 40 487.00 586.00 535.37 ± 22.53 507.72 4.21 0.055 −0.270 0.069n
23/6/2008 𝜃𝑔 % 38 13.41 45.67 26.74 ± 6.81 49.50 25.47 −2.904 6.510 0.085n
𝑁: number of measurements; Min.: minimum value; Max.: maximum value; Mean ± SD: mean ± standard deviation; CV: coefficient of variation (%); Skew:
skewness; Kurt: kurtosis; and𝐷: normality of the data for test of Kolmogorov-Smirnov (𝑃 < 0.01, n: normality, and Ln: log normality). ∗Nonsignificant at 5%
level of ANOVA (SNK).

addition continuous measurements of ECa-H and ECa-V
were previously taken in the experimental field on 14/3/2008
and 3/4/2008, as shown in Figure 3. Note, however, that the
schemes of the continuously recorded ECa data sets taken in
the three successive dates were different as shown in Figures
2(a), 3(a), and 3(b).

In the 40 points selected during the ECa campaign of
23/6/2008, soil samples were taken at the 0.0–0.3m depth
with a manual soil probe. Soil texture, soil water content,
and electrical conductivity of saturated paste extracts were
determined using standard methods. Soil texture (clay, silt,
and sand, in g kg−1) was determined by the sieve-pipette
method, following Camargo et al. [15]; in this method a mix-
ture of sodium hydroxide and sodium hexametaphosphate
was used as chemical dispersant. The gravimetric soil water
content (𝜃𝑔, %) was obtained after weighing the mass of
the wet and dry sample, according to Camargo et al. [15].
To determine the electrical conductivity of soil saturated
extracts (ECe), a mixture of soil and distilled water of 1 : 1 was
prepared as proposed by USDA [16]; electrical conductivity
measurements were performed using a conductivity meter
ORIONModel 122.

2.3. Statistical and Geostatistical Analysis. All the values were
statistically analyzed using SPSS package 11.5 at 5% level of
SNK (Student-Newman-Keuls) method ANOVA. The test
of normality Kolmogorov-Smirnov was used to test the
normality of data with probability of error 1% (𝑃 < 0.01).The
correlation was calculated with the correlation coefficient of
Pearson.

The analysis of the spatial variability of soil physical
properties was conducted using the experimental variogram;
the fitting of variogram model was performed using the
method described by Vieira [17], based on cross-validation.
Initial analysis showed that the variogram of any studied
properties showed a trend, so the universal kriging was used
in these cases, in which the residual variogram is required
[18]. For those variables that showed no trend, ordinary

kriging was used. The degree of spatial dependence (SD) was
determined according to the following:

SD (%) =
𝐶
0

𝐶
0
+ 𝐶
1

∗ 100, (1)

where 𝐶
0
is nugget effect and (𝐶

0
+ 𝐶
1
) is the sill (𝐶

0
+ 𝐶
1
)

according to Cambardella et al. [19], which is considered as
high (SD ≤ 25%), moderate (SD = 25–75%), and low (SD ≥
75%).

Cross-variogramwas used to study the spatial correlation
between soil variables; when there was a trend in some of
these variables, universal cokriging was used [18], instead of
ordinary cokriging. The software used to perform ordinary
kriging, universal kriging, and universal cokriging was Gstat
[20]. In cokriging the covariance matrix must be positive and
definite [18, 21–23]. The use of cokriging was used only for a
couple of attributes that showed correlation coefficient values
(|𝑟|) greater than 0.5.

3. Results and Discussion

Statistical analysis of the data (Table 2) indicates that there
is great variation between samples, in accordance with low
(CV ≤ 12%) and middle (CV = 12–60%) variation coefficient
values, by classification of Warrick and Nielsen [24]. It is
verified that the apparent electrical conductivity of the soil
(ECa) measurement with the horizontal dipole (ECa-H) has
lower CV than the measurements with the vertical dipole
(ECa-V).This fact can be explained because the vertical dipole
mode explores a larger volume of soil than the horizontal
dipole, and there is greater heterogeneity in those variables
that affect the ECa values, mainly clay content, organic
material, water content in the soil, porosity, salinity, and so
forth [2–5].

Only data ECa-V and ECa-H sampling in 23/6/2008
did not show differentiation by the average test (ANOVA)
between the different sampling dates.
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Figure 4: Standardized sample semivariogram for log ECa-V (a) and log ECa-H (b) recorded during three successive dates.

Table 3: Precipitation and reference evapotranspiration between
successive dates, in which apparent soil electrical conductivity (CEa-
V and CEa-H) was recorded.

Period Precipitation
(mm)

Reference
evapotranspiration (mm)

15/2/2008–14/3/2008 52.6 38.0
14/3/2008–3/4/2008 80.4 37.1
3/4/2008–23/6/2008 397.8 214.6

The values of the electrical conductivity of the saturation
paste extract of the soil (ECe) are higher than the values of
ECa-V and ECa-H; this fact is because ECe is a parameter
that depends on the content of anions and cations in the soil
solution; the water content is homogeneous in all samples,
because the sample is saturatedwithwater, and the soil appar-
ent electric conductivity valuesmeasuredwith the equipment
EM38-DD (ECa-V and ECa-H) are very influenced by the soil
water content [2, 3, 5]; and the water content in the soil is
variable along the field.

ECa-V and ECa-H measured on several sampling dates
(14/3/2008, 3/4/2008, and 23/6/2008) showed lognormal dis-
tribution (Table 2). Other attributes studied showed normal
frequency distribution (ECe, clay, silt, sand, and soil water
content).

In the geostatistical analysis, lognormal transformation
was used for properties that showed lognormal distribution.
The highest values of coefficient of correlation between
ECa variables and clay and silt content are on the first
measurement date (14/3/2008); on this date the soil moisture
is lower coincided with data of precipitation and evapotran-
spiration (Table 3). Grandjean et al. [25] describe that soil
with moisture lower is ideal for characterization of soil bulk
density and of soil texture, using measurements of electrical
conductivity.

The coefficient of correlation values between the apparent
soil electrical conductivity (ECa-V and ECa-H) measure-
ment on several sampling dates (14/3/2008, 3/4/2008, and
23/6/2008) presented moderate positive correlation coeffi-
cient values (0.5 ≤ 𝑟 < 0.8).

The coefficient of correlation between ECa-V23/6/2008 ×
𝜃𝑔 (𝑟 = 0.685) and ECa-H23/6/2008 × 𝜃𝑔 (𝑟 = 0.648)
was moderately positive (0.5 ≤ 𝑟 < 0.8), confirming the
correlation between the values of ECa-V and ECa-H and
the water content in soil, because according to Grandjean
et al. [25], under wet conditions, electrical conductivity
measurements are dominated by the effect of water content,
which tends to hide the influence of the other factors.

The values of log ECa-V are affected by the groundwater
level, so the variogram follows the trend in the ground water
level (Figure 4). As can be seen on standardized variograms
with the value of the sample variance, data from ECa-V
measurement on 14/3/2008 and 3/4/2008 present a trend,
following the same pattern of the digital elevation map of
the area (Figure 1(b)). Analyzing standardized variograms
for log ECa-H data can be seen that only shows trend for
the variogram of 14/3/2008 and 3/4/2008, but not for the
variogram of 23/6/2008; on this date the water table was
probably located below the depth of soil investigated with the
horizontal dipole mode.

Corwin and Lesch [4] found higher values of correlation
between data from log ECa-V and log ECa-H and electrical
conductivity of the saturation extract (ECe) and clay content,
but lower than those found for log ECa-V and log ECa-H
and the water content in soil. Mart́ınez and Vanderlinden
[26] described a higher correlation between ECa and water
content in loamy soils, while in clay soils the correlation was
lower. The correlation coefficients for ECe, silt, and clay with
the log ECa-H are greater than with the log-ECa-V.

In order to improve the correlation between the values of
ECa-V andECa-Hwith clay content, soil water content should
be as homogeneous as possible within the study area, better if
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its value is closer to field capacity and unlike the water table
is as low as possible, so the best time to take measurements
under these conditions would be in the autumn, when there
was heavy rainfall, although under these conditions the water
table probably would not have ascended enough to be close to
the surface.

The initial geostatistical data analysis showed that the
physical properties of the soil (clay, silt, sand, and gravimetric
water content) showed no trend, then being possible the
estimate of the variable using the original data with ordinary
kriging. Moreover, ECe data and apparent electrical conduc-
tivity of the soil (ECa-V and ECa-H) on several sampling
dates show trend in Figure 3; the semivariance value is not
stabilized around variance value of data, and the universal
kriging was used to construct the maps of spatial variability
of these variables.

The fitted variogram parameters (Table 5) show that the
spherical model was the fitted model to the properties under
study, according to Cambardella et al. [19], Goovaerts [18],
Vieira [17], and Siqueira et al. [27] describing this model;
it is usually best fitted to the properties of soil and plant.
All attributes had low values of nugget effect (𝐶

0
). Range

values (a) varied from 40.00m (log ECa-H Residual
3/4/2008

)
to 130.00m (clay, silt, and soil water content). The degree
of spatial dependence between samples was high (SD ≤
25.00%) across the study, the exception being log ECa-
H Residual

14/3/2008
which presented a moderate degree of

spatial dependence (SD = 31.67%).
The spatial variability maps obtained with universal

kriging (Figure 5) show that there is a similarity between the
maps ECa-V (Figures 5(a), 5(c), and 5(e)) and ECa-H (Figures
5(b), 5(d), and 5(f)) on several sampling dates, with further
differentiation of maps of ECa-V and ECa-H on themeasured
data on 23/6/2008 (Figures 5(e) and 5(f))when thewater table
level was lower.

It is observed that the maps of ECa-V and ECa-H
(Figure 5) and the map of the water content in soil (Fig-
ure 6(e)) obtained with ordinary kriging (Figure 6(e)) look
similar, following the same pattern of digital elevation model
(Figure 1(b)).

The map of the electrical conductivity of the saturation
extract (ECe, Figure 6(a)) shows inverse behaviour to maps
ECa-V and ECa-H (Figure 5). Moreover, the map of spatial
variability of clay content in the study area (Figure 6(b))
shows no similarity to maps ECa-V and ECa-H (Figure 5);
this fact is also repeated with silt (Figure 6(c)) and sand
(Figure 6(d)).

Table 6 presents the fitting parameters cross-variogram
between 𝜃𝑔 × ECa-V (𝑟 = 0.685) and 𝜃𝑔 × ECa-H (𝑟 = 0.648).
The cross-variograms were fitted to a spherical model with
the same range compared to single variograms to obtain a
linear model coregionalization (Table 6).

The spatial variability maps constructed using ordinary
and universal cokriging (Figure 7) demonstrate that the
use of the soil apparent electrical conductivity measured by
electromagnetic induction (ECa-V and ECa-H) on 23/6/2008
was a secondary variable that improves the estimation of the
soil water content using cokriging. This improvement in the
estimation of 𝜃𝑔 can be observed in Table 7, where it showed

an increase in the value of the correlation coefficient between
the measured and the estimated values from cross-validation
using ordinary cokriging with log-ECa-V (0.746) and with
log-ECa-H (0.756) as secondary variables with respect to use
of ordinary kriging (0.637). Moreover, in the case of the soil
water content map obtained with ordinary cokriging using as
secondary data ECa-H (Figure 7(b)) is less smooth than the
map obtained with ordinary kriging (Figure 6(e)).

4. Conclusions

When taking into account all the soil properties studied, ECa
and gravimetric soil water content measured at the same
date, that is, 23/6/2008, showed the highest coefficients of
correlationTable 4.Moreover, ECa showedhigher coefficients
of correlation to clay and silt content than to silt content,
and the strength of the correlation was higher for the first
ECa recording date, that is, 14/3/2008, when the soil moisture
was lower. Thus, coefficient of correlation of ECa with silt
and clay content showed a trend to increase the soil moisture
decreased; this result suggests the usefulness of recording ECa
on successive dates with different soil water contents.

The spatial patterns of spatial variability of the logarith-
mic values of apparent soil electrical conductivity (ECa) and
the electrical conductivity of the soil saturated paste (ECe)
were modeled by universal kriging, whereas those of sand,
clay, silt, and gravimetric water content were modeled by
ordinary kriging. The use of cokriging with ECa data as sec-
ondary variable improved the estimation of the gravimetric
soil water content with respect to the use of kriging.
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Figure 5: Krigingmaps of apparent soil electrical conductivity (ECa-V and ECa-H) from the continuous recordsmade in 14/3/2008, 3/4/2008,
and 23/6/2008.
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Figure 6: Kriging maps of the soil properties analyzed.
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Figure 7: Map of gravimetric water content, 𝜃𝑔, obtained by the universal cokriging.

Table 5: Fitted semivariogram parameters and respective models of the continuously recorded ECa data sets and the soil properties analyzed.

Date Variable Geostatistical method Model 𝐶
0

𝐶
1

𝑎 SD

14/03/2009 Log ECa-V residual UK Spherical 0.0001 3.14 105.00 0.00
Log ECa-H residual UK Spherical 0.14 0.302 44.00 31.67

03/04/2008 Log ECa-V residual UK Spherical 0.00 5.10 145.00 0.00
Log ECa-H residual UK Spherical 0.10 0.32 40.00 23.80

23/06/2008

Log ECa-V residual UK Spherical 0.001 0.01 130.00 9.09
Log ECa-H residual UK Spherical 0.001 0.005 130.00 1.96

ECe residual UK Spherical 0.00025 0.0018 100.00 9.09
Clay OK Spherical 0.001 1060.00 130.00 0.00
Silt OK Spherical 0.00 1400.00 130.00 0.00
Sand OK Spherical 0.00 510.00 70.00 0.00
𝜃𝑔 OK Spherical 0.001 60.00 130.00 0.00

UK: universal kriging; OK: ordinary kriging; 𝐶0: nugget effect; 𝐶1: structural variance; 𝑎: range (m); and SD: spatial dependence (%).

Table 6: Fitted cross-semivariogram models and respective parameters between gravimetric water content (principal variable) and log ECa
(secondary variable).

Variable Geostatistical method Model 𝐶
0

𝐶
1

𝑎 (m)
23/6/2008 𝜃𝑔 × log ECa-V Universal cokriging Spherical 1.00 20.00 130.00
23/6/2008 𝜃𝑔 × log ECa-H Ordinary cokriging Spherical 0.00 15.00 130.00
𝐶0: nugget effect; 𝐶1: structural variance; and 𝑎: range (m).

Table 7: Correlation coefficients between measured gravimetric
water content and data estimated by kriging and cokriging.

𝜃𝑔 (ordinary kriging) 0.637

𝜃𝑔 × log ECa-V
(universal cokriging) 0.746

𝜃𝑔 × log ECa-H
(ordinary cokriging) 0.756
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We evaluated changes of different soil nitrogen forms (total N, available ammonium and nitrate, total N in microbial biomass,
and soil N mineralization) after conversion of semideciduous dry tropical forest in 5- and 18-year-old pastures (YP and OP, resp.)
in the western Llanos of Venezuela. This evaluation was made at early rainy season, at end rainy season, and during dry season.
With few exceptions, no significant differences were detected in the total N in the three study sites. Compared to forest soils, YP
showed ammonium losses from 4.2 to 62.9% and nitrate losses from 20.0 to 77.8%, depending on the season of the year. In OP,
the ammonium content increased from 50.0 to 69.0% at the end of the rainy season and decreased during the dry season between
25.0 and 55.5%, whereas the nitrate content increased significantly at early rainy season.The net mineralization and the potentially
mineralizable N were significantly higher (𝑃 < 0.05) in OP than in forest and YP, which would indicate a better quality of the
substrate inOP formineralization.Themineralization rate constant was higher in YP than in forest andOP.This could be associated
with a reduced capacity of these soils to preserve the available nitrogen.

1. Introduction

Soil nitrogen (N) is a key element in primary productivity and
soil fertility of ecosystems [1, 2]. N dynamics in tropical dry
forest have been related to the rapid rate of mineralization,
high available mineral concentrations, and the low efficiency
of plant nutrient use [3–5]. Great effort has been dedicated to
understand the dynamics of this element after clear-cutting
and burning of these forests [1, 6].

The N mineralization involves a series of actions mainly
mediated by soil microorganisms [7]. Therefore, this is a
sensitive process to disturbance in most forest ecosystems
[1, 6]. In a tropical forest, N mineralization depends on the
amount and type of organic matter and microbial activity, as

well as on soil physicochemical properties and soil moisture
content [8].

When the tropical dry forest is cut down and burned to be
converted into pasture, the soil temperature increases, caus-
ing rapid ammonification and nitrification. Consequently,
great losses of N by volatilization, erosion, and leaching
occur. Additionally, vegetation absorption and microorgan-
ism immobilization are insufficient to prevent these losses [9].
Later, during the early stages of revegetation under pasture,
themineralization and nitrification rates are lower than those
in the original forest [5, 10].

The tropical dry forest has been considered one of the
world’s most threatened ecosystems [11–14]. However, there
is little information about land use changes effects for this
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ecosystem. Most of the studies on this topic have been
conducted in rainforest areas [4, 5, 10, 15–20].

Tropical dry forests are characterized by the marked
seasonality of rainfall that influences its primary productivity
[2, 13, 21]. In Venezuela, this ecosystem represents the most
important life zone of land and includes large areas covered
by dense seasonal dry forests developed on relatively fertile
soils. These forests have been subjected to a high pressure of
use associated with population growth and the expansion of
the agricultural frontier. After tree cutting, one of the main
uses has been the establishing of pastures. However, there is
no detailed information about changes occurred in the soil
nitrogen once the forests have been cleared and converted
into pasture. This information is necessary to anticipate
deforestation consequences and to design effective pasture
management.

The objective of this research is to evaluate changes in
the total N, soil available N (ammonium and nitrate), total
N in microbial biomass, and soil N mineralization due to
transformation of semideciduous tropical dry forest into
pastures in an area located in the western Llanos, Venezuela.

2. Materials and Methods

2.1. Study Site. The study area was located in the western
Llanos of Venezuela, at approximately 120m asl, between
40∘0110 and 40∘5910 north latitude and 91∘5730 and
91∘2518 west longitude. The average annual rainfall in this
region is 1243.7mm, with a rainy season from April to
December and a dry season from January to March. The
average annual temperature is 26.8∘C, with a maximum of
28.9∘C between March and April and a minimum of 25.5∘C
between December and January. The relief is flat with a slope
between 0 and 2% [22]. According to Holdridge [23], the
area belongs to tropical dry forest with dominant deciduous
vegetation. The soil parent material is from alluvial origin,
consisting of a sandy-clay-loam texture, with kaolinite as
dominant clay mineral [22]. In this region, large areas of
natural forest were converted into pasture by slash-and-burn.
Estrella grass (Cynodon nlemfuensis L.) grows for cattle use.

Specifically, the studywas carried out in an area of tropical
dry forest with dominant deciduous vegetation and in two
adjacent pastures of 5 and 18 years old (YP and OP, resp.).
The pastures were never fertilized, but annually they were
cut down with machinery to control weeds and to promote
grass growth.The original forest was manually cut down and
burnt out, and Estrella grass was planted. Young pasture (YP)
was established 5 years before starting this study. At sampling
time, species of the original forest that could not be cut by
hand, as well as vegetation of secondary growth, like palms
and some species of legumes were observed in this pasture.
The bovine cattle were introduced for grazing during dry
season and at early and at end of rainy seasons. At each season
the cattle remained in this pasture until they consumed the
entire grass.

The old pasture (OP) was established after remotion of
the original forest with machinery. Bovine cattle remained
in this pasture during 3–7 days, while consuming the entire

grass. The rotation time of cattle in this pasture was every 1-2
months. Weed control was similar to YP.

According to González-Pedraza and Dezzeo [24], in
the study site the soils present fine texture with particular
predominance of silt. Forest and OP soils show similar clay
and sand contents, while YP soils have significantly higher
clay content (up to 18%) than forest and OP soils. In general,
the soil properties in the studied sites tended to be relatively
similar (Table 1).

2.2. Soil Sample Collection. Soils were sampled in a natural
forest and in two adjacent pastures of 5 and 18 years old. At
each site, soil samples were taken from a 600m2 plot (20 ×
30m).Thedistance between the three siteswas approximately
1–3 km. At each plot, three transects were traced, and on each
transect four soil samples were taken.

For determining total nitrogen in microbial biomass
(Nmic), soil available nitrogen (ammonium and nitrate), and
soil nitrogen mineralization, 12 soil samples were collected at
0–5 cm depth with a 5 cm diameter soil core on three periods
along the year: at early rainy season (May), at end rainy season
(November), and during dry season (March). To determine
total nitrogen (TN), 12 samples were additionally collected at
each site with the soil core at 0–5, 5–10, 10–20, 20–30, and 30–
40 cmdepth.These last soil samples were collected only at the
end of rainy season.

2.3. Laboratory Analyses. The total nitrogen (TN) was deter-
mined by digestion of the samples with concentrated sulfuric
acid and oxidation with hydrogen peroxide (H

2
O
2
) and col-

orimetrically determined byKeeney andNelson [26]method.
The ammonium and nitrate contents were extracted with a
solution of potassium chloride (KCl) 2N and colorimetrically
measured at a wavelength of 655 and 410 nm, respectively,
following the method proposed by Keeney and Nelson [26].

Total nitrogen inmicrobial biomass (Nmic) was extracted
by the chloroform fumigation extraction method in field
moist samples [27] using 0.5NK

2
SO
4
. In these extracts, all

N was converted to nitrate using the alkaline persulfate
oxidation method [28] and colorimetrically determined by
using the Keeney and Nelson [26] method.

Nmic was determined using the following equation:

Nmic = (Nmic fumigated −Nmic unfumigated) ∗ 1.85,
(1)

where Nmic fumigated is total nitrogen in microbial biomass
in CHCl

3
-fumigated samples andNmic unfumigated is Nmic

in nonfumigated controls.
A correction factor of 1.85 was used to account for

incomplete release of microbial biomass N during the 24 h
fumigation period [27].

The soil nitrogen mineralization was determined by
Stanford and Smith [29] method. Every two weeks (during
15 weeks) at an incubation temperature of 35∘C and under
laboratory conditions, the nitrogen mineralized in soils
samples was extractedwith a calcium chloride (CaCl

2
) 0.01M

solution. To ensure the necessary nutrients for maintaining
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Table 1: Soil properties in the study sites (according to González-Pedraza and Dezzeo [24, 25]).

Component Depth (cm) Forest YP OP
Bulk density (g cm−3) 0–5 1.2± 0.0a 1.1± 0.1a 1.1± 0.0a

%Humidity 0–5 31.4± 1.0a 37.9± 1.7b 33.9± 0.9ab

%Sand 0–5 19.8± 1.7a 12.5± 2.3b 22.3± 1.6ª
%Silt 0–5 49.7± 1.8a 44.8± 1.8a 47.1± 1.3a

%Clay 0–5 30.5± 2.8a 42.7± 3.1b 30.6± 1.9a

pH H2O 0–5 5.4± 0.1a 5.0± 0.14ab 4.8± 0.1b

SOC (gCm−2) 0–5 1389.9± 251.9a 1472.7± 400.2a 1516.7± 249.9a

Mean values ± standard deviation. Different lowercase letters indicate significant differences between sites (𝑃 < 0.05). YP: 5-year-old pasture; OP: 18-year-old
pasture; SOC: soil organic carbon.

the activity of microbial populations during incubation time,
an N free nutrient solution was used.

The ammonium and nitrate mineralized every two weeks
were determined by Keeney and Nelson [26] method and the
absorbance was colorimetrically measured at a wavelength of
655 and 410 nm, respectively.

From the ammonium and nitrate mineralized during 15
weeks of incubation, the N mineralized (N

𝑚
), the potentially

mineralizable N (N
0
), and the constant mineralization rate

(𝑘) were calculated according to the Stanford and Smith [29]
methodology. N

𝑚
resulted of summing the ammonium and

nitrate determined in each incubation interval. The cumula-
tive N mineralized was obtained summing all N mineralized
during 15 weeks of incubation. The net N mineralized every
two weeks was linearly related to the square root of time
through 15 weeks of incubation and N

0
and 𝑘 were obtained

according to Stanford and Smith [29] equation:

N
𝑚
= N
0
(1 − 𝑒

−𝑘𝑡
) , (2)

where N
𝑚
=Nmineralized in time t (gm−2), N

0
= potentially

mineralizable N (gm−2), 𝑘 = mineralization rate constant
of first-order kinetics (weeks−1), and t = time of incubation
(weeks).

Total N, Nmic, available, and mineralized N (ammonium
and nitrate) values were corrected to dry soil and the results
were expressed in gN-NH+

4
and gN-NO−

3
by m−2, based on

the soil bulk density (kgm−3) and depth (m). Nitrogen losses
were calculated by comparing the values found in pastures
with the original forest values.

2.4. Statistical Analysis. Statistical analysis of datawas carried
out by an analysis of variance (ANOVA).The soil clay content
showed significant differences between forest and pastures
(Table 1), so it was used as a covariable to adjust data. Means
were separated with Tukey’s test when statistical differences
(𝑃 < 0.05) were observed. When necessary, the data was
transformed in order to homogenize variances, and when
that did not meet this assumption (𝑃 > 0.05) according
to Levenne’s test, a nonparametric Mann-Whitney test was
applied. To relate variables at sites of interest, a simple linear
regression analysis was used. All statistics were computed
using STATISTICA for Windows 6.0 [30].
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Figure 1: Total nitrogen (gm−2) in the forest and pastures soils. All
points are mean values with standard error bars across forest and
pastures. Different lowercase letters indicate significant differences
between sites (𝑃 < 0.05). Different capital letters indicate significant
differences between depths (𝑃 < 0.05). YP: 5-year-old pasture; OP:
18-year-old pasture.

3. Results

3.1. TotalNitrogen (TN). No significant differences (𝑃 > 0.05)
were detected (Figure 1) in the TN in forest, YP, and OP,
with the exception of the 10–20 cm soil depths, where TN
was 164.5% significantly (𝑃 < 0.05) higher in OP than in
forest. Figure 1 also shows an uneven distribution of TN,
with decreases and increases through the soil profile. It was
observed that TN tends to decrease with soil depth in the
three sites, except for OP at 5–10 cm soil depth and forest at
5–10 cm and at 20–30 cm soil depth.

3.2. Available Soil Nitrogen (Ammonium and Nitrate). The
seasonal changes of the ammonium content are shown in
Table 2. At end of rainy season, the ammonium content was
significantly higher (𝑃 < 0.05) in OP than in YP and forest.
During dry season, the ammonium content was significantly
higher in forest than in YP and OP. At early rainy season
no statistical differences were observed in the ammonium
content between sites.

Between seasons, it was noted that, with few exceptions,
the ammonium content was higher at the end of the rainy
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Table 2: Seasonal changes in the available soil ammonium in the
forest and pastures.

Season Depth
(cm)

Available ammonium (N-NH+4 ), gm
−2

Forest YP OP
End rainy season 0–5 3.3± 1.7Aa 2.8± 1.1Aa 5.6± 0.9Ab

Dry season 0–5 2.7± 1.0Aa 1.0± 0.3Bb 1.2± 0.3Bb

Early rainy season 0–5 0.7± 0.2Ba 0.6± 0.1Ba 0.7± 0.2Ba

Mean values ± standard deviation. Different lower case letters indicate
significant differences between sites (𝑃 < 0.05). Different capital letters
indicate significant differences between seasons (𝑃 < 0.05). YP: 5-year-old
pasture; OP: 18-year-old pasture.

Table 3: Seasonal changes in the available soil nitrate in the forest
and pastures.

Season Depth
(cm)

Available nitrate (N-NO−
3
), gm−2

Forest YP OP
End rainy season 0–5 0.9± 0.7Aba 0.2± 0.2Ab 1.4± 0.5Aa

Dry season 0–5 1.4± 1.0Aab 0.5± 0.3Ba 1.7± 1.2Ab

Early rainy season 0–5 0.5± 0.1Ba 0.4± 0.2ABa 1.0± 0.3Ab

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (𝑃 < 0.05). Different capital letters
indicate significant differences between seasons (𝑃 < 0.05). YP: 5-year-old
pasture; OP: 18-year-old pasture.

season than in the dry season and at early rainy season
(Table 2).

According to the results shown in Table 3, the nitrate
content at the end of rainy season was lower in YP than in
forest and OP. During dry season, the nitrate content was
significantly higher than the value corresponding to YP, but
similar to the forest value. At early rainy season, the nitrate
content was significantly higher in OP than in forest and
in YP, whereas between forest and YP no differences were
observed.

The nitrate content in forest was higher at the end of
rainy season and in dry season than at early rainy season.The
nitrate content in YP was higher during dry season than in
the two other seasons. In OP, no differences were observed
between seasons (Table 3).

The land use change significantly affected the ammonium
and nitrate content in the soils. Compared to forest soils,
YP showed ammonium losses from 4.2 to 62.9% and nitrate
losses from 20.0 to 77.8%, depending on the season of the
year. In OP, the ammonium content increased from 50.0
to 69.0% at end of rainy season and decreased during dry
season between 25.0 and 55.5%, whereas the nitrate content
increased significantly at early rainy season.

3.3. Soil Microbial Nitrogen (Nmic). At end of the rainy
season the Nmic was significantly (𝑃 < 0.05) lower in YP
than in forest and OP. During dry season no differences were
observed between sites, while at early rainy season the Nmic
was higher in OP than in forest and YP (Table 4).

Between seasons, Nmic in the forest was the highest at
the end of rainy season, while between the dry season and at
early rainy season no differences were observed. YP showed

Table 4: Soil microbial nitrogen (Nmic) in the forest and pastures.

Season Depth (cm) Nmic (gm−2)
Forest YP OP

End rainy season 0–5 2.4± 1.2Aa 0.2± 0.1Ab 1.4± 0.3Aa

Dry season 0–5 0.7± 0.7Ba 1.1± 0.6Ba 1.0± 0.7Ba

Early rainy season 0–5 1.3± 0.4Ba 1.2± 0.5Ba 2.0± 0.5Cb

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (𝑃 < 0.05). Different capital letters
indicate significant differences between seasons (𝑃 < 0.05). YP: 5-year-old
pasture; OP: 18-year-old pasture.

Table 5: Microbial nitrogen percentage in the total soil nitrogen in
forest and pastures.

Season Depth
(cm)

Nmic/TN (%)
Forest YP OP

End rainy season 0–5 1.3± 0.9Aa 0.2± 0.1Ab 0.7± 0.4Aab

Dry season 0–5 0.5± 0.5Ba 0.7± 0.4Ba 0.5± 0.4Aa

Early rainy season 0–5 0.8± 0.4ABab 0.6± 0.3Ba 1.1± 0.3Bb

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (𝑃 < 0.05). Different capital letters
indicate significant differences between seasons (𝑃 < 0.05). Nmic: microbial
nitrogen; TN: total nitrogen; YP: 5-year-old pasture; OP: 18-year-old pasture.

Nmic lower at the end of rainy season, while between dry
season and early rainy season no differences were detected.
Meanwhile, the Nmic in OP was significantly different (𝑃 <
0.05) between seasons. The highest Nmic value in OP was
observed at early rainy season and the lowest value during
the dry season (Table 4).

TheNmic accounted between 0.07 and 1.57% of the NT in
the soils of forest, YP, and OP. At the end of the rainy season
Nmic/TN ratio was significantly lower (𝑃 < 0.05) in YP than
in forest, while the values of OP showed no differences with
those of forest andYP.During dry season, no differences were
observed between sites. At early rainy season the Nmic/TN
ratio was significantly lower in YP than inOP, while the forest
showed no differences in relation to YP and OP (Table 5).

The Nmic/TN ratio in forest soils was lower during dry
season compared to the end of rainy season, while in the other
sample periods no differences were observed. YP showed
lower Nmic/TN ratio at the end of rainy season, and no
differences were observed in the wet season. In OP the
Nmic/TN ratio was lower during the dry season compared
to early rainy season (Table 5).

The relationship betweenNmic values with the Cmic data
reported by González-Pedraza and Dezzeo [25] are shown in
Table 6. According to the results, the Cmic/Nmic ratio was
significantly higher in YP than in forest and OP at the end
of rainy season (𝑃 < 0.05), while between forest and OP
there were no differences. During dry season, no differences
were evident between sites. However, at early rainy season the
Cmic/Nmic ratio was higher in forest than in pastures.

Between seasons, a significant decrease (𝑃 < 0.05) in
the Cmic/Nmic ratio in YP soils was observed from the end
of rainy season to dry season and to the early rainy season.



The Scientific World Journal 5

Table 6: Relationship between soil microbial carbon and soil
microbial nitrogen in the forest and pastures.

Season Depth
(cm)

Cmic/Nmic
Forest YP OP

End rainy season 0–5 16.1± 7.2Aa 169.4 ± 68.1Ab 27.6± 9.5Aba

Dry season 0–5 29.9± 29.3Aa 34.1± 25.6Ba 36.4± 16.0Aa

Early rainy season 0–5 26.5± 8.3Aa 16.2± 9.7Bb 16.1± 7.4Bb

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (𝑃 < 0.05). Different capital letters
indicate significant differences between seasons (𝑃 < 0.05). YP: 5-year-old
pasture; OP: 18-year-old pasture. Cmic: microbial carbon; Nmic: microbial
nitrogen.

Table 7: Net nitrogen mineralized by week throughout 15 weeks of
incubation in the soil forest and pastures.

Week Depth (cm) Net nitrogen mineralized, gm−2

Forest YP OP
2

0–5

2.4± 0.6a 2.1± 1.0a 4.0± 0.4b

4 4.4± 1.7a 1.9± 1.8b 4.3± 2.6a

6 0.8± 0.5a 1.1± 0.8a 2.4± 0.5b

8 1.1± 0.4a 0.9± 0.7a 1.9± 0.6b

10 0.6± 0.3a 0.9± 0.4ab 1.1± 0.4b

12 0.4± 0.2a 0.6± 0.3a 0.8± 0.2b

15 0.2± 0.3ª 0.2± 0.2a 0.3± 0.3a

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites at the same week (𝑃 < 0.05). YP: 5-year-
old pasture; OP: 18-year-old pasture.

Table 8: Parameters derived from the N mineralization kinetics by
applying the first-order equation N

𝑚
= N
0
[(1 − exp−𝑘𝑡)].

Parameter from the N
mineralization kinetics

Depth
(cm) Forest YP OP

N
𝑚
(gm−2) 0–5 9.8± 3.5a 7.8± 4.2a 14.8± 2.6b

k (1/week) 0–5 0.1± 0.0a 0.3± 0.2b 0.2± 0.1a

N
0
(gm−2) 0–5 13.0± 4.9a 10.1± 5.3a 18.5± 4.7b

𝑅2 0–5 0.97 0.93 0.96
Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (𝑃 < 0.05). YP: 5-year-old pasture;
OP: 18-year-old pasture. N𝑚 = mineralized nitrogen accumulated during
15 weeks of incubation, 𝑘 = constant rate of nitrogen mineralization, N0 =
potentiallymineralizable nitrogen, and𝑅2 = coefficient of the determination.

Forest showed no significant differences between seasons,
while the Cmic/Nmic ratio in OP decreased from the dry
period to early rainy season (Table 6).

3.4. Mineralized Ammonium and Nitrate throughout 15 Weeks
of Incubation. The ammonium content was statistically (𝑃 <
0.05) higher in OP than in forest and YP. Between forest and
YPno statistical differenceswere found (Figure 2).Thenitrate
content mineralized during 15 weeks of incubation did not
differ between sites (Figure 3).

3.5. The Net N Mineralization. The net N mineralization rate
decreased during the incubation period. During the first two
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Figure 2: Mineralized ammonium accumulated during 15 weeks of
the incubation experiment in laboratory conditions in forest and
pastures soils.Mean valueswith standard error bars across forest and
pastures. Different lowercase letters indicate significant differences
between sites (𝑃 < 0.05). YP: 5-year-old pasture; OP: 18-year-old
pasture.
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Figure 3: Mineralized nitrate accumulated during 15 weeks of the
incubation experiment in laboratory conditions in forest and pas-
tures’ soils. Mean values with standard error bars across forest and
pastures. Different lowercase letters indicate significant differences
between sites (𝑃 < 0.05). YP: 5-year-old pasture; OP: 18-year-old
pasture.

weeks there was a rapid N release, which was significantly
higher (𝑃 < 0.05) in OP than in forest and YP, while
between forest and YP no differences were observed. This
behavior, with few exceptions, did not change throughout the
incubation period. The initial flow of mineralized N during
the first two weeks of incubation was 68.8% for forest, 51.9%
for YP, and 56.3% for OP (Table 7).

3.6. Parameters of the Nitrogen Mineralization Kinetics. The
N
𝑚
, N
0
, and 𝑘 mean values obtained from application of the

first-order equation proposed by Stanford and Smith [29] to
describe the N mineralization kinetics are given in Table 8.
N
𝑚
was significantly higher (𝑃 < 0.05) in OP than in forest
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Table 9: Relationship between soil ammonium and nitrate in
relation to the totalmineralizedN accumulated throughout 15weeks
of incubation in forest and pastures.

Parameter Depth (cm) Site
Forest YP OP

%Ammonium/N
𝑚

0–5 98.2± 3.7a 99.4± 0.6a 99.6± 0.3a

%Nitrate/N
𝑚

0–5 1.8± 3.7a 0.6± 0.6a 0.4± 0.3a

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (𝑃 < 0.05). YP: 5-year-old pasture; OP:
18-year-old pasture. N𝑚 = mineralized nitrogen accumulated throughout 15
weeks of incubation.

Table 10: Percentage of the mineralized N accumulated in relation
to total nitrogen soil in forest and pastures.

Depth (cm) Site
Forest YP OP

N
𝑚
/NT (%) 0–5 6.1± 2.3ab 4.6± 3.9a 8.5± 2.6b

Mean values ± standard deviation. Different lowercase letters indicate
significant differences between sites (P < 0.05). YP: 5-year-old pasture; OP:
18-year-old pasture. N𝑚 = N mineralized accumulated; TN = total nitrogen.

and YP, while between forest and YP no differences were
observed.The 𝑘 values varied significantly between the study
sites, and the mineralized N per week ranged from 0.1 to
0.3%. In forest soils the model predicts that at 35∘C and
9.1 ± 0.0 weeks (1/0.11), the obtained N

0
(13.0 ± 4.9 gNm−2)

was mineralized at a rate of 11% per week. In YP and OP
the obtained N

0
was mineralized at a rate of 32 and 19%,

respectively (Table 8).
According to the results shown in Table 8, the estimated

time by the mineralization of N
0
was 3.12, 5.26, and 9.09

weeks for YP, OP, and forest, respectively.
In all studied sites, N

0
was higher than N

𝑚
. In that sense,

it can be said that the estimated time in weeks (2.3 to 9.1
weeks) for mineralization of N

0
in the three study sites was

lower than the 15 weeks used in this experiment to obtain the
N
𝑚
(Table 8). In general, the accumulated N

𝑚
and N

0
were

significantly higher (𝑃 < 0.05) in OP than in forest and YP.
Between forest and YP no differences were found in these
parameters; however, 𝑘 was higher in YP than in forest and
OP (Table 8).

3.7. AmmoniumandNitrate Percentage in Relation to𝑁
𝑚
. The

ammonium content accounted around 98-99% of N
𝑚
, while

the nitrate content was only about 0.4 to 3.4% (Table 9). The
soils ofOP showed the highestN

𝑚
/TNpercentages (Table 10).

4. Discussion

4.1. Effect of Land Use Change on Total Nitrogen (TN). The
TN content in the soils of forest and pastures was relatively
higher than that reported for other deciduous tropical forest
soils [18, 31–34]. According to these results, it is clear that
transformation of semideciduous dry tropical forest into
pasture caused an increase in the TN, and this is not
consistent with some reported data [5, 31, 35]. However, a
similar trend was observed by Hassink [36], who found a

higher N organic content in pastures over 10 years old than
in young pastures (1–3 years old) and forest soils.

In many cases the management conditions can exert
an important role in the soil nitrogen dynamic, especially
if the pastures are fertilized. The pastures in the study
site were never fertilized and they are not subjected to
overgrazing. However, it is important to emphasize that star
grass (Cynodon nlemfuensis L.) is a species with stolonifer-
ous growth and abundant roots production. According to
observations made in OP soils during the field sampling,
star grass formed a layer on the ground composed by
leaves and remnant stems, which could enhance the soil
organic matter and, consequently, the total nitrogen of soil.
Another factor that could explain the enhanced soil nitrogen,
especially in YP, is related to an additional input of organic
matter from the remaining plants of the original forest
and from the secondary forest vegetation that continued
regrowth.

The soil organic matter is the main N source in the soils
[37], and it exerts an important effect on the dynamics of
this element into the soil. According to González-Pedraza
and Dezzeo [25], the soil organic carbon (SOC) for the
studied sites was higher in pastures than in forest (Table 1).
Additionally, the positive correlations found between SOC
data and TN in forest and OP (𝑟 = 0.82 and 0.65, resp.)
evidenced that the TN is closely related to the SOC in these
sites. Therefore, the factors affecting the SOC help to explain
the dynamics of TN in these soils.

The soil texture is another factor that could influence the
TN behavior. According to González-Pedraza and Dezzeo
[24], the YP soil showed higher clay percentage (%C) com-
pared to forest. In that sense, a correlation was made between
the TN and %C data, and a positive correlation in YP (𝑟 =
0.73, 𝑃 < 0.05) was found. This indicates that the clay in the
soil is protecting the soil nitrogen through organic matter.
Similar results were reported by Hassink [36], who found
a positive relationship between the organic N and the clay
content.

4.2. Effect of Seasonality and Land Use Change on Available
Nitrogen (Ammonium and Nitrate). The land use change
significantly affected the ammonium and nitrate content in
soils. Asmentioned in the results, YP showed ammoniumand
nitrate losses compared to the forest, whileOP showed nitrate
increases and ammonium increases or decreases, depending
on the sample period. Similar results were reported by John-
son and Wedin [5], Neill et al. [10], and Ellingson et al. [20],
who found that in pastures, especially young pastures, the
ammonification and nitrification are lower than in original
forest. During early stages of the pastures establishing, the
large losses of nitrate have been associated with volatilization,
erosion, and leaching due to a decrease in the absorption
rate by vegetation and immobilization of soilmicroorganisms
[1, 6, 9].

N availability also has been positively correlated with the
C and N levels in savannas, pastures, and agricultural crops’
soils [38]. For example, Johnson and Wedin [5] pointed out
that in contrast to the low efficiency in the use of nutrients
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that characterize woody species in tropical forests, perennial
grasses, particularly those adapted to fire, generally have a
high C/N ratio in senescent aerial and underground tis-
sues, allowing them to immobilize N during decomposition.
Garćıa-Oliva et al. [31] and Hassink [36] also found higher
C/N ratio in pastures than in forest soils.

The pastures age is another important factor affecting the
nitrogen availability in the soil. In this study, the general trend
towards an increase in the ammonium and nitrate content
in relation to the pasture age is comparable with the data
reported by Hassink [36], who found an increase in the total
available N and a decrease in the C/N ratio in pastures soils
with over 10 years old than in those between 1 and 3 years old.

The N transformation in the soils is mainly mediated by
microorganisms [39, 40], and the microbial activity depends
mainly on the substrate quantity, quality, and availability. It
also depends on temperature and soil humidity [6, 41]. In
this study, the ammonium and nitrate content increased with
the increasing substrate availability and microbial activity, as
indicated by Booth et al. [41]. Likewise, the nitrate content
increase in pastures soils has been associated with a higher
microbial transformation of ammonium and a low rate of
absorption by grass plants [20]. In addition, it is possible that
in OP the best quality of the substrate and major humidity
percentage stimulated the microbial activity compared to
forest.

The soil moisture content has a positive effect on the
ammonium and nitrate content in the soils. [8, 42, 43].
During rainy season, the environmental conditions promote
the activation of soil microbial processes [43, 44], which
explains the higher ammonium content found in this study at
the end of this season. It is very important to point out that in
the western Llanos, the wet season ranges from 6 to 8months
along the year, and the samples of this study were taken at
the end of rainy season, which favored the soil N availability,
especially ammonium.

However, it is probable that at early rainy season both
the ammonium and nitrate could be lost due to lixiviation
and runoff. It is also possible that during the growing season,
usually associated with the rainy months, a greater plant
uptake occurs. This, perhaps, may explain the significant low
contents found at early rainy season in relation to those at end
of rainy season and during the dry period. In addition, it is
probable that with the beginning of the rain the competition
between soil microorganisms and plants to take the available
nutrients increases, causing a decrease in the soil nitrogen
availability.

On the other hand, the nitrate content increase evaluated
during dry season in the three sites could be attributed to a
decrease in the plant nutrient demand and also to microbial
death [45].

4.3. Effect of Seasonality and Land Use Change on Soil Micro-
bial Nitrogen (Nmic). Land use change and the seasonality in
the precipitation regimen affected the Nmic behavior. Nmic
values found in this study are lower than those reported for
tropical dry forests, cultivated pastures, and savannas [8, 31,
44, 45]. However, these values are similar to those obtained by

Jensen et al. [34] for savanna soils. Meanwhile, the Nmic/TN
ratio values are lower than those reported by Garćıa-Oliva et
al. [31] and by Jensen et al. [34] for areas with similar climatic
conditions and vegetation.

For the study area, González-Pedraza and Dezzeo [25]
pointed out that the microbial populations respond differ-
ently to changes in the soil moisture content throughout
the year. These authors also showed that soil microbial
activity was affected by vegetation type, seasonality of rainfall,
and pasture age. This could indicate possible physiological
differences betweenmicrobial communities in the three study
sites, which can be associated with the fact that each site
responded differently to changes in soil moisture content.
González-Pedraza and Dezzeo [25] concluded that in YP
soils,microorganismswere apparently less efficient to decom-
pose the organic matter, while in OP the best quality of the
substrate stimulated the microbial activity. Besides, the old
age of OP allowed greater stability of soil microbial activity.

It is possible that the higher Nmic shown in OP at early
rainy season could be related to the fact that the organic
matter in this period was more palatable and had an easier
decomposition for microbial populations, which allows it
to be more active [46–51]. The Nmic increase in YP and
decrease in forest and OP during the dry season reflect that
the microbial populations respond differently to moisture
content variations.

The Nmic decrease during dry season and increase with
early rains can be associated with the microbial activation
after the low activity during dry season due to the reduced
soil moisture availability [52]. Additionally, at early rainy
season many nutrients from the microbial biomass and soil
organic matter are solubilized, becoming more accessible to
the microorganisms [52].

Microbial biomass activity depends on factors such as
humidity, temperature, soil texture, and the quantity and
quality of plant material used as a substrate [47, 49, 51–56].
In this study, the Nmic in forest soil was significantly and
positively correlated with the ammonium content (𝑟 = 0.95;
𝑃 < 0.05) during dry season. On the other hand, at early
rainy seasonNmicwas positively correlatedwith both the clay
percentage (𝑟 = 0.84; 𝑃 < 0.05) and the ammonium content
(𝑟 = 0.90; 𝑃 < 0.05).

The Nmic in pasture soils was related to the Cmic data
reported by González-Pedraza and Dezzeo [25] and showed
a high Cmic/Nmic ratio, especially at end of rainy season
and during dry season. This result clearly shows differences
in the composition of microbial communities on these soils.
For example, the high Cmic/Nmic ratio found in YP soils
at the end of rainy season reflects a strong limitation of
available N during this season. This is also supported by the
low content of TN, ammonium, and nitrate found in YP
(Table 5).

In addition, a negative correlation (𝑟 = −0.68; 𝑃 <
0.05) was found between the ammonium content and Nmic
in YP soils. This could be due to a low substrate quality
which could inhibit the metabolic process of soil microor-
ganisms. Otherwise, in YP soils the microorganisms are,
apparently, less efficient to decompose the organic matter
and mineralize soil nitrogen [25]. It is also probable that
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the TN pool in YP can be immobilized in plant tissues
due to stress conditions, such as defoliation by cattle, and
therefore it could be inaccessible to microorganisms [53]. As
a consequence, the YP showed low contents of available N
and Nmic.

At the end of the rains the Nmic was lower in the pasture
than in forest soil, contrary to what happened in dry season.
This suggests that at the end of rainfall the available N
fractions are immobilized by microorganisms, absorbed by
plants, or lost by leaching and/or erosion.

4.4. Effect of Seasonality and LandUse Change on Soil Nitrogen
Mineralization. According to the results shown in Table 9, in
the three studied sites ammoniumwas the predominant form
of Nmineralized during 15 weeks of incubation, while nitrate
was very low both in the forest and pastures. This indicates
that ammonification was the main privileged process, not
nitrification. It is probable that the nitrification can be
inhibited under slight acidic soils with soil pH < 6.0 [24], as
those of the study area.

The N
𝑚
/TN values are higher than those reported by

Arias de Estrada [56] for some dry tropical forest and pasture
soils in western Llanos (Portuguesa and Barinas states), but
relatively similar to those found by Sánchez et al. [57] for
deciduous dry tropical forest and savannas of central Llanos
(Guárico state). The highest N

𝑚
/TN found in OP would

indicate that these soils are more able to mineralize nitrogen
than forest and YP.

The land use change from forest to pasture affected
the soil nitrogen mineralization. The mineralization pattern
appears to be similar in the three sites, but the mineralization
magnitude was different between forest and pastures. More
than 50% of the available N into the soil was mineralized
at the first two weeks of incubation. This accelerated flow
has been associated with drying and physical disturbance
of the soil samples, which cause death of a portion of the
microbial population and their rapidly mineralization when
soil is rewetting [52, 58, 59].This could also be associatedwith
the presence of N forms susceptible of being decomposed.
Besides, the physical disturbance of the soil organic matter
due to handling can contribute to accelerating the nitrogen
mineralization of compounds highly sensitive to this process
[59–61].

Because of depletion of themore labile soil organicmatter
fraction, the net Nmineralization decreased in relation to the
incubation time.This has been associatedwith the decrease of
the potentially mineralizable N and the microbial population
size during incubation time under laboratory conditions [61].

The N
𝑚
found in OP soils was significantly higher than

that in forest and YP. Although no statistical differences were
found in the TN values between sites, OP had 22.3% more
TN than the forest. In addition, OP also presented the highest
N
𝑚
/TN ratio, which would indicate that N in this pasture is

more available for being mineralized than in forest and in
YP. Moreover, it is probable that this old pasture could have
a gradual and prolonging nutrient cycling in the ecosystem,
which could allow more efficiency in the use of this substrate
by the soil microorganisms.

In a previous section it was discussed that in pastures
with a longer established time, an increase in the total N
content and mineralization rate [36] can occur. It was also
mentioned that the ammonium and nitrate mineralization
was higher with increases in the substrate availability and in
the microbial activity [41].

The N
0
in OP was 42.3% higher than in forest. This

clearly indicates that in OP there was a larger pool of
potentially available N. This could be associated with the
pasture established time. Higher values of N

𝑚
and N

0
found

in OP could also be indicating a better quality substrate for
mineralization in pastures soils.

The relatively N
0
low values found in YP are, probably,

due to a lower efficiency of microorganisms to compete
with plants for nitrogen demand. Similarly, the short estab-
lishment time and the continuous pasture grazing have,
probably, led to a depletion of available soil N because the
microorganisms are highly selective and they use first labile
forms of organic matter.

Because of a lower substrate quality, the high 𝑘 values
found in YP could be related to a reduced ability to preserve
the available nitrogen in these soils resulting in a grass sur-
vival strategy under those conditions. In this sense, although
YP had a lower N

0
, its mineralization rate was higher.

5. Conclusions

Land use change from forest into pasture led to an increase in
TN in almost all soil depths. Among the pastures, OP had a
greater TN content than YP. The TN increase in YP topsoil
was influenced by clay percentage. In OP, the established
time has allowed a greater input and easier organic matter
degradation, reflected in a higher content of N into the soil.
During the three seasons, soil ammoniummineralizationwas
the most important process in these soils resulting in the
highest proportion of this nitrogen form in relation to TN.

Thepasture establishment led to a decrease of ammonium
and nitrate content and also to a decrease of soil micro-
bial activity. The youngest pasture presented lower values
of ammonium, nitrate, Nmic, N

0
, and N

𝑚
in comparison

with forest and old pasture. This pasture also had a higher
mineralization rate (𝑘). This leads to the conclusion that
after the forest cutting and burning, the initial establishment
of pastures negatively impacted on the soil N dynamics.
This is reflected in the decrease of quality substrate and
microorganisms efficiency to use this substrate.Therefore, the
capacity of preserving the available N is reduced, and this can
lead to N exhaustion. The higher values of N

𝑚
and N

0
found

in OP are indicating a better quality of the substrate in this
pasture.

Seasonality in precipitation had a marked effect on
the soil N dynamics in the studied site. Prolonged rainy
season privileged microbial processes that allowed a greater
ammonium and nitrate mineralization and a higher Nmic.
At early rainy season, ammonium and nitrate losses were
associatedwith leaching and runoff caused by the first rainfall
and by a nutrient demand increase for vegetation to grow.
The nitrate increase during dry season was associated with
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the lower nutrient demand of plants andmicroorganisms and
with microbial population decrease in the three evaluated
sites.
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Proper and effective management of soil nutrients requires assessment of their variability at the field scale. We compare the effects
of lime amendment rate on the spatial variability of three macronutrient forms (NH4

+-N, Olsen P, andMehlich-1 K) in a paddy soil
at three different dates during the growth period of a rice crop. The field work was carried out near Corrientes, Argentina. Lime
treatments were 0, 625, and 1250 kg ha−1 dolomite, and each liming dose was applied to a 1.7 ha field. Ninety-three soil samples
per treatment were first collected in aerobic conditions and then two more times after flooding, at bunch formation and flowering.
Soil NH4

+-N increased along time, whereas P was highest at bunch formation and K steadily decreased along the rice growth
period. Dolomite addition increasedmacronutrient availability at the first and second samplings, but its effects at the third sampling
depended on the element. The three soil nutrients analyzed displayed strong patterns of spatial dependence for the three lime
treatments and at the three periods studied. The areas with relative high or low macronutrient concentrations within each field
were not stable throughout the rice growth period. Seasonality in the spatial distribution of macronutrients may be of agronomic
value for site specific management.

1. Introduction

Macronutrients (N, P and K) play an important role in crop
production. Inadequate fertilizer management limits crop
yield, results in nutrient mining, and causes loss of soil pro-
ductivity. A satisfactory nutrient status saves the soil, a limited
natural resource, and also prevents environmental pollution
[1]. Proper and effective management of macronutrients and
assessment of their effects on environmental quality requires
an understanding of their variability in concentration across
the fields. Moreover, knowledge about spatial and temporal
behaviour in the variability of nutrient status is the key
for site specific management trough precision agriculture
techniques. Site specific management can help to minimize
fertilizer inputs thought the whole field without prejudicing
yields, which would contribute to bridge economic with
environmental advantages [2, 3].

The spatial variability of soil properties is the outcome of
the interaction of several soil forming factors and processes
and in agricultural and forest fields involves also effects
of management practices [3–5]. There has been a growing
interest in the study of the spatial variability of soil character-
istics, including macronutrients, using geostatistics since the
1980s [4–8]. More recently, the value of spatial measurements
of soil properties coupled with geostatistical techniques to
develop site specific management practices also has been
widely acknowledged [2, 9, 10]. Indeed, geostatistical analysis
has been carried out to assess heterogeneity in paddy soils,
focussing either on soil properties and/or crop yield [5, 11] or
on soil properties and/or nutrients [12–17].

In paddy soils, spatial variability has been shown to occur
over distances of meters or tens of meters. Because these
soils are characterized by a relatively flat topography and
seasonal flooding, in the past they have been thought to be
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apparently homogeneous.However, large spatial variability in
soil properties has been reported for paddy fields of different
countries [5, 11, 12, 14, 16], even if at a first sight this might
be considered as a quite unexpected result. However, more
recently it has also been shown that factors such as small
differences in elevation after land-levelling [18] and redistri-
bution of soil components and/or nutrients by lateral water
movement across neighbouring small fields surrounded by
ridges [19, 20] may drive heterogeneity of crop yield and
soil properties at different scales. Temporal oscillations in
the spatial patterns of variability of soil properties or soil
nutrients in rice fields have been also previously reported
[12, 13, 16, 20], even if this issue has been less frequently
addressed.

Successful rice production requires an adequate soil
fertility status and especially satisfactory levels of N, P, and
K. In flooded soils major chemical and electrochemical
changes occur that have a profound influence on soil nutri-
ent availability. In this way, under submerged condition as
in paddy rice cultivation ammonium (NH

4

+), rather than
nitrate (NO

3

−), has been found to be the main source of N
for crop growth. This is because NO

3

− (if present) can be
depleted rapidly after flooding due to denitrification, while
NH
4

+ tends to accumulate with time of submergence due to
lack of O

2
for nitrification. Therefore, ammonium is likely to

be the main form of nitrogen in flooded soils [21, 22]. Both
forms of nitrogen, but especially NO

3

−, are very mobile and
may show amarked seasonal change in concentrations during
the growing season, owing to the unstable physicochemical
properties, for example, redox potential, or to variations in
microbial activity.

Phosphorus availability to rice mainly depends on soil
pH. Flooding increases pH of acid soils and decreases pH of
calcareous and sodic soils. In acid soils P is associated with
Fe and Al compounds, whereas in soils, with pH higher than
6.5, P is primarily associated with calcium and magnesium.
Flooding rice soils generally moderates the pH towards a
neutral pH condition and consequently the availability of P
is promoted [23, 24].

Several forms of soil potassium have been identified in
paddy soils. Exchangeable K is considered mostly readily
available, but other slowly available forms, which mainly
depend on clay mineralogy and physicochemical properties,
have been also identified in paddy soils [25].The removal rate
of K with rice grain and straw is rather high. Notwithstand-
ing, either paddy farmers do not use K fertilizers or the used
amount is insufficient to balance K removal [26]. Therefore,
K availability of flooded rice soils is mainly affected by
fertilizer application and strawmanagement practices.There-
fore, K deficiencies have been found to occur, even if only
to a limited extent, in several types of lowland rice soils in
association with small concentrations of exchangeable K, or
to inactivation of K release by clay components.

Soil variability occurs across a continuum of spatial
and temporal scales. Nutrient maps based on intensive soil
sampling are a means to implement field-proven decision
criteria for managing precision fertilizer input [5, 27, 28].
Experimental work was conducted on a paddy field in
Corrientes, Argentina, to test the effect of lime amendment

on the spatial distribution patterns of soil pH and Eh and
on macro- and micronutrients. Three successive sampling
campaignswere carried out to assess the stability of the spatial
distribution along the growing season of the studied soil
properties. Results reported on previous work for pH and Eh
[17] and for extractable Fe, Mn, and Zn [12] showed a rather
strong seasonality in the spatial distribution of these variables
with changing patterns between sampling dates. Seasonal
stability of nutrient maps has been considered as a prereq-
uisite for efficient precision agriculture management [20].
On the other hand, several soil properties and nutrient in
paddy soils previously have been shown to vary along the
rice growing period [12, 17, 22, 24, 25]. Therefore, the first
objective of this study was to conduct a field-scale analysis
of the spatial variability of ammonium-N and available phos-
phorus and potassium, using the unpublished data sets of
the above mentioned trial.The second objective was to inves-
tigate stability in the spatial distributions of ammonium-N,
Olsen P, and Mehlich-1 K along the rice growth season.

2. Material and Methods

2.1. Site, Sampling Collection, and Laboratory Analysis. The
studywas conducted on a paddy field located nearCorrientes,
Argentina, cropped to rice (Oryza sativa, L.). The experi-
mental site and the sampling procedure have been described
before [12, 17] and therefore this information will be briefly
summarized here. The climate is warm, subtropical with
mean temperature of 20.1∘C andmean yearly rainfall of about
1200mm. The soil was classified as a typic Plintacualf [29],
and it was an acidic soil (pH = 3.7, before liming), silt-loamy
textured.

A field experiment was conducted to assess the influence
of liming on several soil properties. The study site was an
irrigated field with two previous years under lowland rice
when this studywas started.The entire fieldwas subdivided in
three parcels of 1.7 ha surface each, which received dolomite
amendments in amounts of 0 (control), 625 kg ha−1, and
1250 kg ha−1. Each parcel was surrounded by a 10m wide
road and enclosed 32 plots of 50m × 11.9m, limited by 1.9m
width water channels (Figure 1). The experimental field was
fertilized at sowing time using anN-P-Kmixturewith 35 kg of
urea, 47 kg of superphosphate, and 95 kg of KCl.The fertilizer
was uniformly broadcasted over the rice field.

Soil sampleswere collected at three different stages during
the rice growth period. The first sampling was performed in
aerobic conditions, just before sowing, the second sampling at
bunch formation, that is, 28 days after flooding, and the third
sampling at flowering stage, that is, 56 days after flooding.
Ninety-three samples per liming treatmentwere taken at each
of the three sampling dates. The basic sample grid was 11.9 ×
20m (Figure 1).Therefore, three soil samples were taken from
each of the 32 single plots of a given parcel or treatment.

The soil was collected to a depth of 15 cm. Soil samples
were air-dried and sieved (2mm mesh). Ammonium-N
was extracted with 2MKCl and determined using methods
described in [30]. Available Pwas extracted using bicarbonate
[31]; phosphorus concentrations were determined colorimet-
rically using ascorbic acid-ammonium molybdate reagents.
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Figure 1: Sampling grid with 96 sampling positions per treatment.

Table 1:Mean± standard deviation for pH and Eh at three sampling
dates and on three different lime treatments. (Mean values followed
by a diffferent lowercase letter in the column and different capital
letter in the row are significantly different).

Dolomite 1st sampling
(before sowing)

2nd sampling
(day 28)

3rd sampling
(day 56)

pH
0 kg ha−1 4.2 ± 0.09aA 5.7 ± 0.28bB 6.6 ± 0.24cC

620 kg ha−1 4.3 ± 0.07aA 5.8 ± 0.30bB 6.7 ± 0.22cC

1250 kg ha−1 4.4 ± 0.07aA 5.9 ± 0.24bB 6.8 ± 0.12cC

Eh (mV)
0 kg ha−1 554.4 ± 7.4aA −16.4 ± 19.7aB −186.2 ± 31.9aC

620 kg ha−1 539.7 ± 10.6aA −25.8 ± 15.5bB −189.5 ± 29.7aC

1250 kg ha−1 532.4 ± 10.6aA −30.1 ± 13.5bB −210.3 ± 31.1bC

Available K was extracted with the Mehlich-1 solution [32]
and measured by atomic absorption spectrometry.

Mean values of pH and redox potential (Eh), reported
in [17], are summarized in Table 1. On average, mean pH
increased by 2.3 units along the rice growth period. More-
over, as expected, mean pH ranked as control <625 kg ha−1
dolomite <1250 kg ha−1 dolomite, at the three sampling dates.
Redox potential decreased along the rice growth period with
increasing duration of the anaerobic conditions; the effect of

dolomite addition was to decrease mean soil redox potential
on the three sampling dates.

2.2. Statistical and Geostatistical Analysis. The 27 data sets
studied (3 nutrients × 3 lime treatments × 3 sampling
dates) were first analyzed for normality by means of the
Kolmogorov-Smirnov test.Then, descriptive statistics includ-
ing mean, variance, coefficient of variation, maximum, min-
imum, skewness, and kurtosis were determined. Pearson
correlation coefficients were also calculated to determine the
relationship between soil properties.

Geostatistical analysis is based on the assumption that
measurements separated by small distances are more likely to
be similar to each other than those farther apart,meaning that
spatial autocorrelation exists. This hypothesis can be verified
through examination of semivariograms for the attributes
under investigation. Moreover, the statistical tool used to
measure the autocorrelation between samples is called the
semivariogram. An experimental semivariogram can be
obtained from semivariance values calculated as a function
of the distance, 𝛾(ℎ), which are given by the following
equation:

𝛾 (ℎ) =
1

2𝑁 (ℎ)

𝑁(ℎ)

∑
𝑖=1

[𝑍 (𝑥
𝑖
) − 𝑍 (𝑥

𝑖
+ ℎ)]
2

, (1)

where𝑍(𝑥
𝑖
) and𝑍(𝑥

𝑖
+ℎ) are the actual values of the variable,

𝑍, at places 𝑥
𝑖
and (𝑥

𝑖
+ ℎ), and 𝑁(ℎ) is the total number of
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data pairs separated by a distance ℎ. Thus, the experimental
or sample variogram is obtained by changing ℎ.

The experimental semivariogram must be fitted by a
model that mathematically describes the spatial variation.
Several standard models (i.e., spherical, exponential, Gaus-
sian, etc.) are currently available. In this work, calculation of
sample variogram and fitting of models were made using
accredited criteria and procedures [2, 33]. The cross-
validation technique was used for model fitting [34]. Then,
agreement between experimental and modelled semivari-
ograms was judged by various indicators, including determi-
nation coefficient (𝑟2), mean error (ME), and no dimensional
mean square error (NMSE).

Semivariogram models were described using the follow-
ing basic parameters: the distance ℎ, the sill variance (𝐶

0
+

𝐶
1
), and the range of spatial dependence (𝑎).The sill variance

eventually reaches an upper bound; this parameter consists
of a spatially correlated or structural variance (𝐶

1
) and may

include a nugget variance (𝐶
0
), which represents the variation

that has not been resolved at the scale of sampling. The
degree of spatial dependence can be expressed by the ratio of
nugget variance (𝐶

0
) to the threshold (𝐶

0
+𝐶
1
) variance.The

nugget to sill ratio was used to qualitatively classify the spatial
dependence into strong (<25%), moderate (25 to 75%), and
weak (>75%) following accredited criteria [6].

Based on the best fitting semivariogram model, the krig-
ing approximation was used for interpolation and mapping
purposes. Kriging is an optimal method of prediction in the
sense that it is unbiased and the predictions have minimum
variance [27, 28].

3. Results and Discussion

3.1. Statistical Analysis of Soil Macronutrients. Descriptive
summary statistics of the 27 data sets studied are pre-
sented in Table 2. Concentrations of soil NH

4

+-N just before
flooding ranged from 20.07 to 28.87mg kg−1 and those at
rice flowering (56 days after flooding) ranged from 37.74
to 43.92mg kg−1. The latter were significantly higher than
the former (𝑃 < 0.05) and this was for the three liming
treatments. The average increase in NH

4

+-N concentrations
between the first and the third sampling period was 88%.
Ammonium-N accumulation in anaerobic conditions is an
expected result, due to the lack of conversion of organic
N into mineral N in paddy soils [21, 22], as stated before.
However the amounts of ammonium and nitrate nitrogen
determined at the second sampling date, which ranged from
24.73 to 28.50mg kg−1, were not much different from those
of the first sampling date, even if the rate of NH

4

+-N
accumulation was not negligible for the control treatment
during this period. Moreover, comparison between the first
and the second sampling dates showed small but significant
(𝑃 < 0.05) ammonium-N losses and increases at the
625 kg ha−1 and 1250 kg ha−1 treatments, respectively.The net
increase in NH

4

+-N after flooding is the result of the net
balance from accumulation (owing to the lack of O

2
for

nitrification) and losses (owing mainly to plant uptake but
also to denitrification processes).
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Figure 2: Relationship between average pH and average Olsen
extractable phosphorus.

There were positive effects of lime amendment on NH
4

+-
N concentration, both at sowing and at bunch formation, as
the differences between the control treatment and the two
treatments amended with dolomite were significant (𝑃 <
0.05). Nevertheless, concentrations of NH

4

+-N within each
sampling period were considerably stable, as shown by the
smaller range of values among liming treatments than among
sampling dates.

Coefficients of variation of the NH
4

+-N data sets studied
ranged from 9.7 to 20.3% and showed a trend to decrease
for the successive sampling periods. This seasonal reduc-
tion in the statistical variability of NH

4

+-N concentrations
throughout the rice growth period could be the result ofmore
uniformity in microbiological activity across the field, which
in turnmay be due to a higher homogeneity of the redox con-
ditions (Table 1). All the ammonium-N data sets studied were
normally distributed. These distributions were slightly nega-
tively or positively skewed, as the skewness parameter ranged
from −0.462 to 0.654.

The mean concentrations of Olsen extractable P ranged
from 5.52 to 8.57mg kg−1 at the first sampling, in aerobiosis,
from 10.36 to 13.12mg kg−1 at the second sampling, 28 days
after flooding, and from 7.14 to 8.67mg kg−1 at the third sam-
pling, 56 days after flooding. These results are in accordance
with the fact that P availability has been found to be optimal
when the soil pH is between 6.0 and 6.5. Figure 2 shows the
relationships between mean pH and mean Olsen available P
in the studied treatments. The initial concentrations of Olsen
P in the very acid soil (in anaerobic conditions) were low
[24, 31], but these increased rapidly after flooding, in all the
liming treatments. Thus Olsen P increased with increasing
soil pH and was highest for mean pH values between 5.7 and
5.9 recorded at the second sampling period. Subsequently,
concentrations of Olsen P measured in the third period were
lower compared to the second period, in accordance with
the mean pH values ranging from 6.6 to 6.8. Therefore, the
highest available P concentrations were recorded at bunch
formation, owing to soil pH ranges near optimum values
[24, 31]. However, available P was depleted throughout the
late growing season, owing mainly to pH increases above to
the 6.5 threshold, but also to the plant uptake.

Liming significantly (𝑃 < 0.05) increased Olsen P avail-
ability in aerobic conditions before flooding. Also, at the
second sampling the mean concentration of Olsen P was
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Table 2: Summary statistics for NH4
+-N, P, and K concentrations on different sampling dates and liming treatments (Var.: variance; CV:

coefficient of variation).

Lime (Kg ha−1) Code Mean (mg kg−1) Var. CV Minimum (mg kg−1) Maximum (mg kg−1) Skewness Kurtosis
Ammonium nitrogen, NH4

+-N
First sampling

0 NH4-10 20.07a,A 14.67 19.1 11.16 28.80 −0.047 −0.405
625 NH4-11 28.87c,B 17.09 14.3 20.42 39.72 0.159 −0.435
1250 NH4-12 27.30b,A 30.56 20.3 11.62 43.63 0.064 0.856

Second sampling
0 NH4-20 24.73a,B 15.29 15.8 17.09 35.28 0.319 −0.530
625 NH4-21 27.36b,A 11.21 12.2 21.43 37.38 0.654 −0.036
1250 NH4-22 28.50c,B 12.56 12.4 19.79 36.94 0.099 −0.775

Third sampling
0 NH4-30 37.74a,C 24.14 13.0 28.84 48.52 0.433 −0.820
625 NH4-31 43.92b,C 31.23 12.7 30.38 55.38 −0.462 −0.251
1250 NH4-32 38.84c,C 14.25 9.7 29.60 48.54 0.126 −0.033

Phosphorus, P
First sampling

0 P-10 5.52a,A 1.75 24.0 2.50 8.04 0.041 −0.730
625 P-11 6.72b,A 2.03 21.2 3.74 10.72 0.450 −0.346
1250 P-12 8.57c,A 2.60 18.8 5.04 12.33 −0.160 −0.274

Second sampling
0 P-20 10.36a,C 4.75 21.0 6.61 18.45 1.069 1.562
625 P-21 13.12b,C 6.50 19.4 7.30 18.43 0.012 −0.670
1250 P-22 11.93c,C 3.39 15.4 8.72 17.34 0.502 0.037

Third sampling
0 P-30 7.14a,B 3.39 25.8 3.50 14.26 0.894 1.633
625 P-31 8.67b,B 2.72 19.1 4.79 13.17 0.194 −0.319
1250 P-32 7.45a,B 3.02 23.3 4.05 10.69 0.111 −0.883

Potassium, K
First sampling

0 K-10 38.15a,C 47.95 18.2 26.56 64.64 1.012 1.551
625 K-11 44.41b,C 36.93 13.7 34.26 65.21 0.822 0.897
1250 K-12 50.41c,C 35.78 11.9 38.24 70.53 0.380 0.387

Second sampling
0 K-20 32.09a,B 23.54 15.1 22.01 42.35 0.004 −0.969
625 K-21 36.46b,B 86.97 25.6 19.86 59.87 0.277 −0.860
1250 K-22 40.44c,B 57.47 18.8 28.73 59.68 0.355 −0.649

Third sampling
0 K-30 19.41b,A 7.48 14.1 12.43 25.30 0.019 −0.647
625 K-31 18.01a,A 5.78 13.4 12.42 23.95 0.137 −0.022
1250 K-32 17.25a,A 9.56 17.9 11.34 23.23 0.177 −1.038
Mean values followed by different small letters and different capital letters are significantly different (𝑃 < 0.05) for liming treatment and sampling date,
respectively.

significantly lower (𝑃 < 0.05) in the control treatment than
in the two dolomite amended treatments. However, at the
third sampling date, the highest mean Olsen P values were
recorded at the 625 kg ha−1 dolomite treatment. In general,
and in agreement with the trends observed before for
ammonium-N, Olsen P concentrations showed smaller dif-
ferences among liming treatments than among sampling
dates (Figure 2).

Coefficients of variation for Olsen P ranged from 15.4 to
25.8% and, therefore, showed a similar order of magnitude
for the different treatments and sampling dates studied. The
seasonal stability in the statistical variability of available P
probably reflects the influence of pH as main factor driving
the dynamics of P in paddy rice soils. All the Olsen P data
sets studied also were normally distributed. The coefficients
of skewness for these distributions ranged from 0.169 to 1.069
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and were positive for 8 out of 9 data sets. Positively skewed
distributions indicate the presence of some few extreme high
values of available P.

The critical value of Olsen extractable P across a wide
range of soil types has been established at 6.0mg kg−1 [23].
Subcritical P levels are expected to cause reductions of pro-
duction under intensive rice cropping. Available phosphorus
concentrations before flooding ranged from very low to low
and become moderate after the additional release promoted
by the soil pH increase due to flooding. No visual symptoms
of P deficiencies were observed in the rice crop studied.
Therefore, the applied supply of P, as superphosphate, may be
sufficient for the agricultural practices and rice production
levels of the local area. Moreover, the 625 kg ha−1 dolomite
treatment was more efficient than the 1250 kg ha−1 dolomite
treatment for releasing available Olsen P, in anaerobic con-
ditions, as shown by mean values at the second and third
sampling dates.

Concentrations of available K extracted with Mehlich-1
are reported in Table 2 and ranged from 28.15 to 50.41mg
kg−1, 32.09 to 40.44mg kg−1, and 17.25 to 19.41mg kg−1 at
the first, second, and third sampling dates, respectively.
Therefore, available K concentrations steadily decreased
throughout the crop period, from sowing to bunch formation
and then to flowering. On average Mehlich-1 extractable K
was more than two times higher just before flooding than
after 56 days of submersion. Available K depletion probably
was mainly due to the plant uptake, so that it is expected to
increase again after rice harvesting and straw mineralization.
Notwithstanding, the dynamic of K along the rice vegetative
period could be also affected by soil intrinsic factors such as
claymineralogical composition and physicochemical charac-
teristics.

Mean extractable K concentrations in the soil measured
at sowing and at bunch formation also increased significantly
(𝑃 < 0.05) with rate of dolomite application. Hence,
in the two first sampling dates, mean Mehlich-1 K values
for the three dolomite treatments ranked as control <
625 kg ha−1 < 1250 kg ha−1. At the third sampling date, how-
ever, the mean extractable K concentrations measured at
the control treatment were significantly lower than those at
the two dolomite amended treatments, but no significant
differences were found between the two treatments with
dolomite amendment. The control treatment had the lowest
mean extractable K level before flooding and the highest after
58 days of flooding; in contrast the 1250 kg ha−1 treatment
had the highest mean extractable K level before flooding
and the lowest after 58 days of flooding. Hence, the rate of
diminution in soil available K throughout the crop growth
period was greater for the dolomite amended treatments
than for the control treatment.Therefore, seasonal changes in
available K under paddy rice cultivation were not similar for
all the treatments, suggesting specific K fixation or depletion
depending on soil reaction.

Coefficients of variation forMehlich-1 K have been found
to vary between 11.4 and 25.6%, and they were smaller than
20% in eight out of nine data sets. On average, CVs for
Mehlich-1 extractable K were lower than those obtained for
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Figure 3: Selected examples of semivariograms corresponding to
experimental data sets without nugget effect and with the highest
nugget effect modelled.

Olsen P. Again, all the available K data sets studied were nor-
mally distributed. Moreover, the distributions of extractable
K for all the data sets analyzed were positively skewed, with
skewness coefficients ranging from 0.004 to 1.012.The highest
values of extractable K exhibited by distributions with the
largest skewness coefficients may be associated with locations
with the highest straw residues left after crop harvesting.

Mehlich-1 extractable K concentrations below 50mg kg−1
are considered to be low for an intensive high-yielding rice
crop [28]. Thus, according to these soil tests, the amount
of K fertilizer applied was not sufficient to maintain a good
nutritional status during the entire growth season. No visual
deficiencies were detected for K in our experimental field.
Consequently, the appliedK can be considered to be sufficient
to maintain current rice yields of about 4–6 t ha−1 in the
studied area.

3.2. Spatial Dependence and Kriging Maps of Soil Macronu-
trients. Selected examples of semivariograms are presented
in Figure 3. They correspond to one of the data sets with
the highest degree of spatial dependence (no nugget effect)
and to the data set with the lowest degrees of spatial
dependence, meaning the highest nugget to sill ratio, that is,
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Table 3: Semivariogram model type, parameters for best fitted model (𝐶
0
: nugget; 𝐶

1
: structural variance; 𝑎: range), and cross-validation

indicators (𝑟2: determination coefficient; ME: mean error, NMSE: no dimensional mean square error) of the studied NH4-N, P, and K data
sets.

Lime Code Model 𝐶
0

𝐶
1

𝐶
0
/(𝐶
0
+ 𝐶
1
) 𝑎 (m) 𝑟2 ME NMSE

Ammonium nitrogen, NH4
+-N

First sampling
0 NH4-10 Spherical 1.09 14.20 7.1 47.0 0.923 0.003 1.004
625 NH4-11 Spherical 6.37 10.41 38.0 45.1 0.663 −0.011 0.994
1250 NH4-12 Spherical 13.58 19.05 41.6 68.9 0.932 −0.016 0.926

Second sampling
0 NH4-20 Spherical 0.00 15.57 0.0 40.9 0.876 −0.003 1.147
625 NH4-21 Exponential 0.00 12.25 0.0 59.5 0.912 −0.005 0.992
1250 NH4-22 Exponential 0.00 13.08 0.0 49.8 0.869 −0.019 1.000

Third sampling
0 NH4-30 Spherical 1.95 24.15 7.5 53.2 0.639 −0.001 0.813
625 NH4-31 Spherical 0.00 33.96 0.0 71.9 0.907 0.002 0.922
1250 NH4-32 Spherical 2.60 13.92 15.7 84.6 0.972 −0.008 0.937

Phosphorus, P
First sampling

0 P-10 Spherical 0.23 1.59 12.6 51.7 0.835 −0.052 1.060
625 P-11 Spherical 0.61 1.54 28.4 64.0 0.836 −0.003 1.020
1250 P-12 Spherical 0.44 2.29 16.1 53.0 0.850 0.002 0.903

Second sampling
0 P-20 Spherical 0.42 4.86 8.0 65.2 0.951 −0.000 1.097
625 P-21 Spherical 0.43 6.24 6.4 47.7 0.944 −0.019 0.996
1250 P-22 Spherical 1.53 1.97 43.7 76.3 0.908 −0.014 1.029

Third sampling
0 P-30 Spherical 1.41 2.30 38.0 73.9 0.976 0.002 0.848
625 P-31 Spherical 0.74 2.11 26.0 57.7 0.843 0.027 0.855
1250 P-32 Spherical 0.89 2.25 28.3 60.0 0.912 0.001 0.941

Potassium, K
First sampling

0 K-10 Spherical 4.97 46.74 9.6 59.7 0.861 0.011 1.184
625 K-11 Spherical 6.55 33.12 16.5 54.2 0.903 −0.005 0.948
1250 K-12 Spherical 15.96 21.35 42.8 51.4 0.925 0.013 0.901

Second sampling
0 K-20 Spherical 6.73 18.65 26.5 65.5 0.891 0.006 0.954
625 K-21 Spherical 14.61 75.20 16.3 52.3 0.887 0.049 0.863
1250 K-22 Spherical 16.56 43.79 27.4 58.9 0.783 0.004 0.782

Third sampling
0 K-30 Spherical 1.46 6.66 18.0 63.1 0.899 −0.024 0.882
625 K-31 Spherical 2.46 3.71 39.9 68.2 0.921 0.003 1.075
1250 K-32 Spherical 3.52 6.84 34.0 76.8 0.960 −0.008 0.690

(𝐶
0
)/(𝐶
0
+𝐶
1
).The geostatistical parameters for the best fitted

semivariogram models describing the spatial dependence of
the soil macronutrients studied are listed in Table 3, together
with the cross-validation parameters used for assessing the
goodness of fit. All the semivariograms modelled increased
with lag distance (ℎ), until a more or less constant value was
reached, at a given separation distance, that is, the sill or
total semivariance (𝐶 + 𝐶

0
); this separation distance (𝑎) is

called the range of spatial dependence. Note that the nugget

variance,𝐶
0
, is the semivariance at ℎ = 0. Experimental semi-

variograms of the NH
4

+-N concentrations measured at the
three lime treatments and during the three periods studied
could be described quite well by either spherical or expo-
nential models with a nugget component (𝐶

0
) plus a spatial

component (𝐶
1
) with a range of spatial dependence varying

between 40.9 and 84.6m. For Olsen P and Mehlich-1 K, all
experimental semivariograms were described by spherical
models with a range between 51.4 and 76.8m.
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Theoretical models were fitted to experimental semivar-
iograms based both on subjective visual inspection and on
the following parameters obtained by cross-validation: deter-
mination coefficients of the regression between calculated
and kriging estimated values (𝑟2), mean errors (ME), and no
dimensionalmean square errors (NMSE).Goodness of fitwas
assessed by proximity to ideal values of these parameters for
a perfect fit, that is; 𝑟2 = 1, ME = 0, and NMSE = 1 [12, 33].
Determination coefficients were 𝑟2 ≥ 0.639, mean errorswere
ME ≤ 0.059, and no dimensional mean square errors were
0.813 < NMSE < 1.189. Therefore, the values of these param-
eters suggest that all models adequately fitted the spatial
dependence of the studied macronutrient data sets.

Note also that inmost of the cases studied the experimen-
tal semivariograms were best described by a spherical model.
The exception was for two NH

4

+-N data sets corresponding
to the 625 kg ha−1 and 1250 kg ha−1 treatments during the sec-
ond sampling, which were best fitted by exponential models.
Other soil properties studied before in our experimental field
(pH, Eh, extractable Fe, Mn, and Zn) also have been found
to fit mostly spherical models and otherwise exponential
models [12, 13, 17].

The nugget variance represents either experimental vari-
ability induced by potential laboratory errors or field random
variability that can not be detected at the scale of sampling.
The nugget to sill ratio, 𝐶

0
/(𝐶 + 𝐶

0
), ranged between 0 and

43.7% for all the data sets studied. This ratio was zero at four
data sets, was smaller than 25% at 11 data sets, and ranged
from 25 to 50% at 12 data sets, indicating in most of the cases
a strong to moderate degree of spatial dependence, according
to the authorized criteria [6] previously quoted. Moreover,
the magnitude of the nugget variance showed no dependence
of the liming treatment or the sampling date. Altogether, the
small to moderate nugget effects indicate that the sampling
grid used was proper to reflect the spatial dependence of the
studied macronutrients.

The sill value (𝐶 + 𝐶
0
) reflects the total variance for very

large distances; the sill is given by the sum of the nugget
semivariance (𝐶), which may be zero, plus the portion of the
semivariance that is spatially structured (𝐶

0
). As expected, for

each data set, the value of the sill modeled was of the same
order of magnitude as the value of statistical variance. The
sill value ranged from 12.35 to 32.63 (mg kg−1)2 for NH

4

+-N,
from 1.82 to 6.67 (mg kg−1)2 forOlsen P, and from6.17 to 89.81
(mg kg−1)2 for Mehlich-1 K, indicating that Olsen P had the
weakest pattern of spatial variability. Mean sill values were
lowest for NH

4

+-N at the second sampling date; however
in this sampling they were highest for available P and K.
Main factors responsible for the differences in semivariance
for very large distances, that is, for the sill value, of the data
sets studied here could be: (a) seasonal variations, driven by
the different biogeochemical processes during aerobic and
anaerobic conditions, (b) nutrient uptake by the rice crop, and
(c) management effects such as liming.

The values for the range of spatial dependence of the
semivariogram models were of the same order of magnitude
for the three nutrients studied, varying from 40.9 to 84.6m
for NH

4

+-N, from 47.7 to 76.3m for Olsen P, and from 51.4 to

76.8m forMehlich-1 K. Highest values of this parameter were
about two times larger than smallest values.The range of spa-
tial dependence showed a slight trend to increase throughout
the rice growth period. This suggests the area of similarity
of the nutrient content becomes larger during the rice
growing season. Note also that this area may embrace several
individual rice plots of 50× 10m size (Figure 1).Moreover, the
values of the range of spatial dependence for ammonium-N
and extractable P and K were also similar to those previously
reported for pH and Eh [17] and for extractable Fe, Mn, and
Zn [12, 13] at the same experimental field. Sample locations
separated by distances smaller than the range are more
alike and are spatially correlated, whereas those separated by
distances greater than the range are spatially uncorrelated.
Summarizing, there were some similarities in the range of
spatial dependence for soil chemical properties measured
under different lime treatments at different sampling dates,
but differences in range also were found with the same
frequency as similarities.

Spatial dependence at paddy fields of various sizes [5, 11–
15] and also at the scale of a whole district cropped with
rice [16] has been reported for several soil properties. Semi-
variograms depend on the sampling scale, sampling design,
and support of the underlying data sets; thus, there is no
“absolute” semivariogram for a soil property. Since all these
factors vary between published studies, it becomes difficult
to compare the results by different authors. Moreover, in
our experimental field the soil properties analysed in the
present and in previous work, namely, pH, Eh, and macro-
and micronutrient concentrations [12, 13, 17], showed sea-
sonal modifications in the patterns of spatial dependence. A
seasonal pattern of variability, which may depend upon local
conditions, is an additional drawback to compare results from
different filed trials.

Until now, the temporal oscillation in the variability of
soil properties has mainly been reported for soil biological
properties, as, for example, soil enzymes, soil biological
activity, and soil fauna, and for soil quality indices based
on these properties [35, 36]. However, in this work and in
previouswork carried out at our experimental field [12, 13, 17],
we described seasonality in the spatial patterns of variability
of soil general properties or soil nutrient content in rice fields,
which has been also demonstrated by field trials conducted in
other different areas [20, 37].

Spatial variability of soil properties depends both on soil
forming factors and processes and onmanagement practices,
as stated before. In our case study, climate, topography,
and water level were homogeneous throughout the experi-
mental fields. The parent material consisted of sedimentary
rocks characterised by various particle size distributions,
which could draw spatial variability at the decameter scale
[12]. Element speciation and concentrations of macro- and
micronutrients at a given location within a field also depend
on various soil properties, such as organic matter content,
total element composition, pH, and redox potential (Eh),
on plant nutrient uptake, and on management practices.
In a previous work pH and Eh of the studied field have
been demonstrated to undergo seasonal variability. On the
other hand, the fertilizer use efficiency of rice is very low
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when all fertilizers are applied as base dressing, as in this
field experiment; therefore nutrient uptake by rice plants
cannot be viewed as a major source of variability in our
conditions. However, current management practices of the
rice crop, associated with the irrigation system employed,
may result in uneven water application [20] and also may
drive redistribution of elements by lateral flow across the
smallest production units [19, 20].Therefore redistribution by
unsteady flooding and lateral water movement could be con-
sidered as a main source of spatial variability, even if all the
experimental units were managed similarly. In addition the
role of microrelief heterogeneities has been also stressed as
an essential source of variability in soil properties under rice
cultivation [20, 37].

Therefore, the results of this work together with those
reported in previous work [12, 13, 17] suggest that texture,
soil mineral and organic composition, and liming dose may
be possible factors influencing the spatial variability of soil
macronutrients at the studied parcel. In addition, seasonality
or temporal variability of the patterns of spatial variability of
the studied macronutrients and other soil properties may be
mainly driven by uneven flooding associated with irrigation,
lateral flow between small plots, andmicrotopographic irreg-
ularities.

Examples of krigingmaps for ammonium-N,Olsen P, and
Mehlich-1 K are shown in Figures 4, 5, and 6, respectively.
The selected examples correspond to the three successive
sampling dates of the control treatment.Thesemaps illustrate
areas with varied spatial and temporal concentrations of
nutrient throughout the experimental fields. Concentra-
tions of ammonium-N ranged from 11 to 29mg kg−1, 17 to
38mg kg−1, and 30 to 48mg kg−1 at the first, second, and third
sampling dates, respectively. Similarly Olsen P ranged from 3
to 9mg kg−1, from 6 to 20mg kg−1, and from 5 to 12mg kg−1
in these sampling periods, whereas the respective ranges of
variation for Mehlich-1 K were from 20 to 70mg kg−1, 24 to
44mg kg−1, and 15 to 17mg kg−1. Differences between patches
with the lowest and the highest concentrations ranged
approximately between 1.5 and 3.5. Kriging maps also clearly
illustrated the presence of small scale variability for NH

4

+-N,
Olsen P, and Mehlich-1 K within each liming treatment (data
not shown) and during each of the three sampling dates.

The patterns of spatial distribution of the three nutrients
presented in the maps of Figures 4, 5, and 6 are characterized
by small zones, that is, discrete patches, with heterogeneous
values of the studied variables. For a given area, differences
in concentration among sampling dates are clearly shown, so
that areas with relative high or low macronutrient concen-
trations within each field were not stable throughout the rice
growth period. Thus, there was a lack of temporal stability
for the macronutrients studied, similar to that previously
described for pH and Eh [17] and for Fe, Mn, and Zn [12, 13].

Our results also showed that seasonality changed the
patterns of distribution of ionic species with different degrees
of mobility such as ammonium, phosphate, or potassium.
Subsequently, seasonal variability in soil macronutrient con-
centration (N, P, K) was not only present but potentially of
agronomic importance.
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Figure 4: Kriging maps for ammonium-nitrogen (NH
4

+-N) at the
control treatment, for successive sampling dates.

Ourmacronutrientmapswere based on an intensive sam-
pling on a 50 × 11.9m grid. Farmers cannot afford this level of
investment in sampling and often rely on data from satellites
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Figure 5: Kriging maps for Olsen extractable phosphorus (P) at the
control treatment, for successive sampling dates.

or aircraft or from tractor-borne equipment. However, and in
spite of significant technological advances, nowadays a lack
of decision criteria still remains for an efficient site specific
management of fertilizer inputs on several crops, and this is
the case for lowland rice. To overcome this deficit nutrient
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Figure 6: Kriging maps for Mehlich-1 extractable potassium (K) at
the control treatment, for successive sampling dates.

maps based on intensive soil sampling are required. There-
fore, kriging maps are useful for optimizing soil sampling
and for delineatingmanagement units.They have beenwidely
used in rainfed agriculture as a straightforward approach
for precise management of phosphorus and potassium, since
these nutrients show comparatively stable spatial distribution
patterns in aerobic conditions [2, 3, 6, 7].
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In our lowland paddy soil, marked seasonal changes in
mean concentrations and in the spatial distribution of ions
with wide differences in mobility such as ammonium-N,
phosphate, and potassium were detected. This information
may be potentially very useful both for site specific man-
agement and for environmental purposes. In general, recom-
mendations for fertilizer application to rice crops are based
on correlation between soil test values of the target nutrient
measured on samples collected before flooding. The above
results suggest that the efficiency of site specific management
practices in rice fields would increase if the observed patterns
of seasonal changes inmacronutrient concentration are taken
into account.This is in agreement also with recent work [20].

On the other hand, analysis of soil spatial variability
also provides valuable knowledge for environmental man-
agement. For example, if only mean values of macronu-
trients were taken into account, the low concentrations of
ammonium-N and available P and K across the rice growth
period were unlikely to have any adverse effects on the
environment; however the presence of spots with nutrient
concentrations higher than the average could be critical for
ponding water and ground water quality.

4. Conclusions

Mean values of ammonium-N,OlsenP, andMehlich-1 K sam-
pled during three different dates along the rice growth period,
and under three dolomite treatments, in an acid paddy
soil, varied both seasonally and as a function of the liming
rate. Increasing rates of dolomite amendment increased
ammonium-N, Olsen P, andMehlich-1 K, both before sowing
(aerobic conditions) and 28 days after flooding (anaerobic
conditions). Meanwhile, after 56 days of flooding effects of
dolomite amendment on the concentration of the studied
nutrients were dissimilar.

Ammonium-N accumulated in anaerobic conditions and
was highest at the third sampling date, 56 days after flooding.
Olsen P availability increased with increasing pH after flood-
ing, but this effect was reversed for pH values higher than 6.5
measured at the flowering stage of the rice crop. Mehlich-1 K
steadily decreased along the growth period of rice.

The spatial variability of NH
4

+-N, P, and K on rice fields
with three different rates of dolomite amendment and at
three different crop stages was best described mainly by
spherical models and otherwise with exponential models.
The nugget to sill ratio ranged from 0 to 43.7% for all the
data sets studied, showing strong to moderate pattern of
spatial dependence.The small tomoderate nugget effects also
indicate that the sampling grid used was proper to reflect the
spatial dependence of the studied macronutrients.

Kriging maps clearly showed the presence of small scale
variability for NH

4

+-N, Olsen P, andMehlich-1 K within each
liming treatment and during each of the three sampling dates.
Also the position of patches with high and low concentrations
of the studied macronutrients changed between successive
sampling dates, providing evidence of the lack of temporal
stability in the patterns of spatial distribution. Seasonality
in the spatial distribution of macronutrients should be con-
sidered as an important factor for an efficient site specific
management.
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The aim of this study was to describe the processes that control humic carbon sequestration in soil. Three experimental sites
differing in terms of management system and climate were selected: (i) Abanilla-Spain, soil treated with municipal solid wastes in
Mediterranean semiarid climate; (ii) Puch-Germany, soil under intensive tillage and conventional agriculture in continental climate;
and (iii) Alberese-Italy, soil under organic and conventional agriculture inMediterranean subarid climate.The chemical-structural
and biochemical soil properties at the initial sampling time and one year later were evaluated. The soils under organic (Alberese,
soil cultivated with Triticum durum Desf.) and nonintensive management practices (Puch, soil cultivated with Triticum aestivum
L. and Avena sativa L.) showed higher enzymatically active humic carbon, total organic carbon, humification index (B/E

3
s), and

metabolic potential (dehydrogenase activity/water soluble carbon) if compared with conventional agriculture and plough-based
tillage, respectively. InAbanilla, the application ofmunicipal solidwastes stimulated the specific𝛽-glucosidase activity (extracellular
𝛽-glucosidase activity/extractable humic carbon) and promoted the increase of humic substances with respect to untreated soil.
The evolution of the chemical and biochemical status of the soils along a climatic gradient suggested that the adoption of certain
management practices could be very promising in increasing SOC sequestration potential.

1. Introduction

Soil systems are exposed to a variety of environmental
stresses, of a natural and anthropogenic origin, which can
potentially affect soil functioning. For this reason, there is
growing recognition for the need to develop sensitive indica-
tors of soil quality that reflect the effects of land management
on soil and assist landmanagers in promoting long-term sus-
tainability of terrestrial ecosystems [1, 2]. Soil organic matter,
(SOM) providing energy, substrates, and biological diversity
necessary to sustain numerous soil functions, has been con-
sidered one of the most important soil properties that con-
tributes to soil quality and fertility [3, 4].

The SOM consists of chemical components differing in
biological degradability: (i) rapid andmedium turnover frac-
tions and (ii) more recalcitrant forms that turn over slowly.
The former provide immediate and short-term sources of car-
bon substrate for the soil biota and contribute more to nutri-
ent cycling.The latter, on the other hand, represent long-term

reservoirs of energy that serve to sustain the system in the
longer term and they improve soil structure.

In order to understand the temporal dynamics of SOM
in managed systems, it is therefore vital to characterize soil
organic carbon quantity and quality.

In particular, by providing nutrients and physical pro-
tection for enzymes and microorganisms, soil humic carbon
content has widely been recognized as an important fraction
of SOM that can be used to study soil quality in ecosys-
tems influenced by agricultural practices or adverse climate
conditions. Humic substances are able to bind extracellular
enzymes (humic-enzyme complexes) and preserve them
from proteolysis and chemical degradation. As suggested by
other studies [5, 6], the relationship between enzyme activ-
ity and humic carbon content might reflect the potential
for enzyme immobilisation in soil and, therefore, the poten-
tial for soil resilience. 𝛽-glucosidase activity may be a partic-
ularly useful enzyme for soil quality monitoring because of
its central role in SOM cycling. In particular, this enzyme,
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catalysing the hydrolysis of cellulose to glucose, provides an
indication of the potential for soil organic matter decompo-
sition.

Humic-𝛽-glucosidase activity has been considered an
important indicator of changes in soil quality resulting from
environmental stress in agricultural systems [6, 7].

Agricultural management systems affect organic carbon
turnover and can modify the structural composition of SOM
[8].

Characterization of SOM quality in soil can be obtained
by using various analytical methodologies, such as infrared,
ultraviolet-visible, nuclear magnetic resonance spectroscopy,
oxidative reductive polymeric degradation, and gel column
filtration. Several researchers have used pyrolysis-gas chro-
matography (Py-GC) as a reproducible and relatively rapid
technique for studying qualitative changes in the structure of
SOM under different agronomic uses [9, 10]. Different peaks
corresponding to the major volatile pyrolytic fragments can
be used to interpret the structural evolution of SOM in terms
of sources, decomposition, and stability.

Based on chemical composition, the following group of
compounds can be identified: (i) aliphatics, fatty acids and
sterols, (ii) carbohydrates, (iii) lignin, (iv) aromatic com-
pounds and polycyclic aromatic hydrocarbons (PAHs), and
(v) N-containing compounds.

On the other hand, other soil easily measurable descrip-
tors can be used to study the processes related to the active
labile carbon pool in soil. For instance, dehydrogenase activ-
ity, indicating the status of soil microbial activity, gives infor-
mation on soil metabolism. This enzyme activity has been
proposed as a valid indicator of soil quality under different
agronomic practices and climatic conditions [11, 12].

Also total 𝛽-glucosidase activity, involved in cellulose
degradation in soil, has been proposed as an early indicator
of changes in organic matter status and turnover [1, 13].

Due to the complex interactions and dynamics of these
soil properties, many researchers have emphasised the need
to develop indices of soil quality through a combination
of variables which reflect a range of soil functions, such as
humification and mineralization processes, metabolism, and
nutrient cycling [14].

The aim of this study was to (i) describe properties and
processes that control soil organic carbon accumulation and
decrease turnover rate and (ii) illustrate the importance of
conservation practices and management systems that reverse
the trend to degradation and facilitate carbon sequestration
in soil.

These objectives may be achieved by analysing chemical,
chemicophysical, and biochemical properties in order to
define the most important indicators that describe organic
carbon dynamics in relation to the management practices
adopted in the different pedoclimatic conditions.

2. Materials and Methods

2.1. Sampling Locations

2.1.1. Abanilla Experimental Site in Murcia, Spain. The site is
located in Abanilla (38∘12N, 01∘02W) in open scrubland not
used for agricultural purposes. The climate is Mediterranean

semiarid. The mean annual rainfall is 300mmy−1 and the
mean annual temperature is 18∘C. The studied soil is poorly
developed with an ochric epipedon as the diagnostic horizon
and is classified as a Haplic Calcisol (World Reference Base
classification). The Abanilla site has a sandy clay loam soil
(USDA classification) and it is characterized by a TOC and
TIC content of 0.5% and 9%, respectively, and a pH of 6.5.

In this site, six fields of 85m2 each, three treated with the
organic fraction of a municipal solid waste (S-WOF treat-
ment) and three untreated fields (S-C, control), were set up.
Thewaste organic fraction additionwasmade, 16 years before
soil sampling, in such a dose as to increase the SOM by 1.5%.
This fraction was incorporated into the top 15 cm of the soil
using a rotovator. In the S-WOF, plant cover developed spon-
taneously (60–70% plant coverage), while very scant vegeta-
tion grew in the control soil (20–30% plant coverage). The
vegetation of the area is the typical ofMediterranean semiarid
lowlands: Pinus halepensisMill. and natural shrubs.

2.1.2. Alberese Experimental Site in Tuscany, Italy. The site
is located in Alberese (42∘40N, 11∘06E), characterized by a
Mediterranean semiarid climate. The soils were taken at two
agricultural areas: an organic area (I-BA) and a conventional
area (I-CA). Both areas had durum wheat (Triticum durum
Desf.) as a monoculture. In the organic area, three fields were
fertilized with 100 kg ha−1 y−1 of commercial green manure,
while, in the conventional area, three fields were fertilized
with ammonium nitrate at a total rate of 200 kg ha−1 y−1.
Organic and conventional management systems were carried
out for five years. Each plot was 200m2.

The Alberese site has a sandy clay loam soil (USDA clas-
sification) and it is characterized by a TOC and TIC content
of 0.15% and 2.1%, respectively and a pH of 7.8. The soil is
an Chromic Cambisol (World Reference Base classification).
The main vegetation of the area isQuercus ilex L. and natural
shrubs.The annual precipitation is 600mm y−1 and themean
temperature is 15∘C.

2.1.3. Puch Experimental Site in Bavaria, Germany. The fields
in Puch are located about 40 km north-west of Munich
(48∘10N, 11∘13E). In this site, plant cover has been intention-
ally modified during the last 50 years in a long term exper-
iment. Three plots under intensive tillage (P-IT) have been
kept without plants since 1953 by ploughing twice a year and
by repeated grubbing; these soils are not fertilized and are
ploughed whenever vegetation appears. As a result, there is
no input from plants and the SOM is constantly exposed to
aeration. Three plots under conventional agriculture (P-CA)
were cultivated with wheat (Triticum aestivum L.) and oats
(Avena sativa L.); these soils received regular tillage, which
allows some plant cover to establish itself. Three unmanaged
soils were used as control soil (P-C); the control soil was
abandoned and covered by low density of spontaneous vege-
tation. Each treated plot and each untreated (control) plot are
about 200m2 (total area per treatment 600m2) with a sandy
loam texture (USDA classification) and it is characterized by
a TOC and TIC content of 1.1% and 0.03%, respectively, and
a pH of 6.6. The soil is an Haplic Luvisol (World Reference
Base classification), the vegetation of the area is the typical
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of Continental climate with a predominance of Picea abies
(L.) H.Karst. and Abies alba. Mill. The annual precipitation
is 900mmy−1 and the mean temperature is 8∘C.

The monitoring of each soil ecosystem consisted in sam-
plings carried out once a year. In this paper, the results of
the initial sampling (T1) and one year later (T2) are reported.
The T1 and T2 sampling were done at the same time for the
different experimental sites, even if the treatments started in
different periods for the different sites.

Each soil sample was a composite of nine bulk soil
subsamples randomly collected from the top layer (15 cm;
150 cm3 soil cores) of an homogenous area. Three composite
soil samples per each replicate treatment were taken, air-
dried, sieved (<2mm), and stored at room temperature prior
determining chemical, physical, and biochemical properties.

2.2. Methods

2.2.1. Chemical, Biological, and Physical Analysis. Total organic
carbon (TOC) and the total inorganic carbon (TIC) contents
were measured with a LECO, U.S.A. RC-412 Multiphase Car-
bon/Hydrogen/Moisture Determinator. Total Nitrogen (TN)
content was determined by a LECO, U.S.A. FP-528 Pro-
tein/Nitrogen Determinator. Water Soluble Carbon (WSC)
was extracted using the method reported by [15]. Sodium
pyrophosphate (0.1M, pH 7.1) at 37∘C for 24 h under shaking
at 200 oscillationmin−1 was used to extract Total Humic Car-
bon (THC) [8]. The extract was filtered on a 0.22 𝜇m Milli-
pore membrane and passed through an ultrafiltration AMI-
CON PM10 cut-off membrane to obtain the enzymatically
active fraction >104Da (active humic carbon, AHC). The C
content of WSC, THC, and AHC was determined by dichro-
mate oxidation [16].

Total (TG) and extracellular (EG) 𝛽-glucosidase activities
were determined on whole soil [17] and soil pyrophosphate
extract fraction >104Da [8], respectively, using 0.05M
disodium (4-nitrophenyl) phosphate hexahydrate (PNG) as
substrate. The 4-nitrophenol (PNP) produced by hydrolysis
was extracted and determined spectrophotometrically at
398 nm [18]. Dehydrogenase activity was determined by the
method of Masciandaro et al. [19], using 3-(4-iodophenyl)-2-
(4-nitrophenyl)-5-phenyl-2H-tetrazol-3-ium chloride (INT)
as electron acceptor and detecting spectrophotometrically
the 1-(4-iodophenyl)-5-(4-nitrophenyl)-3-phenylformazan
at 490 nm. Total porosity was determined by the method by
Lowell and Shields [20].

2.2.2. Chemicostructural Analyses (Pyrolysis-Gas Chromatog-
raphy). The Py-GC is based on a rapid decomposition of
organic matter under a controlled high flash of tempera-
ture, in an inert atmosphere of gaseous N

2
carrier. A gas

chromatograph is used for the separation and quantification
of pyrolytic fragments. Fifty micrograms of an air-dried
and ground (<100mesh) soil sample and 300𝜇L of sodium
pyrophosphate (0.1M, pH 7.1) extract were introduced into
pyrolysis quartz microtubes in a CDS Pyroprobe 190. The
analysis of sodiumpyrophosphate extracts givesmore reliable
information on native SOM.

Pyrolysis was carried out at 800∘C for 10 s, with a heat-
ing rate of 10∘Cms−1 (nominal conditions). The probe was
coupled directly to a Carlo Erba 6000 gas chromatograph
with a flame ionization detector (FID). Chromatographic
conditions were as follows: a 3m × 6mm, 80–100mesh, SA
1422 (Supelco Inc.) poropak Q packed column; the temper-
ature program was 60∘C, increasing to 240∘C by 8∘Cmin−1.
Pyrograms were interpreted by quantification of seven peaks
corresponding to the major volatile pyrolytic fragments [21]:
acetonitrile (E

1
), acetic acid (K), benzene (B), pyrrole (O),

toluene (E
3
), furfural (N), and phenol (Y). Acetonitrile (E

1
)

is derived from the pyrolysis of aminoacids, proteins, and
microbial cells. Furfural (N) is principally derived from cellu-
lose and other aliphatic organic compounds. Acetic acid (K)
is preferentially derived from pyrolysis of lipids, fats, waxes,
cellulose and other carbohydrates. Phenol (Y) is derived
from fresh or condensed (humic) lignocellulosic structures.
Benzene (B) and toluene (E

3
) are basically derived from con-

densed aromatic structures of stable (humified) organic mat-
ter, particularly for benzene, since toluene must come from
rings with aliphatic chains, albeit short. Pyrrole (O) is derived
from nitrogenated compounds, such as nucleic acids, pro-
teins, and microbial cells [22]. Peak areas were normalized,
so that the area under each peak referred to the percentage
of the total of the selected seven peaks (relative abundances).
The alphabetic code used was conventional and has already
been employed in previous papers [21, 23]. Peak purity of the
selectedmajor volatile fragmentswas checked by coupling the
same chromatographic system to a mass detector HP 8000A
in the same operative conditions confirming the reliability of
the working conditions.

Some ratios between relative abundances of some of the
peaks were determined [21]: (i) N/O: mineralization index.
This index expresses the ratio between furfural, which is
the pyrolytic product arising from polysaccharides, and pyr-
role, which derives from nitrogenous compounds, humified
organic matter, and microbial cells. The higher the ratio, the
lower the mineralization of organic matter.

(ii) B/E
3
: humification index. The higher the ratio, the

higher the humification of organic matter, because benzene
is derived mostly from pyrolytic degradation of condensed
aromatic structures, while toluene comes from aromatic
uncondensed rings with aliphatic chains [21].

2.3. Statistical Analyses. The Statistica 7.0 software (StatSoft
Inc., Tulsa, Oklahoma, USA) was used for the statistical
analysis. All results are the means of three field replicates.
Differences among treatments within each site were tested
by analysis of variance (one way ANOVA). The means were
compared by using least significant differences calculated at
𝑃 < 0.05 (Fisher’s test). In addition, the results were studied
using principal component analysis (PCA), a multivariate
statistical data analysis technique, which reduces a set of raw
data to a number of principal components that retain most of
the variance within the original variables, in order to identify
possible patterns or clusters between objects and variables
[24]. All raw data used in the PCA analysis were subjected
to pretreatment in order to remove or reduce irrelevant
sources of variation or “noise” which may interfere in the
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Table 1: Chemical and physical properties at T1 and T2 sampling times. For each site, different letters indicate statistically different values
among the treatments (𝑃 < 0.05).

TOC THC AHC TN WSC Porosity
g kg−1 g kg−1 g kg−1 g kg−1 g kg−1 mm3 g−1

T1

Abanilla-Spain S-C 5.1b 0.81b 0.58b 0.72b 82a 192b

S-WOF 27.6a 2.82a 1.96a 3.28a 225b 203a

Alberese-Italy I-CA 12.6b 1.35b 0.89b 1.14b 63b 131b

I-BA 18.7a 1.93a 1.35a 1.38a 70a 147a

Puch-Germany
P-CA 20.0a 3.09a 1.59a 1.79a 128a 204a

P-IT 10.3b 2.05c 1.13c 0.80c 98b 161b

P-C 11.5b 2.45b 1.34b 0.98b 96b 160b

T2

Abanilla-Spain S-C 5.9b 0.91b 0.52b 0.75b 76b 198b

S-WOF 24.0a 2.63a 1.49a 2.52a 154a 217a

Alberese-Italy I-CA 13.1b 1.38a 0.69b 0.81b 46b 142b

I-BA 18.2a 1.41a 0.95a 1.64a 53a 154a

Puch-Germany
P-CA 17.3a 2.56a 1.58a 1.53a 75a 210a

P-IT 8.0c 2.19c 1.08c 0.57c 65b 174b

P-C 11.4b 2.40b 1.51a 1.18b 58c 167b

TOC, total organic carbon; THC, total humic carbon; AHC, active humic carbon; TN, total nitrogen; WSC, water soluble carbon.
C, control; WOF, waste organic fraction added; CA, conventional agriculture; BA, organic agriculture; IT, intensive tillage. T1, initial sampling time; T2, one
year later.

analysis. Firstly, the raw data were log transformed to reduce
data heterogeneity; following this, the transformed data were
standardized.

Finally, a correlationmatrix of the datawas also calculated
in order to determine the relationship between the indicators.
The significant levels reported (𝑃 < 0.05) are based on the
Student’s distribution.

3. Results and Discussion

The chemical, physical (Table 1), and biochemical (Table 2)
variables showed very similar values at T1 and T2, which
are the times corresponding to the two sampling periods,
indicating the stability of soil characteristics in a short period
of time.

Total organic carbon (TOC) was closely related to soil
type andmanagement systems.Therewere, in fact, significant
differences (𝑃 < 0.05) in TOC content among the treatments
in the three geographic areas (Table 1). The lowest TOC was
found in theAbanilla unmanaged soil (control), being located
in a predesertic dry area (Southern-Eastern Spain). This soil
can be defined as a biologically “poor soil” [25, 26] having a
low content of organic matter and microbial activity (Tables
1 and 2). The effect of waste organic fraction application on
organic carbon content in the Abanilla soil was still clear 16
years later. Beneficial effects of applying organic materials on
SOM are well known from several long-term experiments
[27–29]. In particular, a higher content of water soluble
carbon (S-WSC) was observed where organic amendment
was added (S-WOF treatment), in contrast to the control soil
(Table 1). In the S-WOF treated soil, plant cover developed
spontaneously, while very scant vegetation grew in the control
soil. The maintenance of a vegetation cover in the S-WOF

soil probably had a positive influence on the input of WSC
through root exudates and plant remains [30]. This labile
organic carbon fraction, which is considered easily degrad-
able by soilmicroorganisms [31], determined, as expected, the
activation of the resident microbial populations. Beneficial
effects of plants on microbial stimulation through organic
exudates at the root-soil interface have been widely reported
[32]. Soil dehydrogenase and total 𝛽-glucosidase activities
were, in fact, significantly greater (𝑃 < 0.05) in the managed
than in the control soil (Table 2). As usually reported, a pos-
itive correlation between dehydrogenase activity and WSC
(𝑃 < 0.05, 𝑟 = 0.75) [30, 33, 34] and 𝛽-glucosidase activity
and WSC (𝑃 < 0.05, 𝑟 = 0.92) [35] was observed.

The dehydrogenase activity, especially when referred to
the energetic and immediately available C substrate, gives
an idea of the metabolic potentiality of soil rehabilitation.
This metabolic potential, calculated as the ratio between the
activity of the viable microbial community (dehydrogenase
activity) and the sources of energy formicroorganisms (water
soluble carbon concentration), was higher in the S-WOFwith
respect to the control soil.

Moreover, the higher total humic carbon (THC) and enzy-
matically-active humic carbon (AHC) observed in the S-
WOF with respect to the control soil indicated the positive
impact of organic matter addition on the maintenance of the
stable carbon pool.ThehigherAHCalso suggested the higher
capacity of this stable humic fraction >104 molecular weight
to preserve the extracellular enzymes in an active form, as con-
firmed by the significantly (𝑃 < 0.01) higher specific extra-
cellular 𝛽-glucosidase activity, calculated as the ratio between
extracellular 𝛽-glucosidase activity and associated AHC;
this specific activity allows evaluating the accumulation of
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Table 2: Biochemical properties at T1 and T2 sampling times. For each site, different letters indicate statistically different values among the
treatments (𝑃 < 0.05).

EG TG DH-ase
mg PNP kg−1 h−1 mgPNPkg−1 h−1 mg INTF kg−1 h−1

T1

Abanilla-Spain S-C 3.3b 117a 1.08b

S-WOF 44.1a 405b 3.21a

Alberese-Italy I-CA 6.7a 511b 2.10b

I-BA 6.6a 883a 2.52a

Puch-Germany
P-CA 16.1b 95b 4.67a

P-IT 4.4c 82c 1.38c

P-C 44.7a 182a 2.26b

T2

Abanilla-Spain S-C 3.6b 75b 1.78b

S-WOF 31.3a 438a 5.06a

Alberese-Italy I-CA 6.3a 639b 2.98b

I-BA 6.4a 823a 3.58a

Puch-Germany
P-CA 15.8b 145b 4.31a

P-IT 4.3c 50c 1.22c

P-C 40.4a 190a 2.86b

EG, extracellular 𝛽-glucosidase activity; TG, total 𝛽-glucosidase activity; DH-ase, dehydrogenase activity.
C, control; WOF, waste organic fraction addition; CA, conventional agriculture; BA, organic agriculture; IT, intensive tillage. T1, initial sampling time; T2, one
year later.

enzymatically active humic pool. The preservation of the
humic-enzyme complexes represents an important condition
for soil resilience and their presence has been defined as a
necessary condition to make the soil able to counteract the
irreversible degradation (soil desertification) [36].

Significant differences in chemical and biochemical indi-
cators related to the carbon cycle were also observed between
organic (I-BA) and conventional (I-CA) agricultural soils
in the Alberese site. The organic management stimulated
soil metabolic potential, expressed by the ratio between
the dehydrogenase activity and water soluble carbon [1, 37]
(Table 2), and increased total organic carbon (TOC) and
nitrogen contents (TN) and available forms of carbon (WSC,
THC, AHC) (Table 1). However, the specific 𝛽-glucosidase,
both total (expressed by the ratio between the total 𝛽-
glucosidase activity andTOC) and extracellular (expressed by
the ratio between the extracellular 𝛽-glucosidase activity and
AHC), showed no significant difference (𝑃 > 0.05) between
the organic and conventionally managed soils (Table 2). In
general, the presence of abundant cereal crops causes less
soil disturbance and stimulates microbial activity more than
uncropped or intermittently cropped soil [38].

The Puch soils showed a decrease in the amount of TOC
in the intensively tilled soil (P-IT), with respect to the control
(P-C) and conventionally cropped (P-CA) soils. In particular,
P-IT showed a lower content of active humic carbon fraction
(AHC) and specific extracellular 𝛽-glucosidase activity (EG/
AHC) (Table 2). Also the P-CA soil, although it presented

higher values of chemical indicators, showed a reduced spe-
cific extracellular 𝛽-glucosidase activity (EG/AHC) with
respect to the P-C. As already observed [38], these results
indicated that the conversion of plough tillage (P-IT) to a no-
till agricultural farming system (P-CA), involving a frequent
use of cover crops in the rotation cycle along with adoption of
integrated nutrient management, is a practice able to restore
and maintain a substantial organic carbon pool in soils.

The carbon turnover may be assessed also through the
chemicostructural composition of SOM as determined by
the pyrolytic technique. The ratio between benzene (B) and
toluene (E

3
) pyrolytic fragments, which has been considered

as a “humification index,” and the ratio between furfural (N)
and pyrrole (O), which has been interpreted as a “mineraliza-
tion index” [8, 34], showed the same trend in the whole soil
and soil extract (Table 3).

In theAbanilla site, B/E
3
resulted higher in the organically

treated soil (S-WOF) than in the control soil (S-C), suggesting
the activation of humification by organic amendment; root
exudates, as previously described for WSC, seem to be
responsible for the low value of the N/O index found in the
whole soil of the S-WOF treatment (Table 3).

Also in the Alberese site, the increase of B/E
3
in the

organic with respect to the conventional agriculture system
confirmed the prevalence of the humification process over
mineralization. According to the humification index, the
furfural/pyrrole (N/O) ratio showed higher values in the I-
BA-treated soil, thus indicating the presence of more evolved
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Table 3: Pyrolytic indices ofmineralization (N/O) and humification
(B/E3). For each site, different letters indicate statistically different
values among the treatments (𝑃 < 0.05).

Whole soil AHC extract
N/O B/E3 N/O B/E3

Abanilla-Spain S-C 1.49a 0.547b 1.21a 0.581b

S-WOF 1.23b 0.827a 1.16a 0.732a

Alberese-Italy I-CA 0.85b 0.645b 0.93b 0.796b

I-BA 0.96a 0.738a 1.13a 0.977a

Puch-Germany
P-CA 1.39a 0.930a 1.28a 0973a

P-IT 1.04c 0.768b 1.13b 0.910b

P-C 1.25b 0.765b 1.31a 0.911b

N/O, furfural/pyrrole; B/E3, benzene/toluene; AHC, active humic carbon.
C, control; WOF, waste organic fraction addition; CA, conventional agricul-
ture; BA, organic agriculture; IT, intensive tillage. Data reported as mean
values of T1 (initial sampling time) and T2 (one year later), coefficient of
variation of the two sampling times ranging from 2 to 10%.

(less mineralizable) humic matter in both the whole soil and
soil extract (Table 3).

In the Puch soils, significative differenceswere found (𝑃 <
0.05) in the humification index (B/E

3
) between the inten-

sively tilled soil (P-IT), the control soil (P-C), and the conven-
tional agriculture (P-CA). P-IT treatment, showing the lower
values (𝑃 < 0.05), seems to be exposed to mineralization.

By considering the three management systems which
were expected to negatively affect soil properties, that is, Aba-
nilla control soil S-C, Alberese conventional agriculture I-
CA, and Puch control soils P-C or P-IT, one can, on the basis
of all the indicators measured, rank the soils in a decreasing
order of degradation: Abanilla ≫ Alberese > Puch. In addi-
tion, being the climate one of the most important factors
affecting SOM turnover, the soil degradation reflected the
geographical distribution of the three selected sites, from
driest to more humid places.

Therefore, Abanilla could be expected to show a slower
metabolism than the other soils, which may be reflected in
a different carbon turnover, and this was actually found. The
management with ameliorating practices, instead, undoubt-
edly slows down, arrests, or even reverses soil degradation.
In order to explain more clearly the factors (TOC, THC,
AHC, TN, total and extracellular 𝛽-glucosidase, dehydro-
genase, WSC, porosity, B/E

3
, and N/O) controlling carbon

metabolism and humification process in the three ecosys-
tems, principal component analysis (PCA) was performed.

Soil properties can be summarized in three independent
PCs, which explained 83% of the total variance (Table 4).The
first PC (PC1, 41% of the total variance) included TOC,
AHC,THC, EG,Dh-ase, andB/E

3
.The statistically significant

positive relation between AHC, THC, and TOC (indicators
denoting significance on the same PC with the same sign)
indicated the great influence of TOC on humic carbon evo-
lution. In addition, the positive loading between these indi-
cators and DH-ase suggests the presence of an active meta-
bolism sustained by the readily decomposable SOM that
promotes the synthesis of persistent site-specific humic sub-
stances (as part of humus-soil own organic matter). The

Table 4: Principal components (PC) and component loadings
related to physical, chemical, and biochemical properties deter-
mined in the different soils.

PC1 PC2 PC3
TOC 0.745∗ 0.518 0.355
THC 0.892∗ −0.175 0.184
AHC 0.892∗ 0.007 0.281
TN 0.585 0.496 0.611
EG 0.762∗ −0.005 0.402
TG 0.196 0.910∗ −0.111
WSC 0.288 −0.091 0.877∗

DH-ase 0.722∗ 0.419 0.261
B/E3s 0.879∗ 0.164 −0.169
N/Os 0.101 −0.710∗ 0.233
porosity 0.057 −0.331 0.822∗

Var. Sp. 4.498 2.196 2.382
Prp. Tot. 0.409 0.200 0.217
TOC: total organic carbon; THC: total humic carbon; AHC: active humic
carbon; TN: total nitrogen; EG: extracellular 𝛽-glucosidase activity; TG: 𝛽-
glucosidase activity; WSC: water soluble carbon; DH-ase: dehydrogenase
activity; B/E3s: benzene/toluene whole soil; N/Os: furfural/pyrrole whole
soil. Var. Sp.: explained variance; Prp. Tot.: total proportionality.
∗Variables with component loadings used to interpret the PCs; threshold
level: 0.7.

evolution of the stable organic C fraction (AHC) is relevant
since it determines the capability resistance and/or resilience
of soils to degradation processes, particularly in extreme
environments [36]. It is generally known that humic sub-
stances such as AHC, which are capable of binding active
enzymes, may express both a biochemico-functional role,
stabilizing extracellular enzymes also in extreme environ-
mental conditions [31], and a chemicostructural role, their
importance being related to mineral particle stabilization
and the fact that they constitute a slow release nutrient
source in soil ecosystems [39]. In view of this, a relationship
between AHC and the functional-structural indicators (B/E

3
,

total organic carbon and extracellular enzyme activity) could
be expected. However, the statistically significant negative
relation between TG and N/Os on the second PC suggested
that the mineralization process is increased by the microbial
activation of carbon cycle.

Although cause-effect relations are difficult to establish
given the collinearity of variables, the positive loading of
WSC and porosity on the third PC suggested a relationship
between decomposable organic matter inputs and soil poros-
ity improvement.

Figure 1 provides the biplot of the PCA analysis obtained
using the first two PCs. This plot gives a graphical repre-
sentation of clusters of soils with similar physical-chemical
and biochemical properties.The biplot indicated that organic
management positively affected the soil organic carbon evo-
lution; in fact, I-BA and S-WOF were shifted in relation to
the I-CA and S-C, respectively, along positive values of PC1,
which was positively associated with the indicators indicative
of humification processes. These organically managed soils
were also shifted along positive values of PC2, confirming
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Figure 1: Biplot of factor scores and loadings at each sampling
time (T1 and T2), in each treatment. TOC: total organic carbon;
THC: total extractable carbon; AHC: extractable carbon fraction
>10.000Da; TN: total nitrogen; EG: extracellular 𝛽-glucosidase
activity; TG: 𝛽-glucosidase activity; WSC: water soluble carbon;
DH-ase: dehydrogenase activity; B/E

3
s: benzene/toluene whole soil;

and N/Os: furfural/pyrrole whole soil.

their higher ability in protecting humic carbon from miner-
alization.

Similarly, the different Puch treatments were spread on
the PC1. In particular, the P-IT treatment was shifted with
respect to P-C and P-CA along negative values indicating the
establishment of mineralization processes.

4. Conclusions

The adoption of organic (Alberese site, I-BA) and/or nonin-
tensive management (Puch site, P-CA) practices in compar-
ison with conventional agriculture (Alberese site, I-CA) or
plough-based tillage methods (Puch site, P-IT) provoked a
considerable stimulation of metabolic potential (dehydroge-
nase activity/water soluble carbon) and an increase of humic
carbon and humic-associated enzymes.

In Abanilla site, the application of municipal solid wastes
(S-WOF) stimulated the specific 𝛽-glucosidase activity
(extracellular 𝛽-glucosidase activity/extractable humic car-
bon) with respect to untreated soil and promoted the stabi-
lization of SOM, as showed by the increase of humic sub-
stances.

The PCA analysis was able to assess the evolution of the
carbon cycle and the shift of metabolic processes towards
humification or mineralization pathways in the different soil
ecosystems.

The AHC showed a positive dependence on TOC and
microbial activity, indicating an active metabolism sustained
by the decomposable SOM, which promoted the synthesis
of persistent site-specific humic substances. On the other
hand, the negative relation between N/O index and TG
indicated that the microbial activation of the carbon cycle
regulates the decomposition of SOM. These results, marking

the biochemical evolution and chemical status of the soils, are
particularly important because they suggest that the adoption
of certain management practices under different climate
could have a great impact in maximizing SOC sequestration.
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“Changes in soil properties and humic substances after long-
term amendments with manure and crop residues in dryland
farming systems,” Journal of PlantNutrition and Soil Science, vol.
166, no. 1, pp. 31–38, 2003.

[30] C. Garcia, A. Roldan, and T. Hernandez, “Changes in microbial
activity after abandonment of cultivation in a semiaridMediter-
ranean environment,” Journal of Environmental Quality, vol. 26,
no. 1, pp. 285–291, 1997.

[31] B. D. Cook and D. L. Allan, “Dissolved organic carbon in old
field soils: total amounts as a measure of available resources for
soil mineralization,” Soil Biology and Biochemistry, vol. 24, no.
6, pp. 585–594, 1992.

[32] C. Macci, S. Doni, E. Peruzzi, G. Masciandaro, C. Mennone,
and B. Ceccanti, “Almond tree and organic fertilization for soil
quality improvement in southern Italy,” Journal of Environmen-
tal Management, vol. 95, pp. S215–S222, 2012.

[33] F. Bastida, J. L.Moreno, T.Hernández, andC.Garćıa, “The long-
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The change of primary forest areas into arable land involves the transformation of relief and modification of soils. In this study, we
hypothesized that relatively flat loess area was largely transformed after the change of land use due to erosion. The modifications
in soil pedons and distribution of soil properties were studied after 185 years of arable land use. Structure of pedons and solum
depth were measured in 128 and soil texture and soil organic carbon in 39 points. Results showed that soils of noneroded and
eroded profiles occupied 14 and 50%, respectively, and depositional soils 36% of the area. As a consequence, the clay, silt, and
SOC concentration varied greatly in the plowed layer and subsoil. The reconstructed profiles of eroded soils and depositional soils
without the accumulation were used to develop the map of past relief. The average inclination of slopes decreased from 4.3 to 2.2∘,
and slopes >5∘ vanished in the present topography. Total erosion was 23.8Mg ha−1 year−1. From that amount, 88% was deposited
within the study area, and 12% was removed outside. The study confirmed the hypothesis of the significant effect of the land use
change on relief and soils in loess areas.

1. Introduction

Any change in land use or even in crop rotation affects the
intensity of water or tillage erosion, the processes that provide
redistribution of soil material and changes in soil properties.
However, the scale of soil changes in space and time is weakly
recognized. Loess areas with high soil erodibility, long lasting
arable land use, and rolling landscape belong to the regions
of the highest water erosion risk in Europe [1]. Mechanical
tillage has increased the human pressure on soil and started
to constitute an important part of total erosion. While water
erosion dominated on longer slopes, soil translocation due to
tillage transformed the upper areas of cultivated hillslopes [2–
4].

Erosion and deposition resulted in a large modification
of soils developed from loess. To describe the changes, Turski
et al. [5] proposed a classification of soils based on reduction
of pedon of Haplic Luvisols. The classification included non-
eroded soils, four classes of erosion, and depositional soils.
To distinguish erosion classes, the illuvial horizon B was

separated in three parts (Bt1, Bt2, and BC) that were easily
recognized in the field by the identification of the B sub-
horizon located below the plowed layer. The studies showed
a mosaic type of localization of noneroded, eroded, and
depositional soils located on slopes and within the plateau
of the Lublin Upland [5–7]. Houben [8] showed a similar
lack of spatial pattern in location of soils in loess catchment
of Southern Germany. One of the reasons for uncertainty in
localization of soils could be a large density of open and closed
depression in loess areas and different degree in filling of the
depressions by depositedmaterial.The density of depressions
is assessed within the range from 1 to 16 per km−2 [9, 10].
The modification of pedons resulted in redistribution of soil
material and changes in soil properties [6, 11–13].

Analysis of spatial distribution of soil properties is impor-
tant for evaluation of landscape evolution after the change
of land use from natural forest into arable land [8, 14].
The studies concern the comparison of present and past
topography and try to find a rate of landscape transformation.
Topography of the past is reconstructed on the basis of
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Figure 1: Location of the study area and localization of sampling points for soil profiles analyses and soil transect.

point-measurements of erosion and deposition, and the
studies enable calculating erosion budget for catchments [15,
16]. Radionuclide caesium 137 (137Cs) is the most widespread
method in evaluation of distribution of erosion and deposi-
tion. Description of soil profiles is weakly represented and
needs an accurate description of noneroded soil profiles
and establishment of the relations between soil depth and
topographical features, that is, slope, aspect, upslope area,
relative height difference, and so forth [17–19]. However, the
studies did not give a clear response of the relations [8, 20, 21].
The assumption that erosion processes under natural forests
did not introduce significant changes to soil profiles was
the basis of reconstruction of the past relief. Studies under
old forest in loess areas showed that soil profiles were not
affected by erosion outside the gullied areas and confirmed
the assumption [20, 22].

Previous studies in loess belt of the Lublin Upland were
limited to recognition of the state of soil profile modification
and its effect on soil properties [5–7]. However, evaluation
of the changes that were introduced to soil and relief needs
more comprehensive attitude that should also include a
reconstruction of the past topography and analysis of changes
in relief.

The purpose of the studies was evaluation of the changes
that were introduced to the relief and soils after 185 years of
arable land use of loess area. In this study, we hypothesized
that relatively flat loess area at present was largely trans-
formed due to erosion and deposition. The hypothesis was
tested by assessment of changes in the depth of soil solum
and soil properties, and geostatistical techniques were used

to study the spatial pattern of soil attributes. Description of
soil profiles in relation to the soil position in the landscape
was used to reconstruct the depth of eroded profiles and the
past topography. The reconstruction of the past topography
was used to calculate erosion and deposition and evaluation
of slope transformation in the studied area.

2. Methods

2.1. Site Description. The study area is located in the northern
part of the Lublin Upland (51∘1953N latitude, 22∘2319E
longitude). Loess deposits in this part of the region are about
10–30m thick. The mean annual rainfall is 550.6mm and
the mean daily air temperature 7.4∘C. Both precipitation and
temperature are not uniformly distributed over the year. The
highest monthly precipitation of 81.7mm occurs in July and
the lowest of 23.4mm in January. Snow represents about 15%
of total precipitation, and the average duration of snow cover
is about 90 days. Annual rainfall erosivity evaluated on the
basis of the 𝑅-factor of the USLE [23] is relatively low and
ranges from 590 to 1850MJmmha−1 h−1 [24]. The mean air
temperature ranges from−3.4 in January to 17.9∘C in July. Dry
forest (Tilio-Carpinetum) was a natural vegetation of the area
[25], and Haplic Luvisols developed from loess were typical
soils [26].

The study area of 1.3 ha occupies part of two parcels
and is located near the watershed zone in the southern
part of small catchment of dry basin type (Figure 1). The
study area represents a rolling type of relief with relatively
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small differences of relative height that ranges from 221 to
226m a.s.l. The site was deforested in 1820 and from that
time remains under arable land use. The change of land use
was reflected on topographical maps from 1804 and 1830.
Present arrangement of parcels was established after land
consolidation in 1932. Typical crop rotation included sugar
beets (Beta vulgaris L.) or potatoes (Solanum tuberosum L.),
spring barley (Hordeum vulgare L.) or spring wheat (Triticum
aestivum L.), red clover (Trifolium pretense L.), and winter
wheat (Triticum aestivum L.) or, earlier, rye (Secale cereale
L.). In the early 1990s, red clover was removed from the
rotation. Tillage included a mouldboard ploughing once or
twice a year, and a chisel ploughing in spring. Mouldboard
ploughing is performed to the depth of 25 cm in the autumn,
and to 15 cm after cereal harvest, the same depth as chisel.
Mechanical tillage has been started from the 80s of the last
century.

A detailed topographic survey of the study area was
carried out with a tachymeter in the autumn of 2005. On
the basis of measurements, topographic maps were produced
with Surfer version 10 [27]. Analysis of map showed that
inclination of slopes varied from 0 to 5∘ with a mean of 2.2∘
within the study area.

2.2. Soil Characteristics. Thickness of soil horizonswas estab-
lished on the basis of description of intact soil cores of 2.5 cm
diameter. Soil cores were taken to the depth of calcareous
loess in noneroded and eroded soils, and to the lower border
of BC horizon in depositional soils. The horizons were
separated by difference in soil color and consistency. On
the basis of measurements, depth of soil solum, that is, the
cumulative thickness of soil horizons from Ap to BC, was
established. The border between decalcified and calcareous
loess was determined with 10% HCl. The soils were classified
according to Turski et al. [5]. Noneroded soils characterized
the full sequence of horizons typical for Haplic Luvisol, that
is, Ap-E-Bt1-Bt2-BC-C-Ck. With reduction of soil profile,
three erosion classes were distinguished. Slightly eroded soil
characterized the loss of E horizon, and the profile had the
following sequence: Ap-Bt1-Bt2-BC-C-Ck. With the loss of
deeper horizons, the soils were classified as moderately (Ap-
Bt2-BC-C-Ck) and severely (Ap-BC-C-Ck) eroded. Separa-
tion of the illuvial B horizon in three parts (Bt1, Bt2, and BC)
is a difference to the standard description of Haplic Luvisol
provided byWRB [26] and the Polish Soil Systematic System
[28]. In this study, in contrast to previous work of Turski et al.
[5], all soils with accumulated soil material that overlay the
original soil were classified as depositional soils. Generally,
the sequence of horizons of depositional soils was Ap-C1-Ab-
E-Bt1-Bt2-BC-C-Ck. Contribution of soils in the study area
was calculated as a percentage of soils to the total number of
soil cores.

Samples for analysis of soil texture and soil organic carbon
(SOC) were taken from the plowed layer (0–26 cm) and
subsoil (26–50 cm).The samples were air-dried and sieved on
2mmmesh.The particle size distribution was determined by
areometric method [29], and SOC by wet combustion with
dichromate solution [30].

Sampling for profile description and soil properties was
performed in a regular grid of 20m × 20m (in total 39
measuring points). Then, density of sampling for profile
description was increased and adjusted to the expected
changes in soil redistribution that were visible by change of
color of the plowed layer. Finally, sampling was performed
in a grid 10m × 10m for majority of the studied area,
and the total number of soil cores was 128. Location of
sampling points was established with a type on the basis of
the measured distance from the borders of parcels. Sampling
was performed in the autumn of 2003 and 2004. Additionally,
distribution of soil depth was studied along a transect located
along the border of two parcels (Figure 1).Within the transect
of the total length of 85m, 4 ditches of the length from 9
to 18m were made to the depth of 2m. The ditches were
separated by a distance of about 10m.

2.3. Reconstruction of the Past Relief and Calculation of
Erosion and Accumulation. Elaboration of the map without
accumulated layer in depositional soils was the first step in
reconstruction of the past topography. To develop a map,
the depth of deposition was subtracted from the relative
height in each of the sampling points.Themapwas developed
with Surfer using kriging with linear model. The soils were
separated according to the position in the landscape in four
groups: soils in top of hill’s position, flat area, on slopes
of the southern and northern exposition, and the floor of
depressions. Then, the depth of solum of noneroded and
buried soils was analyzed for separated locations.Mean depth
of solum of the soils was used to reconstruct the depth of soils
with eroded profiles. In the reconstruction, the depth of the
past plowed layer Ab was assumed on 13 cm. To minimize
the effect of possible errors, the reconstruction of profiles
was limited only to the depth of the first disturbed horizon.
It means that only depth of E and Bt1 was reconstructed
for slightly eroded soils, and depth of deeper horizons was
acceptedwithout any changes. Similar procedurewas used for
moderately and severely eroded soils; that is, for the former
the depth of E, Bt1, and Bt2 and for the latter the depth of E,
Bt1, Bt2, and BC were reconstructed. The calculations were
made in Excel. Depth of lost part of reconstructed profiles
was added to the relative height in measured points. Then,
a map of the past topography was developed on the basis of
relative heights of reconstructed profiles and profiles without
deposition. The map was produced using kriging with linear
model, and distribution of slopes was analyzed. Amount of
erosion was calculated from the difference in the depth of
reconstructed and preserved soil profiles and deposition from
the depth of accumulated material within the studied area.

2.4. Statistical Analyses. Experimental data were statistically
analyzed using Statistica version 8 [31]. Geostatistical analyses
were performed with GS+ [32, 33]. Selection of variograms
was based on residual sums of squares (RSS) and determi-
nation coefficients (𝑅2). Semivariance models were used to
produce soil maps with Surfer version 10 [27]. Before the
performance of geostatistical analyses, the data were checked
for trend and normality. A uniform lag interval of 10 and
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Table 1: Mean depth and standard deviation (SD) of soil horizons of noneroded and eroded soils.

Soil

Soil horizon
Ap E Bt1 Bt2 BC C

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
(m)

Noneroded (𝑛 = 25) 0.27 0.02 0.14 0.07 0.42 0.11 0.34 0.11 0.37 0.07 0.11 0.03
Slightly eroded (𝑛 = 38) 0.27 0.02 — — 0.22 0.11 0.32 0.11 0.34 0.10 0.10 0.04
Moderately eroded (𝑛 = 15) 0.25 0.02 — — — — 0.20 0.10 0.29 0.08 0.08 0.02
Severely eroded (𝑛 = 11) 0.27 0.03 — — — — — — 0.27 0.10 0.10 0.05

20m was used in geostatistical analyses for soil properties
and solum depth, respectively. Rotation of semivariance was
tested independently.

3. Results

3.1. Soil Erosion Classes and Depth of Soil Solum. Measure-
ments of intact soil cores showed that the processes of soil
erosion and deposition largely modified the soils within the
studied area. Depositional and slightly eroded soils were the
most frequent and their contribution amounted to 36 and
30% of the total number of cores, respectively. Noneroded
soils were represented by 14, moderately eroded soils by 12,
and severely eroded soils by 9% of cores.

Taking into account all the studied soils, depth of solum
(Ap-BC) ranged from 0.50 to 4.61m with a mean of 1.52 and
coefficient of variation (CV) of 50.9%. Depth of solum of
noneroded soils ranged from 1.28 to 1.85m, with a mean of
1.55 cm. Erosion and loss of parts or the whole soil genetic
horizons resulted in decrease of mean depth of solum to 1.15,
0.74, and 0.55m in slightly, moderately, and severely eroded
soils, respectively (Figure 2). The differences in soil depth
among the studied soils were statistically significant.

All the studied soils have similar depth of the plowed layer
(Table 1). Assuming the depth of horizons of noneroded soils
as a standard, the mean profile of slightly eroded soil was
reduced not only by the loss of the whole E horizon, but also
by the loss of 48% of Bt1 horizon. Moderately eroded soils
characterize the loss of the E, Bt1 and 38% of Bt2 horizon,
and severely eroded soils the loss of E, Bt1, Bt2 and 7% of BC
horizons. Depth of decalcified layer C was similar among the
studied soils and ranged from 0.04 to 0.23m with a mean of
0.10 cm. Decalcified layer of soil overlaid the calcareous loess.

Depositional soils characterized the largest differentia-
tion of solum depth that ranged from 1.2 to 4.61m with a
mean of 2.28m. Three groups could be distinguished within
depositional soils: initial, typical, and disturbed (Table 2).
The initial group of depositional soils included the soils
of deeper plowed layer than the depth of plow at present.
Present and older plowed layer differed by soil consistency;
however they had similar dark grey color. Soils of this group
represent a transient form between noneroded and typical
depositional soils. Larger depth of plowed layer indicates that
accumulation of soil material has started in the locations
of these soils. Separation of this group enables a more
precise determination of the zones of accumulation. Depth
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Figure 2:Mean depth and standard deviation of soil solum (Ap-BC)
of the studied soils.

of solum of the soils ranged from 1.2 to 2.16m, and after
substraction of the depth of present plowed layerAp, it ranged
from 0.95 to 1.86m. Typical depositional soils consisted
of soils where accumulated material covered the buried
soils of full sequence of horizons characteristic of Haplic
Luvisols. Present and buried plowed layers were separated by
accumulated material that differed by color. Depth of solum
of these soils ranged from 1.62 to 4.61m, and thickness of
accumulated material (Ap-C1) from 0.1 to 1.51m with a mean
of 0.53m. Depth of old plowed layer Ab ranged from 0.07 to
0.34with amean of 0.14m and coefficient of variation (CV) of
46%. Disturbed depositional soils consisted of profiles where
accumulated material was settled on previously eroded soils.
Three profiles represented this group, one with the loss of Ab
and two others with the loss of Ab, E, and part of Bt1 horizon.
Depth of solum of the disturbed depositional soils ranged
from 1.62 to 2.06m.

Distribution of soil solum showed a spatial structure
of variability within the study area. The structure was best
described by spherical isotropic model of semivariance with
a range of autocorrelation of 31.9m, nugget and sill of 0.0001
and 0.28m2, respectively. The solum data were fitted to the
model with coefficient of determination 𝑅2 = 0.87, and
anisotropy ratio was 1.75. Distribution of solum depth was
presented in Figure 3.
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Table 2: Number and mean depth (m) of horizons of depositional soils (standard deviation in brackets).

Depositional soils Sequence of horizons 𝑛

Soil horizon Solum
Ap C1 Ab E Bt1 Bt2 BC Ap-BC

(m)

Initial Ap-Ab-E-Bt1-Bt2-BC-C-Ck 15 0.27 — 0.10 0.14 0.52 0.42 0.37 1.82
(0.02) — (0.05) (0.09) (0.15) (0.12) (0.06) (0.22)

Typical Ap-C1-Ab-E-Bt1-Bt2-BC-C-Ck 28 0.26 0.53 0.14 0.16 0.50 0.65 0.37 2.58
(0.02) (0.42) (0.07) (0.06) (0.14) (0.29) (0.05) (0.68)

Disturbed Ap-C1-E-Bt1-Bt2-BC-C-Ck 1 0.28 0.56 — 0.14 0.24 0.42 0.42 2.06
(0.00) (0.00) — (0.00) (0.00) (0.00) (0.00) (0.00)

Ap-C1-Bt1-Bt2-BC-C-Ck 2 0.26 0.22 — — 0.35 0.50 0.37 1.69
(0.00) (0.13) — — (0.24) (0.19) (0.01) (0.07)
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Figure 3: Distribution of soil solum (Ap-BC).

3.2. Soil Texture Fractions and Soil Organic Carbon. The
modification of pedon of Haplic Luvisols resulted in differ-
entiation of soil texture and SOC concentration in both the
plowed layer and subsoil of the studied soils. The most sig-
nificant changes concerned the clay, silt, and SOC (Table 3).
The clay concentration was the smallest in the plowed
layer of noneroded soil and gradually increased in slightly,
moderately, and severely eroded soils. The latter contained 2
times more clay than the plowed layer of noneroded soil. In
subsoil, the largest concentration of clay was found in slightly
eroded soil, and then it gradually decreased in moderately
and severely eroded soil. Generally, the clay content in subsoil
was larger than in the plowed layer of the studied soils.
Severely eroded soil was the exception, as it contained more
clay in the plowed layer in comparison to the subsoil. Silt
concentration showed a reverse relation to the soil erosion
class in comparison to the clay. The largest concentration of
SOC was in the plowed layer of depositional and noneroded
soils, and the smallest in severely eroded soil. The SOC
concentration in subsoil of depositional soils was 2-fold larger
in comparison to the others.

Clay and SOC concentration characterized the largest
variation in the plowed layer, and the variation of both

parameters in subsoil was even larger (Table 4). Content of
clay was negatively linearly correlated with silt, and coeffi-
cients of determination 𝑅2 were 0.91 and 0.97 in the plowed
layer and subsoil, respectively. All studied soil properties
showed a spatial structure of variability. Isotropic spherical
models of semivariance with anisotropy ratio below 2.3
best described the structure (Table 4). The data were better
fitted to the models for the plowed layer than subsoil, and
determination coefficients 𝑅2 ranged from 0.45 to 0.95.
Generally, the ranges of autocorrelation for textural fractions
varied from 32 to 36m in the plowed layer and from 27 to
32m in subsoil (apart of sand). The ranges of autocorrelation
for SOC in the plowed layer and subsoil were 42 and 32m,
respectively. The calculated semivariograms were used in
point ordinary kriging to produce the maps of clay and SOC
distribution.

Distribution of clay in the plowed layer well corresponds
to the distribution of soil solum. The zones of high content
of clay are the zones of shallow soils (Figures 4(a) and 2).
The similarity is disturbed in subsoil, where only part of the
zones of high clay content covers the area of shallow soils
(Figures 4(b) and 2).The zones of the smallest content of clay
correspond mainly with the area of deep depositional soils.
Distribution of silt showed a reverse relation to the soil depth
(not showed in the paper). Distribution of SOC is also related
with distribution of soil solum (Figures 5 and 2).The relation
between the zones of high SOC concentration and deep soils
is better visible in subsoil than in the plowed layer.

3.3. Reconstruction of the Past Relief and Balance of Ero-
sion and Deposition. Topography of the studied area with-
out accumulated material was presented in Figure 6(a).
Noneroded and buried soils (i.e., depositional soils after
removal of deposition layer) of the full sequence of horizons
typical for Haplic Luvisol were represented by 60 profiles.
From that amount, soils located at hill top position were
represented by 2, at flat area by 10, at slopes of N exposition by
14, at slopes of S exposition by 18, and at floor of depressions
by 16 profiles (Table 5). Statistical analysis showed that the
soils could be separated in 3 groups.The first group consisted
of soils located at hill top position and slopes of southern
aspect. The depth of the former ranged from 0.95 to 1.13m,
and the latter from 1.09 to 1.54m.The second group consisted
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Table 3: Soil particle fractions and SOC concentration in the plowed layer and subsoil of the studied soils and results of ANOVA; means
were separated by Tukey’s HSD test.

Soil
Sand (2–0.05mm) Silt (0.05–0.002mm) Clay (<0.002mm) SOC
Mean CV Mean CV Mean CV Mean CV
g/kg % g/kg % g/kg % g/kg %

Plowed layer
Noneroded (𝑛 = 5) 148 8 764a 1 88a 13 9.6ab 7.3
Slightly eroded (𝑛 = 13) 158 4 701b 3 142b 13 8.8b 12.5
Moderately eroded (𝑛 = 4) 165 9 688b 2 148b 14 9.5ab 13.9
Severely eroded (𝑛 = 2) 150 0 685b 1 165b 3 7.9b 9.1
Depositional (𝑛 = 15) 160 7 743a 24 97a 24 10.9a 11.9

Subsoil
Noneroded (𝑛 = 5) 154 3 752a 3 100a 28 3.6a 7.6
Slightly eroded (𝑛 = 13) 161 8 629bc 4 212bc 9 3.4a 22.3
Moderately eroded (𝑛 = 4) 163 3 650bc 4 188bc 13 3.3a 25.5
Severely eroded (𝑛 = 2) 160 13 710ab 3 130ab 0 3.0a 4.0
Depositional (𝑛 = 15) 159 6 741a 6 100a 44 7.6b 36.6
Mean values of solum followed by different letters are significantly different at 𝑃 ≤ 0.05.

Table 4: Statistics of soil properties and parameters of isotropic spherical models of semivariance.

Soil property Soil layer Min. Max. Mean CV Skewness Kurtosis Nugget Sill Range of
autocorrelation Anisotropy ratio

(g kg−1) (%) (g kg−1)2 (m)

Sand Plowed 140 180 157.7 6.4 0.32 −0.43 0.1 103 36.0 1.50
Subsoil 140 180 159.5 6.9 0.34 −0.32 52.9 278 310.6 2.22

Silt Plowed 670 780 721.5 4.6 0.12 −1.26 1 1121 37.6 1.42
Subsoil 590 780 690.8 9.0 0.04 −1.55 10 3912 32.2 1.41

Clay Plowed 70 180 120.8 27.4 0.04 −1.19 1 1119 31.6 1.47
Subsoil 70 240 147.2 41.9 0.03 −1.66 10 3773 26.8 1.31

SOC Plowed 6.7 13.7 9.7 15.6 0.28 −0.13 0.23 2.39 41.5 1.49
Subsoil 1.2 10.8 5.0 55.5 1.05 −0.42 0.0001 0.27 31.6 1.41

of soils located on relatively flat areas and slopes of northern
aspect. The depth of solum of these soils ranged from 1.28 to
1.74 and from 1.51 to 1.86m, respectively. Finally, the third
group represented the deepest soils located at the floor of
open and closed depressions, and the solum depth varied
from 1.68 to 2.68m. Soils with eroded profiles were classified
at the same way. Eroded soils at flat position were represented
by 17 profiles, and soils on slopes of southern and northern
exposition by 20 and 26 profiles, respectively. Lost depth of
eroded soils was calculated from the difference of the mean
depth of noneroded and buried soils and preserved depth of
eroded soils. The calculations were made taking into account
the position of the soils in the landscape. The difference was
added to the present relative height of the eroded sites. Then,
the map of the past topography of the site was developed.
The map is based on the reconstructed profiles and profiles
without soil accumulation (Figure 6(b)).

Database of reconstructed and overbuilt profiles enabled
calculating the amount of erosion and accumulation within
the study area. Sum of accumulated and eroded soil material
for all studied profiles was 29.52 and 32.59m, respectively.The
amounts divided by total number of profiles showed that the

average profile was overbuilt by 0.23m and eroded by 0.26m.
Assuming that soil density is 1.3Mgm−3 [13] total erosionwas
4394Mg. From that amount, 88% was deposited within the
study area, and 12% removed outside. Taking into account
the period of arable land use of the area (185 years), total soil
erosion was 23.8Mg ha−1 year−1 in the studied area, that is,
1.41mmyear−1.

3.4. Transformation of Slopes of the Past Relief. Analysis of
slopes reflects the changes between present and past relief
(Figure 7). Slopes in the range from 2.5 to 4.5∘ prevailed in
the past topography, whereas slopes from 1 to 3∘ at present. In
the latter, slopes above 5∘ were absent, whereas these slopes
amounted to 30% of total slopes in the past relief.The average
inclination of slopes decreased by about a half, that is, from
4.3 to 2.2∘ at the past and present topography.

3.5. Location of Soils in Transect. Soil distribution in transect
that crossed the study area is an evidence of the changes
of relief (Figure 8). Soils on slopes and top of the hills
were eroded, and depression was filled with accumulated
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Figure 4: Distribution of clay (g kg−1) in the plowed layer (a) and subsoil (b).
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Figure 5: Distribution of SOC (g/kg) in the plowed layer (a) and subsoil (b).

Table 5: Depth of soil horizons in noneroded (apart from Ap horizon) and buried soils, depth of soil solum, and results of ANOVA; means
were separated by Tukey’s HSD test.

Soil position
and number
of profiles

Depth of horizons Depth of solum
Ab E Bt1 Bt2 BC Ab-BC

Mean CV Mean CV Mean CV Mean CV Mean CV Mean CV
(m) (%) (m) (%) (m) (%) (m) (%) (m) (%) (m) (%)

Top (𝑛 = 2) 0.11 22.2 0.09 7.7 0.26 13.7 0.29 34.5 0.30 20.0 1.04a 8.7
Flat area (𝑛 = 10) 0.10 43.6 0.19 33.7 0.56 27.9 0.43 17.2 0.36 21.1 1.64b 6.2
Slope-aspect S (𝑛 = 14) 0.09 27.5 0.11 43.2 0.42 28.8 0.34 25.0 0.35 16.5 1.31a 10.3
Slope-aspect N (𝑛 = 18) 0.12 16.7 0.14 59.9 0.48 18.8 0.41 29.2 0.38 16.3 1.52b 8.8
Floor (𝑛 = 16) 0.16 43.8 0.18 33.0 0.51 26.8 0.80 34.0 0.40 6.2 2.05c 15.7
Mean values of solum followed by different letters are significantly different at 𝑃 ≤ 0.05.
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Figure 6: Topography of studied area without accumulated soil material (a) and the past relief (b).
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soil material. Maximum reduction of the soil was about
1.25m, and maximum accumulation 1.45m. At the distance
of 85m, the difference of relative height decreased from 4m
of the past relief to 1.5m at present. Within stand 1, slightly
eroded soil prevailed and changed to noneroded soil at the
distance of 14m. Depositional soils that overlaid the buried
soil of full sequence of horizons typical for Haplic Luvisol
were present in stand 2, and the depth of accumulation was
1.5m. Within stand 3, noneroded soils were present at the
transect distance of 45–48m and changed to moderately
eroded at the end of the stand. Large differentiation of soil
depth within a relatively small distance was observed within
stand 4 (Figure 9). Soil distribution pointed that the area
of this stand was a part of depression of the past relief.
The depression vanished during the agricultural use of the
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Figure 8: Present and past topography of the transect in the study
area with localization of four soil pitches.

area and erosion, and the changes in soil depth are the only
evidence of its existence. An inversion of topography was the
result of transformation of relief in the stand. Past slopes of
SSW aspect were inverted to present NNE slopes, and vice
versa. The center of depression is located at present border of
watershed. The changes in soil cover within stand 4 were not
reflected in the reconstructed map, as sampling points were
located in positions that omitted the centre of depression.
Localization of transect within the study area was presented
in Figure 1.

4. Discussion

Studies showed that soils were largely modified after 185
years of arable land use of the studied area. Noneroded soils
were scarce (14% of profiles), depositional soil more frequent
(30%), and soils of eroded profiles the most frequent (56%).
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Figure 9: Changes in the depth of soil in transect at the distance of 66–70m (part of the stand 4) (Photo J. Rejman).

Such large differentiation in soils seems to be typical for some
part of loess area of the Lublin Upland. The percentage of
noneroded soils ranged from 10 to 21%, eroded soils from
41 to 48%, and depositional soils from 31 to 49% in two
other sites of the Upland [5, 7]. Different distribution of soils
was reported by Rodzik et al. [34] with larger percentage of
noneroded soils that amounted to 35% and smaller percent-
age of depositional soils that amounted to 18%.The difference
could be related to topography of the studied areas. The
former studies were performed at the area that consisted of
hill’s top, slope of southern exposition, and part of valley, and
the latter were limited to the slope of northern exposition.

Modification of soils due to erosion and accumulation
affected the content of textural fractions and SOC concentra-
tion in both the ploughed layer and subsoil. The most signif-
icant changes concerned the content of clay. In the ploughed
layer, the mean clay concentration in noneroded soil was
88 g kg−1 and increased with reduction of profile to the value
of 165 in severely eroded soil.Within a subsoil, clay content in
noneroded soil was 100 g kg−1 and increased to 212 in slightly
eroded soils and then decreased to the value of 130 g kg−1 in
severely eroded soil. The changes well corresponded to the
vertical distribution of clay in the profile of nonerodedHaplic
Luvisol. Similar changes of clay content in noneroded and
eroded soils were reported by Turski et al. [5]. The changes
are related with excavation of the illuvial horizon B due to
erosion and its gradual contribution to the plowed layer.
Larger changes are reported in soils of the postglacial area.
Heckrath et al. [3] found that clay content in the ploughed
layer ranged from 10 to 60%. Similar large differences were
observed in the areas of shallow loess that covered clay-reach
bedrock [12, 35].

Generally, the reaccumulation of soil material due to
water erosion concerns at first the fine material, so higher
content of SOC and clay should be observed in the depo-
sitional soils. Concentration of SOC follows this tendency,
whereas clay content, although higher in the plowed layer
of depositional soils, is similar in subsoil layer of noneroded
and depositional soils. The explanation could be that some

part of the soil material (12%) was removed from the studied
area and some part of clay could be washed down the profile
of depositional soils. The latter could take place especially in
depressions, where stagnation of water was usually observed
during the snow melting. The vertical movement of clay
particles could follow the same way as pedogenic processes
that provided the enrichment of clay in the illuvial Bt horizon.
However this hypothesis needs to be confirmed in further
studies.

Distribution of soil solum, soil texture fractions, and
SOC showed a spatial structure of variability best described
by isotropic spherical models of semivariance with a range
of autocorrelation of 30–40m, about half of the distance
between the hills of the past relief. Miller et al. [11] showed a
similar close relation of range of spatial dependence of soil
properties and average distance between hills.

High percentage of soils with eroded profiles is an evi-
dence of strong erosion. However, the calculated annual soil
erosion rates were not large and amounted to 1.41mmha−1.
The calculated rate is smaller than the range of annual erosion
(2–7mm) in the Lublin Upland [36–39]. The pattern of soil
redistribution with the zones of eroded soils is separated by
depositional soils fits to the areas where soil translocation
due to tillage is a dominant part of erosion [40, 41]. The
measurements of water erosion on runoff plots of various
lengths also point to supremacy of soil transport on short
distance in the studied area with annual rates up to 5mm
[42, 43]. It seems that both processes of tillage and water
erosion participated in reduction of pedon. Measurements of
deposited soil material showed that a majority of the eroded
soil was maintained within the study area. Similar amounts
of erosion and deposition resulted in large smoothing of the
studied area, and the average slope decreased by about a half,
that is, from 4.3 to 2.2∘ after 185 years of arable land use. The
final effect of erosion and accumulation processes would be
transformation of the complex sloping area into a uniform
gentle slope. Maruszczak and Uziak [44] found such stadium
of transformation of soil catena in loess area of the Lublin
Upland.
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5. Conclusions

The results of the study showed that the change of land use
from forest to arable area introduced significant changes
to relief and soils in loess area. After about 185 years of
cultivation, the relief was largely smoothed, and majority of
soil pedons were reduced due to erosion or overbuilt by ac-
cumulation. Soils of noneroded pedons were scarce and
maintainedmainly at the lower part of the slopes at the places
of equilibrium between erosion and deposition. Total soil
erosion was assessed on 4394Mg, and 88% from that amount
was deposited inside the studied area. Such large deposition
resulted in transformation of slopes. The average slope
inclination decreased from 4.3 to 2.3∘, and slopes above 5∘
(that constituted 30% of the past topography) vanished at
present.

The modification of pedons resulted in large variation
of soil properties in both the plowed layer and subsoil,
and development of spatial structure of distribution of soil
textural fractions and soil organic carbon. Spherical isotropic
models of semivariance best described the spatial pattern of
soil attributes, and ranges of autocorrelation were 30–40m,
about half the distance between the hills of the past relief.The
study proved that present-day relatively flat loess areas had
much larger differentiated relief in the past, and distribution
of soil solum is the only evidence of the changes.
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Here the spatial distribution of soil enzymatic properties in agricultural land was evaluated on a county-wide (567 km2) scale in
Changwu, Shaanxi Province, China.The spatial variations in activities of five hydrolytic enzymeswere examined using geostatistical
methods. The relationships between soil enzyme activities and other soil properties were evaluated using both an integrated total
enzyme activity index (TEI) and the geometric mean of enzyme activities (GME). At the county scale, soil invertase, phosphatase,
and catalase activities were moderately spatially correlated, whereas urease and dehydrogenase activities were weakly spatially
correlated. Correlation analysis showed that both TEI andGMEwere better correlatedwith selected soil physicochemical properties
than single enzyme activities. Multivariate regression analysis showed that soil OM content had the strongest positive effect while
soil pH had a negative effect on the two enzyme activity indices. In addition, total phosphorous content had a positive effect on TEI
and GME in orchard soils, whereas alkali-hydrolyzable nitrogen and available potassium contents, respectively, had negative and
positive effects on these two enzyme indices in cropland soils.The results indicate that land use changes strongly affect soil enzyme
activities in agricultural land, where TEI provides a sensitive biological indicator for soil quality.

1. Introduction

Soil is a natural resource playing key roles in organic matter
(OM) decomposition, nutrient cycling, and water retention
and release [1]. Soils are subject to natural or environmental
degradation, often accompanied by erosion and leaching.
Degradation of soils occurs even without the intervention
of human agricultural practices [2, 3], thus threatening
this valuable resource. Soil quality, particularly in arid and
semiarid areas, needs to be preserved and improved for
food security and environmental protection [4]. Previously,
a variety of quantitative measures, including soil physico-
chemical properties indicative of the fundamental context
of soil functions, have been extensively used to assess soil
quality [5]. However, most soil physicochemical properties
change slowly in response to the environmental stress, with
significant changes commonly detected only after many

years. By contrast, soil biological properties are sensitive
indicators for soil quality, which rapidly respond to minor
environmental changes in the soil [6].

Soil enzyme activity is a potential indicator of soil quality
due to its high sensitivity to external interference and the
ease of measurement [7].The activities of hydrolytic enzymes
are frequently measured to evaluate the effect of land use on
biological processes in soils related to carbon (C), nitrogen
(N), phosphate (P), and sulfur (S) cycling [8, 9]. Soil invertase
deserves special recognition because its substrate, sucrose,
is one of the most abundant soluble sugars in plants and is
partially responsible for the breakdown of plant litter in soils
[10]. Urease enzyme is responsible for the hydrolysis of urea
fertilizer into NH

3
and CO

2
with a concomitant rise in soil

pH [11]. Phosphatases are a broad group of enzymes that
catalyze hydrolysis of esters and anhydrides of phosphoric
acid. Apart from being a good indicator of soil fertility,
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phosphatase enzymes play key roles in the soil system [8].
Additionally, dehydrogenase enzyme activity is commonly
used as an indicator of biological activity in soils [11]. Catalase
activity in soils is considered to be an indicator of aerobic
microbial activity and has been related to both the number
of aerobic microorganisms and soil fertility [12].

Enzyme activity generally increases with the rise of soil
organic matter (OM) content. Higher enzyme activity indi-
cates larger microbial communities and greater stability of
enzymes adsorbed on humic materials [13]. The activities of
extracellular enzymes in soil vary significantly with seasons
and geographical locations [14], as well as soil depth [15, 16].
Together these findings indicate that soil enzyme activities
have broad-scale spatial variability depending on the envi-
ronmental conditions. Due to seasonal and spatial variability,
single biological properties cannot be accurate measures of
soil quality [17, 18]. Therefore, multiparametric indices are
recommended for environmental impact assessment of agro-
ecosystems and nonagricultural soils [19, 20]. In fact, existing
multiparametric indices have been found less sensitive to
seasonal variations [21] than single properties.

Conventional statistical procedures assume that varia-
tions in soil properties are randomly distributed within sam-
pling units. However, soil properties are continuous variables
whose values at any location are expected to vary to different
extents according to the direction and spacing of sampling
points. Therefore, increasing emphasis has been put on the
fact that variations in a soil property are not entirely random
within a field. Such spatial structure of soil property should
be taken into account in processing data [22]. Knowledge
regarding the spatial distribution of soil enzyme activity
across the landscape has great implications for interpreting
the spatial pattern of OM decomposition and the rate of
nutrient mineralization at regional scales [23]. When taking
biological properties as the indicator of soil quality, it is neces-
sary to consider the spatial variability of biological properties
themselves as well as the underlying influencing factors [24].
Most studies have investigated the spatial variability of soil
enzyme activities based on pot and/ormicroplot experiments
[25, 26], while few reports are available at regional scales
[22–24, 27–29]. Because the experimental data are not always
applicable to actual field conditions, it is necessary to carry
out field studies on the spatial variability of soil enzyme
activity, especially in arid and semiarid areas associated with
serious soil erosion.

The present study was conducted on China’s Loess
Plateau, which is known for its deep deposits of loess. Fre-
quent and long-term anthropogenic activities have negatively
affected the soil environment on the Loess Plateau, resulting
in significant degradation of natural vegetation and intense
soil erosion [30, 31]. Although a number of surveys have
quantified soil erosion and the spatial variability of soil
properties in the plateau region [32, 33], there is little infor-
mation on the spatial distribution of soil enzyme activities
across the large-scale landscape.The responses of soil enzyme
activities to geographical locations on the Loess Plateau
remain unclear, and related research is urged to provide
reference data for integrated soil quality management.

The objectives of this study were (1) to quantify the activi-
ties of five soil enzymes (invertase, urease, phosphatase, cata-
lase, and dehydrogenase) and selected soil physicochemical
properties across an entire county (Changwu) on the Loess
Plateau; (2) to investigate the spatial variability of soil enzyme
activities in a representative area in the Hilly-Gully Region of
Loess Plateau; and (3) to explore the relationships between
soil enzyme activities and physicochemical properties using
an integrated soil enzyme activity index (TEI) and to compare
it with the geometric mean of enzyme activities (GME).

2. Materials and Methods

2.1. Study Area. Changwu County (567 km2) is located in
Xianyang City, Shaanxi Province, China (34∘59–35∘8N,
107∘17–107∘58E) (Figure 1). This county is part of the Hilly-
Gully Region of Loess Plateau. It mainly consists of low,
rolling hills and deep, narrow gullies.The dominant soil types
are Cumuli-Ustic Isohumosols (dark loessial soil) and Loessi-
Orthic Primosols (cultivated loessial soils). The altitude
ranges from 847 to 1274m.a.s.l. Changwu has a continental
semiaridmonsoon climate, withmeanmonthly temperatures
ranging from −9.9∘C in January to 24.4∘C in July. The annual
average temperature is 9.2∘C, and the annual precipitation is
573mm. Heavy rainstorms occasionally occur in this county,
mainly between June and September. The driest season is
during winter, from December to February.

2.2. Soil Sampling and Chemical Analysis. In late October
2008, soils were sampled at the 0–20 cm depth from 245
locations in 171 villages of Changwu (Figure 1). The samples
from croplands were taken randomly in every village and
those from apple orchards were randomly taken in every two
villages across the county. The sampling locations were iden-
tified using a global positioning system (GARMIN GPS72).
One soil sample in the cropland consisted of five individual
subsamples which were taken randomly within a 10m radius
from each sampling point. Similarly, for a sample in apple
orchard, five subsamples were taken from each of three rows.
Therewere 170 soil samples from croplands and 75 from apple
orchards. All soil samples were air-dried at room temperature
and then passed through a 1.0mm sieve.

Soil physicochemical analysis was conducted on 0.25mm
sieved samples using routine analytical methods [34]. The
OM content was determined by oxidation with K

2
Cr
2
O
7
/

H
2
SO
4
. Total N content was analyzed following the Kjeldahl

digestion procedure. Alkali-hydrolyzableN content wasmea-
sured using the alkaline hydrolysis diffusion method. For
total P and K analyses, the samples were decomposed with
sodium hydroxide (solid) at 720∘C and extracted with hot
water, followed bymolybdenum blue spectrophotometry and
atomic absorption spectrophotometry, respectively. Available
P was extracted with 0.5mol⋅L−1 sodium bicarbonate and
quantified by molybdenum antimony blue spectrophotom-
etry. Available K was extracted with 1mol⋅L−1 ammonium
acetate and quantified by atomic absorption spectrophotom-
etry. Soil particle size distribution was determined using
a pipette method. Cation exchange capacity (CEC) was
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Figure 1: Location of Changwu County and distribution of sampling points in the study area.

quantified using a 1mol⋅L−1 ammonium acetate exchange
method. Soil pH was measured in a 5 : 1 water to soil slurry
with an electronic pH meter (Mettler Toledo FE20).

2.3. Soil EnzymeActivityAssays. Enzyme activitiesweremea-
sured with 1mm sieved soil samples in unbuffered extract
solutions meant to simulate the field conditions.

Invertase activity was determined as described by [35].
Briefly, 5 g of air-dried soil was mixed together with 15mL of
8% sucrose solution, 5mL of distilled water, and 5 drops of
toluene. After incubation for 24 h, at 37∘C, the soil solution
was centrifuged at 4000 rpm for 5min and a 1mL aliquot
was transferred to a volumetric flask containing 3mL of 3,5-
dinitrosalicylic acid.Themixture was heated for 5min.When
the solution reached room temperature, glucose content
was quantified colorimetrically at 508 nm on a spectropho-
tometer (INESA 722N). Invertase activity was expressed as
𝜇g glucose⋅g−1 soil⋅h−1.

For the urease activity assay, 5 g of air-dried soil was
mixed with 5mL of toluene, 20mL of distilled water, and
10mL of 10% urea solution. After incubation at 37∘C for
24 h, the soil suspension was centrifuged at 4000 rpm for
5min and a 1mL aliquot was treated with 4mL of sodium
phenol solution (containing 100mL of 6.6M phenol solution
and 100mL of 6.8M NaOH) and 3mL of 0.9% sodium

hypochlorite solution. The ammonium released into the
solution was quantified colorimetrically at 578 nm on a
spectrophotometer. Urease activity was expressed as 𝜇gNH

4
-

N⋅g−1 soil⋅h−1 [35].
For phosphatase activity assay, 5 g of air-dried soil was

mixed with 5 drops of toluene, 10mL of disodium phenyl
phosphate solution, and 10mL of distilled water. The suspen-
sion was incubated for 24 h, at 37∘C, and then centrifuged at
4000 rpm for 5min. The supernatant was colored with 0.25
ammonia-ammonium chloride buffer, at pH 9.6, 0.5mL of
2% 4-aminoantipyrine, and 0.5mL of 8% potassium ferro-
cyanide.The phenol content was determined colorimetrically
at 510 nm on a spectrophotometer. Phosphatase activity was
expressed as 𝜇g phenol⋅g−1 soil⋅h−1 [35].

Catalase and dehydrogenase activities were assayed using
the method of [11]. For catalase activity assay, 2 g of air-dried
soil was mixed with 40mL of distilled water and 5mL of
0.3% H

2
O
2
. The soil slurry was shaken for 20min at 150 rpm.

The remaining peroxide was stabilized by adding 5mL of
1.5M sulfuric acid and the solution was then immediately
centrifuged at 4000 rpm for 5min.The peroxide in the super-
natant was titrated with 0.05MKMnO

4
. Catalase activity was

expressed as mL KMnO
4
⋅g−1 soil⋅h−1.

For dehydrogenase activity assay, 3 g of air-dried soil was
mixed with a 3% triphenyl tetrazolium chloride solution
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as the substrate and 1.25 to 1.75mL of distilled water. The
soil slurry was mixed thoroughly and incubated at 37∘C
for 24 h. Thereafter, triphenyl formazan was extracted with
methanol and quantified by colorimetric analysis at 485 nm.
Dehydrogenase activity was expressed as 𝜇g TPF⋅g−1 soil⋅h−1
[11] and all enzyme activities were calculated as the mean of
two replicates.

2.4. Statistical and Geostatistical Analyses. Descriptive statis-
tics (arithmetic mean, maximum and minimum, median,
standard deviation, coefficient of variation, skewness, and
kurtosis), and Pearson product moment correlation analysis
were conducted using SPSS 18 for Windows (SPSS Inc.,
Chicago, IL, USA). Data normality was tested by one-sample
Kolmogorov-Smirnov test.

The semivariogram analysis was used to assess the spatial
structure of the studied variables.Then, theOrdinary Kriging
interpolation was used to estimate the unknown values at
unsampled locations and to map the spatial variability of
soil properties and TEI [36]. The sample semivariogram was
calculated using

𝛾 (ℎ) =
1

2𝑁 (ℎ)

𝑁(ℎ)

∑
𝑖=1

[𝑍 (𝑥
𝑖
) − 𝑍 (𝑥

𝑖
+ ℎ)]
2

, (1)

where 𝛾(ℎ) is the semivariance for interval distance class ℎ,
that is, the distance separating sample points 𝑥

𝑖
and 𝑥

𝑖
+ ℎ,

𝑁(ℎ) is the number of sample couples for the lag interval ℎ,
and 𝑍(𝑥

𝑖
) and 𝑍(𝑥

𝑖
+ ℎ) are measured values at points 𝑖 and

𝑖 + ℎ, respectively.
Three variogram models (spherical, Gaussian, and expo-

nential) were fitted to the sample semivariograms in this
research.The best fittedmodel should have the smallest resid-
ual sum of squares (RSS) and the largest coefficient of deter-
mination (𝑅2) between predicted values and the measured
values of soil properties. Then the best fitted models were
used to provide input parameters for Kriging interpolation.
The estimated values were obtained using

𝑍
∗
(𝑥
0
) =

𝑛

∑
𝑖=1

𝜆
𝑖
𝑍 (𝑥
𝑖
) , (2)

where 𝑍∗(𝑥
0
) is the predicted value at point 𝑥

0
, 𝑍(𝑥
𝑖
) are the

measured values at sampling location 𝑥
𝑖
, 𝜆
𝑖
is the weight to

be assigned to sample 𝑥
𝑖
, and 𝑛 is the number of sites within

the neighborhood searched for the interpolation.
Here log or Box-Cox transformation was used when the

original data was not normally distributed. Semivariance
calculations of the soil properties were conducted based on
themaximum sampling distance of 17 km, which was divided
into 15 lag distance classes separated by an average of
1.1 km. No significant anisotropy was considered, because the
anisotropy ratio was less than 2.5 [37]. The cross validation
procedure was used to assess the models fitted to experi-
mental semivariograms. After a semivariogram model has
been obtained, the Kriging technique was applied to obtain
a map of estimates. The geostatistical analysis was performed
in ArcGIS (version 10.0, ERIS, Redlands, CA, USA).

2.5. Calculation of Soil Enzyme Activity Indices. The inte-
grated total enzyme activity index (TEI) was calculated using
the following equation [20]:

TEI =
𝑖

∑
𝑛=1

𝑋
𝑖

𝑋
𝑖

(𝑛 = 1, 2, 3, 4, 5) , (3)

where 𝑋
𝑖
is the activity of soil enzyme 𝑖 and 𝑋

𝑖
is the mean

activity of enzyme 𝑖 in all samples.
The geometric mean of enzyme activities (GME) was

calculated by (4) discussed elsewhere [38] as

GME

= 5√Invertase × Urease × Phosphatase × Catalase × Dehydrogenase.
(4)

3. Results

3.1. Descriptive Statistics of Soil Properties. The OM content
of surface soil samples averaged 12.57 g⋅kg−1 and the total N
concentration averaged 0.89 g⋅kg−1 across the county. Both
parameters varied substantially, from 5.16 to 18.25 g⋅kg−1 for
OM content and from 0.28 to 1.37 g⋅kg−1 for total N content.
The soils were mostly fine in texture, with an average clay
content of 33%. Soil pH ranged from 7.80 to 9.09, with amean
of 8.59 (Table 1).

Invertase activity of surface soil samples (0–20 cm
depth) ranged from 102 to 707𝜇g glucose⋅g−1 h−1, with a
mean of 379𝜇g glucose⋅g−1 h−1. Urease activity ranged
from 3.16 to 108 𝜇gNH

4

+-N⋅g−1 h−1, with a mean of
25.0 𝜇gNH

4

+-N⋅g−1 h−1. Phosphatase activity ranged from
15.1 to 71.6 𝜇g phenol⋅g−1 soil⋅h−1, with a mean of
34.88 𝜇g phenol⋅g−1 soil⋅h−1. Catalase activity ranged
from 4.58 to 13.1mLKMnO

4
⋅g−1 soil⋅h−1, with a mean

of 8.79mLKMnO
4
⋅g−1 soil⋅h−1. Dehydrogenase activity

ranged from 0.15 to 3.06 𝜇g TPF⋅g−1 h−1, with a mean of
25.0 𝜇g TPF⋅g−1 h−1 (Table 1). The coefficients of variation
(CV) were 28% for invertase activity, 53% for urease activity,
25% for phosphatase activity, 22% for catalase activity, and
49% for dehydrogenase activity.

The activities of all enzymes and the levels of OM,
AN, AK, and CEC were normally distributed (one-sample
Kolmogorov-Smirnov test, 𝑃 > 0.05). Total N and pH lev-
els were negatively skewed and nonnormally distributed,
whereas total P, total K, available P, and clay contents were
positively skewed and nonnormally distributed. The under-
lying reasons for normal or nonnormal distribution of these
variables were unknown, but management and spatial effects
seemed to play a role.

3.2. Relationships of Soil Physicochemical Properties and Enzy-
matic Activities. Results of the correlation analysis in all
soil samples showed that the OM content was significantly
correlated with invertase, urease, phosphatase, and dehydro-
genase activities (𝑃 < 0.01) but not with catalase activity
(𝑃 > 0.05). The alkali-hydrolyzable N content was strongly
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Table 1: Descriptive statistics of selected soil physicochemical properties and enzyme activities in surface horizon (0–20 cm) of Changwu
County, Shaanxi Province, China (𝑛 = 245).

Parameters Range Minimum Maximum Mean Standard
deviation

K-S Z Asymp.
Sig. (2-tailed) Skewness Kurtosis

OM/g kg−1 13.09 5.16 18.25 12.57 2.22 1.21 0.11 −0.52 1.4
Total N/g kg−1 1.09 0.28 1.37 0.89 0.19 2.64 0.00 −0.46 0.78
Total P/g kg−1 1.45 0.17 1.62 0.67 0.26 2.51 0.00 1.14 1.95
Total K/g kg−1 11.42 16.68 28.1 22.23 1.95 2.23 0.00 0.19 0.1
Alkali-hydrolyzable N/mg kg−1 85.75 19.25 105 59.68 15.72 1.01 0.26 0.02 −0.04
Available P/mg kg−1 46.71 2.54 49.25 17.06 10.51 1.66 0.01 1.53 1.88
Available K/mg kg−1 450 63.13 513.13 199.36 94.22 0.76 0.62 0.8 −0.09
CEC/cmol kg−1 16.84 6.68 23.52 13.91 3.29 1.08 0.19 0.73 −0.12
Clay/% 33.09 17.41 50.5 33.19 5.14 1.59 0.01 0.51 2.27
pH 1.20 7.89 9.09 8.59 0.23 1.81 0.00 −0.64 0.14
Invertase/𝜇g glucose⋅g−1 soil⋅h−1 605.1 102.07 707.18 379.26 106.34 0.79 0.55 0.32 0.04
Urease/𝜇gNH4-N g−1 soil⋅h−1 104.7 3.16 107.86 37.86 20.07 1.38 0.05 0.77 0.3
Phosphatase/𝜇g phenol⋅g−1 soil⋅h−1 56.55 15.12 71.67 34.88 8.83 0.79 0.57 0.57 1.24
Catalase/mL KMnO4⋅g

−1 soil⋅h−1 8.55 4.58 13.13 8.79 1.97 0.86 0.44 0.11 −0.64
Dehydrogenase/𝜇g TPF⋅g−1 soil⋅h−1 2.91 0.15 3.06 1.29 0.63 0.99 0.28 0.48 −0.28
K-S Z, Kolmogorov-Smirnov Z; OM, organic matter; N, nitrogen; P, phosphorous; K, potassium; and CEC, cation exchange capacity.

correlated with invertase, urease, phosphatase, catalase, and
dehydrogenase activities (𝑃 < 0.01). No significant corre-
lation was found between soil pH and phosphatase activity
(𝑃 > 0.05). However, soil pH was positively correlated
with dehydrogenase activity (𝑃 < 0.05) and negatively
correlated with invertase, urease, and catalase activities (𝑃 <
0.01; Table 2). Additionally, soil phosphatase activity was
extremely significantly correlated with invertase (𝑟 = 0.409,
𝑃 < 0.01) and urease activities (𝑟 = 0.228, 𝑃 < 0.01), and
catalase activity was significantly correlated with invertase
(𝑟 = 0.146, 𝑃 < 0.05) and urease activities (𝑟 = 0.144, 𝑃 <
0.05). Soil dehydrogenase activity was significantly correlated
with invertase (𝑟 = 0.519, 𝑃 < 0.01), phosphatase (𝑟 = 0.649,
𝑃 < 0.01), and catalase activities (𝑟 = −0.174, 𝑃 < 0.01).

3.3. Spatial Structure of Soil Properties. Semivariance analysis
showed that the soil properties generally had spatial depen-
dence (Table 3). The semivariograms all exhibited spatial
structure. The experimental semivariograms for soil dehy-
drogenase activity, available K content, CEC level, and clay
content were fitted by exponential models. The experimental
semivariogram for total K content was fitted by a spherical
model.The experimental semivariograms for other soil prop-
erties were fitted by the Gaussian models.

The spatial dependence of the data was confirmed by
total variance (Sill) composed of structural (C) and nugget
variances (Co). Nugget to sill ratio ([Co/Sill]) for soil
enzyme activities was 67% and that for soil physicochemical
properties was 54%. Nugget to sill ratios of urease and
dehydrogenase activities accounted for 85% and 71% of the
total variance, respectively. These values were significantly
higher than sill and nugget effects. Available K content had
the largest nugget to sill ratio among all soil properties. The

effective ranges of phosphatase and urease activities were
greater than those of invertase, catalase, and dehydrogenase
activities (3.9, 5.3, and 2 km, resp.).

The Krigingmaps showed that soil OM, total N, and CEC
levels showed similar spatial distribution patterns, with the
lowest values occurring in the center of the county (Figures
2(a), 2(b), and 2(h)). Soil alkali-hydrolyzable N, available
P contents, and pH value were highest in the central and
southern parts and lowest in the northern part of Changwu
(Figures 2(e), 2(f), and 2(j)). In contrast, total P content
increased from the south to the northwest (Figure 2(c)).
Soil total K, available K, and clay contents had no obvious
variation trends across the county (Figures 2(d), 2(g), and
2(i)). The distribution of these three properties did not
correspond to the topographical feature of the study area
or to the spatial distribution of the other soil properties.
Soil invertase, urease, and catalase activities were highest
in the northern area in Changwu County, followed by the
central and southern areas (Figures 2(k), 2(l), and 2(n)). Soil
phosphatase activity was highest in the center of the county
(Figure 2(m)). Dehydrogenase activity decreased from the
southwest to the northeast (Figure 2(o)).

3.4. Enzymatic Activity Indices. A main novelty of this study
was to introduce the integrated index TEI as a dimensionless
parameter for easy comparison of the combined enzyme
activity and the quality of each soil sample.We also compared
this index with the commonly used GME index. The TEI
values of total, orchard, and cropland soil samples varied from
1.87 to 7.43, 2.7 to 7.4, and 1.8 to 7.4, with a median value
of 5.07, 4.9, and 5.07, respectively. The mean TEI value of all
soil samples was estimated to be 5. The GME values of total,
orchard, and cropland soil samples varied from 6.9 to 33, 10



6 The Scientific World Journal

Table 2: Correlation coefficients (Pearson 𝑟 value) between soil physicochemical properties and enzyme activities in surface horizon (0–
20 cm) of Changwu County (𝑛 = 245).

Invertase Urease Phosphatase Catalase Dehydrogenase
OM 0.547∗∗ 0.386∗∗ 0.580∗∗ −0.06 0.469∗∗

Total N 0.300∗∗ 0.431∗∗ 0.243∗∗ 0.255∗∗ 0.03
Total P −0.06 0.317∗∗ −0.176∗∗ 0.315∗∗ −0.325∗∗

Total K 0.11 0.11 0.12 −0.213∗∗ 0.246∗∗

Alkali-hydrolyzable N 0.393∗∗ 0.192∗∗ 0.486∗∗ −0.462∗∗ 0.552∗∗

Available P 0.05 0.366∗∗ 0.09 −0.186∗∗ −0.02
Available K 0.00 0.358∗∗ 0.147∗ 0.09 −0.06
CEC 0.11 0.291∗∗ −0.13 0.718∗∗ −0.322∗∗

Clay 0.11 0.127∗ 0.02 0.297∗∗ −0.10
pH −0.167∗∗ −0.380∗∗ 0.05 −0.529∗∗ 0.154∗

∗ and ∗∗ represent statistical significances at the 5% and 1% levels, respectively; OM, organic matter; N, nitrogen; P, phosphorous; K, potassium; and CEC,
cation exchange capacity.

Table 3: Parameters for variogram models of soil physicochemical properties, enzyme activities, and TEI in surface horizon (0–20 cm) of
Changwu County (𝑛 = 245).

Parameters Model 𝐶
0

𝐶
0
+ 𝐶 [𝐶

0
/(𝐶
0
+ 𝐶)]100 Range/km RMSS

OM Gaussian 3.03 4.36 69.53 9.3 1.09
Total N Gaussian 0.02 0.04 57.05 7.49 1.05
Total P Gaussian 0.04 0.05 77.74 6.26 1.05
Total K Spherical 0.89 3.07 28.83 3.31 1.01
Alkali-hydrolyzable N Gaussian 100.93 243.7 41.41 11.33 1.06
Available P Gaussian 0.26 0.32 81.78 15.63 1.08
Available K Exponential 0.19 0.21 89.89 10.27 1.01
CEC Exponential 0.01 0.04 31.06 10.46 1.01
Clay Exponential 7.18 24.64 29.14 5.23 0.97
pH Gaussian 0.02 0.05 37.78 9.36 1.03
Invertase Gaussian 16.89 27.93 60.45 3.89 1.00
Urease Gaussian 8.87 10.4 85.34 9.36 1.02
Phosphatase Gaussian 1.59 2.6 61.31 12.99 1.01
Catalase Gaussian 1.32 2.44 54.27 5.33 0.98
Dehydrogenase Exponential 0.19 0.27 71.26 1.99 0.96
TEI Gaussian 0.65 1.30 50.15 0.84 1.07
𝐶0, nugget variance;𝐶, structural variance;𝐶0+𝐶, sill; RMSS, root-mean-square standardized; OM, organicmatter; N, nitrogen; P, phosphorous; K, potassium;
and CEC, cation exchange capacity.

to 30, and 22 to 33, with a median value of 21.6, 20.8 and 22.1,
respectively.Themean GME values of different groups of soil
samples were estimated to be 21.3, 20.5, and 21.7, respectively.

The TEI and GME values were most correlated with
the activities of invertase, urease, phosphatase, catalase, and
dehydrogenase, except orchard soil catalase activity (Table 4).
Pearson correlation analysis showed that TEI and GME
were positively correlated with soil OM, total N, and alkali-
hydrolyzable N contents but negatively correlated with pH
level. In addition, the TEI and GME values of total and
orchard soil samples were positively correlated with total K
content. The TEI and GME values of total and cropland soil
samples were positively correlated with available P and K
contents. The TEI values of total and cropland soil samples
were positively correlated with CEC (Table 4).

Multivariate regression analysiswas carried out to investi-
gate the relationship between soil physicochemical properties

and enzyme activity indices (TEI and GME) (Table 5).
Among the soil properties measured in this equation, soil
OM content had the strongest positive effect while soil pH
had a negative effect on the two indices. Additionally, total
P content had a positive effect on TEI and GME in orchard
soils. The alkali-hydrolyzable N and available K contents had
negative and positive effects on TEI and GME in cropland
soils while the alkali-hydrolyzable N and available P contents
had positive and negative effects on both enzyme activity
indices in total soils.

4. Discussion

4.1. Spatial Structure of Soil Enzyme Activities. Wilding [39]
previously described a classification scheme for identifying
the variability of soil properties based on their CV values.
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Figure 2: Spatial distribution patterns of soil physicochemical properties and enzyme activities and TEI in surface horizon of Changwu
County.
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Table 4: Pearson correlation coefficients between soil physicochemical properties and enzyme activity indices in surface horizon (0–20 cm)
of Changwu County.

Samples
Orchard Cropland Total
(𝑛 = 75) (𝑛 = 170) (𝑛 = 245)

Enzyme activity index TEI GME TEI GME TEI GME
OM 0.566∗∗ 0.569∗∗ 0.696∗∗ 0.693∗∗ 0.659∗∗ 0.655∗∗

Total N 0.299∗∗ 0.315∗∗ 0.459∗∗ 0.448∗∗ 0.407∗∗ 0.395∗∗

Total P −0.103 −0.09 0.095 0.054 0.021 −0.021
Total K 0.291∗ 0.252∗ 0.137 0.118 0.179∗∗ 0.142∗

Alkali-hydrolyzable N 0.314∗∗ 0.287∗ 0.543∗∗ 0.574∗∗ 0.459∗∗ 0.461∗∗

Available P 0.074 0.086 0.353∗∗ 0.355∗∗ 0.187∗∗ 0.139∗

Available K 0.217 0.217 0.267∗∗ 0.238∗∗ 0.235∗∗ 0.175∗∗

CEC 0.092 0.109 0.174∗ 0.137 0.148∗ 0.121
Clay 0.063 0.057 0.12 0.091 0.103 0.086
pH −0.280∗ −0.294∗ −0.277∗∗ −0.259∗∗ −0.271∗∗ −0.243∗∗

Invertase 0.707∗∗ 0.688∗∗ 0.655∗∗ 0.661∗∗ 0.663∗∗ 0.673∗∗

Urease 0.501∗∗ 0.486∗∗ 0.739∗∗ 0.699∗∗ 0.624∗∗ 0.559∗∗

Phosphatase 0.749∗∗ 0.751∗∗ 0.725∗∗ 0.729∗∗ 0.712∗∗ 0.737∗∗

Catalase 0.149 0.174 0.267∗∗ 0.232∗∗ 0.225∗∗ 0.219∗∗

Dehydrogenase 0.811∗∗ 0.801∗∗ 0.681∗∗ 0.705∗∗ 0.690∗∗ 0.729∗∗

GME 0.990∗∗ 1 0.986∗∗ 1 0.981∗∗ 1
∗ and ∗∗ represent statistical significances at the 5% and 1% levels, respectively; OM, organic matter; N, nitrogen; P, phosphorous; K, potassium; CEC, cation
exchange capacity; GME, geometric mean of enzyme activities; and TEI, total enzyme activity.

Table 5: Multiple linear regressions between soil physicochemical properties and enzyme activity indices in surface horizon (0–20 cm) of
Changwu County.

Samples Multiple regression equation 𝑅2 𝑃

Orchard
(𝑛 = 75)

log
10
TEI = 1.214 + 0.722 × log

10
OM − 0.157 × pH − 0.131 × log

10
Total P 0.491 <0.001

log
10
GME = 1.911 + 0.792 × log

10
OM − 0.176 × pH − 0.136 × log

10
Total P 0.483 <0.001

Cropland
(𝑛 = 170)

log
10
TEI = 1.116 + 0.409 × log

10
OM − 0.197 × pH − 0.358 × log

10
AN + 0.09 × log

10
Available K 0.63 <0.001

log
10
GME = 1.788 + 0.399 × log

10
OM − 0.216 × pH − 0.444 × log

10
AN + 0.084 × log

10
Available K 0.628 <0.001

Total
(𝑛 = 245)

log
10
TEI = 0.736 + 0.607 × log

10
OM − 0.126 × pH + 0.38 × log

10
AN − 0.061 × log

10
Available P 0.53 <0.001

log
10
GME = 1.592 + 0.638 × log

10
OM − 0.159 × pH + 0.256 × log

10
AN − 0.046 × log

10
Available P 0.528 <0.001

According to Wilding’s classification, the CV values of soil
invertase, phosphatase, and catalase activities are relatively
small (22–28%), whereas those of urease and dehydrogenase
activities (49–53%) are at the medium level. Soil enzyme
activities have close relationships with soil biology and are
sensitive in discriminating among soil management prac-
tices, such as fertilization by means of animal manure or
green manures/crop residues and municipal refuse amend-
ment, as well as among tillage treatments. However, a
previous report indicated that dehydrogenase and cellulose
activities in the surface soil horizon of an arable land (2 km2)
had small CV values (18% and 26%, resp.) [26]. Bonmati et al.
[25] observed that the CV values for soil urease, phosphatase,
and protease activities ranged from 28% to 60% in a 15m
× 40m meadow. Smith and Halvorson [24] reported the
CV values of 33% for phosphatase activity and 36% for
dehydrogenase activity in agricultural land (𝑛 = 220). These

findings confirmed that the spatial variability of soil enzyme
activities varied in different ecosystems.

Knowledge regarding the spatial variability of soil biolog-
ical properties is critical for the management and improve-
ment of agricultural soil quality. Reliable information on
the range of spatial relationships makes it possible to define
the sampling strategy needed for accurately mapping soil
biological properties [22]. In the present study, the best
model of semivariogram varied depending on the kinds
of soil enzymes, and the effective ranges of soil enzymes
decreased in the order of phosphatase→ urease→ catalase→
invertase→ dehydrogenase (Table 3). Semivariograms for
enzyme activities exhibited spatial correlated distances that
ranged from 2 to 13 km (Table 3). Likewise, Aşkın and
Kızılkaya [22] recently had reported that the zone (4500
× 4500m) of influence of soil urease activity was approxi-
mately 19.3 km. In general, however, field-scale (50 ha) studies
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indicate that the effective ranges of soil dehydrogenase and
cellulose activities are 84.3–93.3m [26].Thedifference among
those studies may depend highly on the size of sample area
and the sampling distance. Both soil properties and scale
effect have strong effects on the spatial distribution of enzyme
activity. The spatial structure of soil properties is complex
and contrasting range values have been reported. Therefore,
future research should consider the size of study area and
the distances between sampling points.Themost appropriate
sampling scheme and the separation distance between sam-
pling points for future data collection are highly important
and should be determined in preliminary studies [23].

The ratio of nugget to sill can be used as a criterion to clas-
sify the strength of the spatial dependence of soil properties
(<25%, strong spatial dependence; 25–75%, moderate spatial
dependence; and>75%,weak spatial dependence) [40]. In the
present study, the nugget to sill ratios descended in the order
of urease activity (85%) > dehydrogenase activity (71%) >
phosphatase activity (61%) > invertase activity (60%) > cata-
lase activity (54%). The activities of invertase, phosphatase,
dehydrogenase, and catalase are more spatially dependent
than urease activity. The moderate spatial dependence of
invertase, phosphatase, dehydrogenase, and catalase activities
indicates that these enzyme activities are primarily controlled
by specific geological factors and have better correlation.The
weak spatial dependence of soil urease activities indicates
that the environment has a stronger impact than geographical
distance on the spatial distribution of relevantmicrobial com-
munities. Similarly, high nugget effects have been observed
for dehydrogenase activity in no-till field which was cropped
with corn (Zeamays L.) and soybean (Glycinemax (L.)Merr.)
(62.7%) [40], Cambisol soil under winter wheat (68.4%) [26],
and no-till wheat crop soil (70.7%) [41]. The variability of
weakly spatially dependent parameters may be caused by
agricultural practices, such as application of fertilizers and
tillage, whereas strongly spatially dependent parameters are
influenced by variations in innate soil characteristics such
as texture and mineralogy [40]. The differences in spatial
dependency of soil enzyme activities may be related to
different spatial distribution of various microbial groups and
soil fertilizer, which reflects the influence of different soil
topography, vegetation, and agricultural practices.

Visualizing the spatial distribution of soil biotic compo-
nents contributes to the understanding of spatial structure
and thus may help with accurate prediction and mapping
of soil microbial properties [42]. The activities of five soil
enzymes in Changwu County showed patchy distribution
related to soil physicochemical properties tested (Figure 2).
For example, invertase, urease, and catalase activities were
generally highest in the northern part of Changwu. As for
soil properties, the OM, total N, total P, and CEC levels were
high while the alkali-hydrolyzable N, available P, available K,
and soil pH levels were relatively low in the northern part
of Changwu. Spatially different distribution of the enzymatic
activity is related to the variations in soil OM content,
the activity of related living organisms, and the intensity
of biological processes [22]. Therefore, it is not surprising
that microbial properties show cross-dependence among
themselves and with other soil properties depending on the

ecosystem [42]. Understanding of the spatial distribution of
physicochemical indicators for soil quality is an important
step for explaining the spatial variability of biological param-
eters. The statistical results analysis showed that there were
highly significant correlations between soil enzyme activities
(invertase, urease, phosphatase, catalase, and dehydrogenase)
and several physicochemical properties (OM, total N, total
P, alkali-hydrolyzable N, CEC, and pH levels) in Changwu.
These strong relationships confirm that soil enzyme activities
provide a meaningful integrative measure of soil physico-
chemical properties and biological soil fertility, which thus
may play a role in monitoring soil biological quality [43].

4.2. Implications for Assessing Soil Quality by a Biological or
an Integrated Enzyme Activity Index. Results of the multi-
variate regression analysis indicated that soil OM and pH
levels, respectively, had stronger positive and negative effects
than other soil properties on TEI and GME. Meanwhile,
TEI and GME had stronger positive correlation with soil
physicochemical properties than individual enzyme activities
(Table 4). Generally, the OM content positively affects extra-
cellular enzyme activity in soil [42, 43]. The adsorption of
enzymemolecules to soil particles andOMmaterials possibly
protected the enzymes against soil pH changes. Alternatively,
this could be attributed to the dependence of microbial
activity (hence enzyme production) on the supply of organic
substrate (organic C availability). In such cases, the organic
C content and enzyme activity would be related to each other
via microbial biomass [26].

Soil biological properties are highly sensitive to environ-
mental stress and thus can be used to assess quality. Any
soil quality index should include several biological variables
so as to better reflect the complex processes affecting soil
quality and to compensate for the wide variations occurring
in individual properties [44]. For instance, the TEI values
showed more similar spatial distribution patterns with soil
physicochemical properties (Figure 2(p), 𝑛 = 245). As the
TEI index introduced in this study involves only five soil
enzymes, further large-scale studies are recommended to
verify the applicability of TEI as an integrated activity index of
soil enzymes in different ecosystems. A more comprehensive
and accurate biological indicator for changes in soil quality
can be obtained by taking into consideration more enzyme
components and/or microbial parameters that are indicative
of key soil biological processes. These indicators must be
quantified on a local and landscape basis as a means for
making small-scale and regional management decisions [24].
In view of the limitations of single soil biological properties, it
is recommended to develop and use multiparametric indices
such as TEI for providing and integrating more information
on soil quality.

5. Conclusion

Results of the conventional and geostatistical analyses indi-
cate that the spatial variability of agricultural soil properties is
complex in ChangwuCounty. Spatial distributionmaps show
that soil invertase, urease, and catalase activities are high in
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the northern area, soil phosphatase activity is high in the
central area, and soil dehydrogenase activity is high in the
southwestern area of the county. The spatial patterns of soil
quality are better reflected using an integrated soil enzyme
index, which provides a sensitive biological indicator for soil
quality as compared with the single enzyme activities.
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Garćıa-Ruı́z, and B. Viñegla, “Microbiological rates and enzyme
activities as indicators of functionality in soils affected by the
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1Centro de Ciências Agrárias e Ambientais, Universidade Federal do Maranhão, BR-222, KM 04, s/n,
Boa Vista, 65500-000 Chapadinha, MA, Brazil
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Copyright © 2014 Glécio Machado Siqueira et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This study presents a combined application of an EM38DD for assessing soil apparent electrical conductivity (ECa) and a dual-
sensor vertical penetrometer Veris-3000 for measuring soil electrical conductivity (ECveris) and soil resistance to penetration (PR).
The measurements were made at a 6 ha field cropped with forage maize under no-tillage after sowing and located in Northwestern
Spain.The objective was to use data from ECa for improving the estimation of soil PR. First, data of ECa were used to determine the
optimized sampling scheme of the soil PR in 40 points.Then, correlation analysis showed a significant negative relationship between
soil PR and ECa, ranging from −0.36 to −0.70 for the studied soil layers. The spatial dependence of soil PR was best described by
spherical models in most soil layers. However, below 0.50m the spatial pattern of soil PR showed pure nugget effect, which could
be due to the limited number of PR data used in these layers as the values of this parameter often were above the range measured
by our equipment (5.5MPa). The use of ECa as secondary variable slightly improved the estimation of PR by universal cokriging,
when compared with kriging.

1. Introduction

Soil physical properties play an important role on crop
growth, if not the most important [1]. On the other hand, soil
cultivation under different land uses may cause changes in
soil spatial variability, depending on tillage intensity [2].

The use of farm machinery in agricultural production
systems disturbs the soil structure and often may generate
soil compacted layers that affect soil aeration and infiltration
capacity. Different soil management systems produce differ-
ent levels of soil compaction, depending on water content,
type of soil, and agricultural machinery operations.

Soil penetration resistance has been found to be well
correlated with root growth, and these two variables are

inversely proportional. When soil water content decreases,
soil mechanical resistance increases, because of the diminu-
tion of cohesionwithin the solid fraction of soil [3–5]. Several
authors have shown that root growth can be restricted or even
impeded when PR values vary between 1.0 and 3.5MPa [6, 7];
however others quoted threshold between 2.0 and 4.0MPa
[8] for limitations to root grow.

Hill and Meza-Montalvo [9] concluded that agricultural
machinery traffic during the crop growth cycle may increase
the values of soil density and soil resistance to penetration to
50%. For this reason, the quantification of soil PR changes
caused by soil management is an important parameter for
maintaining desirable levels of production and environmen-
tal sustainability.

Hindawi Publishing Corporation
e Scientific World Journal
Volume 2014, Article ID 269480, 12 pages
http://dx.doi.org/10.1155/2014/269480

http://dx.doi.org/10.1155/2014/269480


2 The Scientific World Journal

Most farmers consider the soil as uniform for its manage-
ment, but soil properties are variable in space and time. As a
result of these variations, the use of the average value of a soil
property could lead to wrong management decisions. This
notwithstanding, conventional agriculture has been based on
soil sampling with few samples [10].

The electrical conductivity (EC) is the property that
has a material to transmit or conduct electrical current
[11–14]. The apparent soil electrical conductivity (ECa) is
a measure of the bulk electrical conductivity of the soil
and is influenced by various factors such as soil porosity,
concentration of dissolved electrolytes, texture, quantity and
composition of colloids, organic matter, and water content
in the soil [11]. Recent research found that apparent soil
electrical conductivity measurements using electromagnetic
sensors can be used to make rapid measurements of soil
water content, soil clay content, cation exchange capacity
and levels of exchangeable calcium and magnesium, depth of
horizons with a “pan” caused by compaction, organic matter
content, and salt content in soil solution [14]. In this way,
measurements of apparent soil electrical conductivity (ECa)
can be used to define specific management zones.

Rhoades et al. [11] and Nadler [12] claim that soils with
high water content have a higher value of ECa, which makes
the interpretation of ECa data difficult. This is because the
water content varies with depth, even if the soil is uniform,
which may cause strong ECa variations as a function of
depth. Moreover, temperature also affects the soil ECa [11,
15]. This is because increased soil temperature has effect on
water viscosity and therefore affects the mobility of dissolved
electrolytes into the soil solution [16]. Summarizing, it is
widely accepted that the main factors that influence ECa are
texture, soil water content, and salinity [14, 17–19]; there is
good correlation between these soil properties and ECa [20].

The aim of this study was to use apparent soil electrical
conductivity data (ECa), measured by EM38, first to generate
optimal soil sampling designs and then to improve the spatial
estimation of soil resistance to penetration (PR) on the
studied field.

2. Material and Methods

The studied field is 6 ha in surface, and it is located at Castro
Riberas de Lea, Lugo, Northwestern Spain. The geographical
coordinates are 43∘0949N and 7∘2947W, average eleva-
tion is 410m and average slope is 2%.The soil of the study area
is classified according to FAO-ISRIC [21] as Gleyc Cambisol.
At the sampling date, the field was cropped with maize for
silage under no tillage; before maize, the field was devoted to
permanent grassland for silage. Amore thorough description
of this area can be found in Siqueira et al. [22].

The apparent soil electrical conductivity (ECa) was mea-
sured with an induction electromagnetic device, namely,
EM38-DD (Geonics Limited). The EM38-DD is constructed
by mechanically and electrically integrating two standard
EM38 ground conductivity meters. The bottom instrument’s
transmitter-receiver dipoles are oriented parallel to the earth
in horizontal dipole (ECa-H), while for the top instrument,
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Figure 1: Continuous record of soil apparent electrical conductivity
(ECa) obtained by electromagnetic induction (line) and the opti-
mized sampling scheme consisting 40 points (circles).

which controls the digital output of the whole instrument,
the dipoles are oriented perpendicular to the earth surface
in vertical dipole (ECa-V). In the ECa-V mode, the primary
magnetic field can effectively penetrate to a depth of 1.5m,
while the ECa-Hmode is effective for shallower investigation
(0.75m) [12]. The data were collected on 23/6/2008 in 1859
points (Figure 1), using EM38DD a field computer and a GPS
RTK to georeference ECa data.

The ECa data, together with the software ESAP-RSSD
2.35 [23], were used to identify the 40 optimal locations to
perform measurements with the VERIS P3000 equipment
(Figure 1). The penetrometer used in this research was the
Profiler 3000, manufactured by Veris Technologies Inc. It
was a self-contained, trailer mounted device, designed to
be pulled through the field by a vehicle [24]. An onboard
power unit and hydraulic cylinder were used to insert
the penetrometer to a maximum depth of approximately
90 cm. Maximum insertion force was limited to approxi-
mately 5.5MPa with the sensing tip, to prevent overload of
the mechanical components and sensing system. A second
hydraulic cylinder pivoted the penetrometer mast through a
transverse arc, allowing approximately 90 cm of side-to-side
displacement for acquiring data across in row and between
row locations. Data collection was triggered every 2 cm.
Soil electrical conductivity (ECveris) was sensed immediately
above the penetrometer tip. The penetrometer tip itself was
electrically insulated from the penetrometer shaft with a thin
dielectric ring. Electrical contact with the tip was bymeans of
a small steel rod inside and insulated from the hollow shaft.

In this study the soil penetration resistance data was
grouped into the following layers: 0.0-0.1m (PR

0.0-0.1), 0.1-
0.2m (PR

0.1-0.2), 0.2-0.3m (PR
0.2-0.3), 0.3-0.4m (PR

0.3-0.4),
0.4-0.5m (PR

0.4-0.5), 0.5-0.6m (PR
0.5-0.6), 0.6-0.7m
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Figure 2: Mean values of ECveris measured continuously, penetration resistance (PR) measured at 40 points, and gravimetric water content
at five selected points.

(PR
0.6-0.7), 0.7-0.8m (PR

0.7-0.8), and 0.8-0.9m (PR
0.8-0.9)

(Figure 2). In each measurement location, the PR and ECveris
profile was measured in six near points. Therefore, the PR
and ECveris data showed for each location is the mean of the
six profiles measured (Figures 2(a) and 2(b)).

Gravimetric soil water content was measured at these
sampling points: 4, 11, 14, 27, and 40 (Figure 2(c)), in order
to relate the ECa values with the soil water content. Pearson’s

coefficients of correlation and significance levels were calcu-
lated between the data using pairs with the package “hmisc”
[25].

The geostatistical analysis included preliminary statis-
tical analysis, Kolmogorov-Smirnov normality test, analy-
sis of trend, variogram modeling, and estimating values
for unsampled locations using the kriging interpolation
technique. Initial analysis showed that some variables had
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Figure 3: Maps of soil apparent electrical conductivity (ECa-V and ECa-H).

a trend; in this case the residual ordinary kriging was
used.

Using geostatistics, there are two options to solve the
problem created by the existence of a drift within the
neighborhood search. On the one hand, it can be assumed
that the drift is an equation with constant coefficients for
the entire study area, which leads to residual kriging. On
the other hand it can be assumed that coefficients of the
drift equation vary by location of the study area, which
results in universal kriging or kriging with trend model; this
procedure simultaneously solves driftwhile kriging equations
are solved. In this research the residual ordinary kriging
was used (Table 3). The residual variograms were fitted to
variogram models with cross validation using the package
Gstat for R [26]; Surfer 7.0 software was used for the creation
of the maps.

Some of the variables with a trend were interpolated by
universal cokriging [27], instead of ordinary cokriging or
cokriging with external drift. The software used to perform
ordinary kriging, universal kriging, and universal cokriging
was Gstat for R [26]. Using cokriging the covariance matrix
must be positive definite [27–29].

3. Results and Discussion

Table 1 shows the statistical parameters for the apparent
electrical conductivity (ECa) measured with EM38-DD and
soil resistance to penetration (PR) and electrical conductivity
(ECveris) measured with penetrometer Veris P3000 (Table 4).
All studied properties showed log-normal distribution with
statistical Kolmogorov-Smirnov test with significance level of
0.01.

Coefficient of variation of the studied properties had
a moderate variability with values between 12 and 60%,
according to the classification ofWarrick andNielsen [1].The
following data sets had high CV values (>60%): ECveris 0-0.1;
ECveris 0.1-0.2; ECveris average 0.0–0.4 y PR

0-0.1. The presence of

high values of CV mainly for electrical conductivity (ECveris)
were expected since the number of measurements was much
lower (maximum 140), compared to ECa-V and ECa-H data
measured with the EM38-DD device (1859 measurements,
Figure 3).

The small number of measurements obtained with Veris
P3000 at the deepest soil layers (Table 1) was mainly because
the equipment has a safety valve that prevents the mea-
surement of soil PR above 5.5MPa. The presence of a
compacted layer or gravel in the soil profile was the main
reason for because reducing the number of measurements
at the deepest layers. Figure 2 shows the average values of
the electrical conductivity (ECveris, Figure 2(a)), penetration
resistance (PR, Figure 2(b)), and gravimetric water content
(%, Figure 2(c)) in the field studied.

The average values of the electrical conductivity mea-
sured with Veris penetrometer (ECveris) showed an increase
with increasing depth, which is in accordance with results
presented by Johnson et al. [30] and Motavalli et al. [31].
Increasing values of water content and soil clay content in
depth, contributed to increased values of ECveris [32, 33]. The
mean values of soil resistance to penetration (PR) increased
in depth, but there was a slight decrease in the values of PR in
depth below 0.5m depth, because of a gravel layer located at
this depth.

Figure 2(a) shows that the standard deviation of ECveris
data is higher in the surface layers, decreasing in the deeper
layers, the opposite occurs with PR data because in depth
the stone volume is larger causing PR values exceeding in
many cases the equipment measurement limit of 5.5MPa, as
reflected in the smaller number of measurements in these
layers of soil (Table 1).

Gravimetric soil moisture was measured at locations 4,
11, 14, 27, and 40 (Figure 2(c)); the choice of these locations
was made on the basis of the topography of the area; these
locations are representative for spatial variability of water
content. It is seen that in the surface layers the water content
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Table 1: Statistical parameters of the apparent electrical conductivity (ECa) measured with EM38, in vertical and horizontal modes, and
electrical conductivity (ECveris) and soil resistance to penetration (PR) measured with VERIS P3000 at successive layers.

Variable Units 𝑁 Min. Max. Mean Variance CV Skewness Kurtosis 𝐷

ECa-V

mSm−1

1859 4.13 20.13 11.21 6.12 22.07 0.485 −0.243 0.071Ln
ECa-H 1859 6.63 20.00 12.12 3.22 14.81 0.839 1.285 0.092Ln
ECveris 0.0-0.1 140 1.07 12.27 3.17 7.64 87.00 2.523 6.259 0.317Ln
ECveris 0.1-0.2 134 1.58 17.84 5.94 23.48 81.47 1.360 0.798 0.317Ln
ECveris 0.2-0.3 131 1.36 8.14 3.18 2.77 52.34 1.562 2.643 0.317Ln
ECveris 0.3-0.4 102 1.13 7.79 3.04 2.48 51.88 1.279 1.966 0.317Ln
ECveris 0.4-0.5 84 0.62 9.30 4.11 6.02 59.65 −0.179 −1.739 0.330Ln
ECveris 0.5-0.6 72 0.80 9.41 5.46 6.76 47.57 −3.680 −10.143 0.361Ln
ECveris 0.6-0.7 63 2.79 8.05 5.95 2.83 28.29 −36.860 −197.233 0.404Ln
ECveris 0.7-0.8 32 2.13 7.31 5.45 2.49 28.92 −49.662 −418.618 0.432Ln
ECveris 0.8-0.9 27 3.17 6.81 5.29 1.27 21.34 −265.192 −7150.197 0.513Ln
ECveris 0.0–0.4 507 1.40 9.32 3.83 5.74 62.47 −1.511 −14.054 0.317Ln
ECveris 0.4–0.9 278 0.62 7.94 4.51 5.09 49.96 −39.185 −39.185 0.330Ln
PR
0.0-0.1

MPa

140 0.30 2.47 0.64 0.18 67.30 1.169 1.858 0.317Ln
PR
0.1-0.2 134 1.10 3.28 2.16 0.40 29.41 −26.517 −121.478 0.317Ln

PR
0.2-0.3 131 1.49 3.53 2.63 0.32 21.78 −0.423 −0.677 0.317Ln

PR
0.3-0.4 102 1.68 4.85 3.05 0.53 23.89 0.265 0.025 0.317Ln

PR
0.4-0.5 84 1.74 5.54 3.12 0.94 31.17 −0.211 4.172 0.330Ln

PR
0.5-0.6 72 1.92 5.32 3.04 0.86 30.43 −19.154 −60.403 0.381Ln

PR
0.6-0.7 63 1.60 5.59 3.33 1.46 36.31 −16.549 −88.761 0.404Ln

PR
0.7-0.8 32 1.54 4.85 3.09 0.99 36.26 −34.572 −285.556 0.432Ln

PR
0.8-0.9 27 1.62 4.43 3.02 0.87 30.87 −47.972 −495.883 0.449Ln

PRaverage 0.0–0.4 507 1.18 3.06 2.12 0.26 24.05 −48.771 −233.173 0.317Ln
PRaverage 0.4–0.9 278 1.95 5.54 3.40 0.98 29.21 −33.401 −207.070 0.330Ln
𝑁: number of measures (maximum six measurements in each location for ECveris and PR); Min.: minimum value; Max.: maximum value; CV: coefficient of
variation (%);𝐷: normality of the data for test of Kolmogorov-Smirnov (𝑃 < 0.01, n: normality and Ln: lognormality).

varies more than in the deeper layers. The topsoil has higher
water content than in the deeper layers in the sampling date.

In Figure 2(a) it can be seen that the graph of ECa is
very similar to the soil water content graph (%, Figure 2(c)).
Thus, ECveris dataset obtained by the penetrometer Veris is
an indirect way to obtain information about the soil water
status, facilitating the interpretation of PR data, because the
direct measurement of the volumetric water content of the
soil is hard and slow, particularly in this type of soil with a
high (>370,00 g kg−1) amount of stones [34]. Motavalli et al.
[31] studied the use of equipment Veris P3000 to detect the
effects of compaction, and they found that the values of ECa
were correlated with soil compaction and clay content in the
soil profile, thereby enabling to relate ECa with PR.

Figure 4 shows the relationship between soil water con-
tent and ECveris for the locations where soil water content
was measured. It is apparent that there is no good correlation
between ECveris and gravimetric soil water for the selected
points; to assess dependence between these two variables,
more soil water content measurements would be needed.

Sudduth et al. [33] comparing the penetrometer Veris
P3000 with ASAE Standard penetrometer found no signifi-
cant differences between the values of soil resistance to pen-
etration (PR) for different penetrometers studied. Canarache
[6] showed that in addition to soil moisture, also PR is related
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Figure 4: Correlation between ECveris and gravimetric soil water
content.

to other soil properties such as bulk density fine sand, sand,
and clay contents. However, several authors claim that PR
values are mainly related to moisture and soil bulk density
[35–37]. In our case study, as soil sampling became difficult
due to increasing gravel content in depth, PR measurements
were essential to assess the physical status of the soil.
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Summarizing, we showed that the joint use of ECveris and
PR data can detect changes in soil density and water content
due to compaction, in addition to natural variations in soil
texture.

Several authors provided different soil PR threshold val-
ues, regarding limitations for crop production. For example,
Taylor and Gardner [37] reported that PR values greater than
2MPa inhibit vegetative growth. Taylor and Burnett [38]
studied the development of different crops (Gossypium hirsu-
tum, Sesamum indicum, Cyamopsis tetragonolobus, Sesbania
exaltata, Phaseolus aureus, Vigna sinensis var. Chinese Red,
and Sorghum vulgare var. Sumac sorghum) with different
tillage systems, these authors describe that values from
2.8MPa began to restrict the root growth. Ehlers et al. [39]
studied root growth of oats (Avena sativa L.) in the 0–0.25m
layer and found that root growth ceased when PR reached
values between 3.6 and 4.9MPa. Letey [40] and Bueno et
al. [41] noted that soil PR values to higher than 2.0MPa are
restrictive to root growth.

Bennie [42] stated that more important than soil PR is
the rate at which changes occur in soil bulk density until
critical density values for vegetative growth are achieved.
Bueno et al. [41] studied the PR in the 0–0.25m layer at
a field neighboring to our experimental field under no-till
and conventional tillage and found PR values between 0.0
and 3.0MPa depending on soil water content. In general, the
mean value of PR for 0–0.4m layer (PRaverage 0.0–0.4) in this
study was about 2.12MPa. This value was close to the 2MPa
threshold, commonly cited as restrictive for crop growth.
PRaverage 0.4–0.9 was 3.40MPa, exceeding the value of 2MPa.
However, the average soil water content of this layer is more
stable over the study field, as shown in Figure 3, whereas the
soil moisture content at 0.0–0.4m layer varied considerably
over this field.

Bueno [43] and Amiama [44], studying the PR at 0.0–
0.4m depth in a field near to the area studied here in several
years, found similar values of PR, the higher values of PRwere
found in the depth layers. Amiama [44] found a moderate
correlation between PR and soil water content values.

Table 2 shows the correlation matrix between the mea-
sured variables. There is a significant correlation between
ECa data EM38-DD and ECveris, but the correlation s was
not significant below 0.6m depth. Probably, the lack of
correlation at the deepest soil layers is related to the small
number of sampling points in these layers obtained with the
penetrometer Veris; in turn this is the result of the high
content of gravel with depth.

Pearson’s correlations between ECa and PR show highly
significant negative relationships. This is because ECa is very
dependent on the soil water content [11, 12, 14]; Hoefer
et al. [45] found good correlations between PR and ECa
measured with EM38, and they concluded that EM38 survey
can be used to detect subplots with an extreme compaction
or noncompaction state. According to Ehlers et al. [39] PR
is much more influenced by soil water content than by soil
bulk density.The electrical conductivity andPRdata obtained
with Veris P3000 showed negative significant correlation,
which matches the negative correlations between ECa and
PR. According to Drummond et al. [24] although there are
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Figure 5: Map of ECveris average 0.4–0.9 (mS⋅m−1) obtained by universal
cokriging.

various equipment available for measuring soil resistance
to penetration and soil electrical conductivity, the joint
measurement of PR and ECveris would allow to characterize
the soil not only along the landscape but also in depth. This
could contribute not only to the understanding of the spatial
distribution of PR and ECa, but also to assessing density,
texture, and water content in the soil.

Table 5 shows the type of variogram models fitted
to the experimental data and the parameters of these
models. ECveris 0.0-0.1, ECveris 0.1-0.2, ECveris 0.2-0.3, ECveris 0.3-0.4,
ECveris 0.4-0.5, ECveris 0.5-0.6, ECveris 0.5-0.6, ECveris 0.7-0.8,
ECveris 0.8-0.9, ECveris average 0.0–0.4 PR0.5-0.6, PR0.6-0.7, PR0.7-0.8,
and PR

0.8-0.9 showed pure nugget effect. This might indicate
that the spacing used between samples was not adequate
to detect the spatial variability but may also reflect the
small number of points used in the analysis process. The
values of the degree of spatial dependence showed that
all variables studied had a high value of this parameter,
following the accredited criteria of Cambardella et al. [46].
Spherical models were fitted to the experimental variograms
of most studied variables (ECa-V, ECa-H, ECveris average 0.4–0.9,
PR
0.0-0.1, PR0.1-0.2, PR0.2-0.3, PR0.3-0.4, PR0.4-0.5, PRaverage 0.0–0.4,

and PRaverage 0.4–0.9). The lower range value (a) corresponds
to Log ECveris average 0.4–0.9 (50m), whereas the highest value
was found for Log PRaverage 0-0.4 (130m). Jabro et al. [47]
studied the spatial variability of the ECa (mSm−1) and PR
(MPa) with the Veris penetrometer described values of range
for both parameters of 161m; the values of range in this
study were for Veris penetrometer approximately 50m for
ECveris average 0.4–0.9 and 130m and 70m for the PR

0.0–0.4 and
PRaverage 0.4–0.9, respectively. Figures 5, 6, and 7, respectively,
show the maps for ECa-V, ECa-H, ECveris average 0.4–0.9, and PR
(PR
0.0-0.1, PR0.1-0.2, PR0.2-0.3, PR0.3-0.4, PR0.4-0.5, PRaverage 0.0–0.4,

and PRaverage 0.4–0.9).
Themap of the ECveris average 0.4–0.9 (Figure 6) has a similar

spatial pattern to ECa-V and ECa-H (Figure 5), exhibiting
varying EC in specific areas, in the eastern part of the area
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Figure 6: Maps of soil resistance to penetration measured with the penetrometer Veris (PR
0.0-0.1, PR0.1-0.2, PR0.2-0.3, PR0.3-0.4, PR0.4-0.5,

PR
0.0–0.4 average, and PRaverage 0.4–0.9) obtained by universal kriging.
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Table 3: Fitted models and variogram parameters for all the variables measured by EM38 and VERIS P3000.

Variable Geostatistical analysis Model 𝐶
0

𝐶
1

𝑎 (m)
log ECa-V Universal kriging Spherical 0.001 0.01 130.00
log ECa-H Universal kriging Spherical 0.001 0.005 130.00
log ECa 0.0-0.1 Universal kriging Pure nugget effect
log ECa 0.1-0.2 Universal kriging Pure nugget effect
log ECa 0.2-0.3 Universal kriging Pure nugget effect
log ECa 0.3-0.4 Universal kriging Pure nugget effect
log ECa 0.4-0.5 Universal kriging Pure nugget effect
log ECa 0.5-0.6 Universal kriging Pure nugget effect
log ECa 0.6-0.7 Universal kriging Pure nugget effect
log ECa 0.7-0.8 Universal kriging Pure nugget effect
log ECa 0.8-0.9 Universal kriging Pure nugget effect
log ECa average 0.0–0.4 Universal kriging Pure nugget effect
log ECa average 0.4–0.9 Universal kriging Spherical 0.01 0.10 50.00
log PR

0.0-0.1 Universal kriging Spherical 0.00 0.045 90.00
log PR

0.1-0.2 Universal kriging Spherical 0.00 0.014 125.00
log PR

0.2-0.3 Universal kriging Spherical 0.00 0.011 120.00
log PR

0.3-0.4 Universal kriging Spherical 0.00 0.011 90.00
log PR

0.4-0.5 Universal kriging Spherical 0.00 0.017 100.00
log PR

0.5-0.6 Universal kriging Pure nugget effect
log PR

0.6-0.7 Universal kriging Pure nugget effect
log PR

0.7-0.8 Universal kriging Pure nugget effect
log PR

0.8-0.9 Universal kriging Pure nugget effect
log PRaverage 0.0–0.4 Universal kriging Spherical 0.00 0.015 130.00
log PRaverage 0.4–0.9 Universal kriging Spherical 0.00 0.0095 70.00
𝐶0: pure nugget effect; 𝐶1: structural variance; 𝑎: range.

Table 4: Fitted models and parameters of the cross-variograms between PR and ECa.

Variable Geostatistical Analysis Model 𝐶
0

𝐶
1

𝑎 (m)
log PRaverage 0.0–0.4 × log ECa-V Universal cokriging Spherical 0.00 0.0095 130.00
log PRaverage 0.0–0.4 × log ECa-H Universal cokriging Spherical 0.00 0.0065 130.00
log PRaverage 0.4–0.9 × log ECa-V Universal cokriging Spherical 0.00 0.0100 130.00
log PRaverage 0.4–0.9 × log ECa-H Universal cokriging Spherical 0.00 0.0075 130.00
𝐶0: Pure nugget effect; 𝐶1: structural variance; 𝑎: range.

Table 5: Correlation coefficient (𝑟) between measured and esti-
mated data by kriging and cokriging for selected variables.

Universal Kriging Universal Cokriging

log PRaverage 0.0–0.4 0.644 log PRaverage 0.0–0.4 × log ECa-V 0.676
log PRaverage 0.0–0.4 × log ECa-H 0.696

log PRaverage 0.4–0.9 0.339 log PRaverage 0.4–0.9 × log ECa-V 0.392
log PRaverage 0.4–0.9 × log ECa-H 0.415

that exhibits low EC values in both maps. ECveris average 0.4–0.9
map exhibits areas with higher ECa data, especially in the
right center area, this difference in depth of the ECmeasured
with the penetrometer Veris is probably related to the greater
water content in depth or with areas where the clay content
is increased [11, 12, 14, 19, 47]. We emphasize that the EM38-
DD gives a value of ECa it is a measure of the interactions

of electromagnetic pulse with a specific volume of soil (water
content, density, porosity, clay content, organic matter, etc.)
[14] and the penetrometer Veris measures EC in a compar-
atively small soil volume, providing a better description of
the characteristics of the soil in depth, according to what is
described by Drummond et al. [24], Sudduth et al. [33], and
Jabro et al. [47].

The matrix of linear correlation between the measured
data with the EM38-DD equipment (ECa-V and ECa-H)
with EC measured with the penetrometer Veris (ECa 0.0-0.1,
ECa 0.1-0.2, ECa 0.2-0.3, ECa 0.3-0.4, ECa 0.4-0.5, ECa 0.5-0.6,
ECa 0.6-0.7, ECa 0.7-0.8, ECa 0.8-0.9, ECa average 0.0–0.4, and
ECa average 0.4–0.9) (Table 2) confirms the relationship between
measures of the ECa.

The maps of spatial variability of soil penetration resis-
tance (Figure 7) show that the highest values of PR are located
mainly in the northwestern part of the area (PR

0.1-0.2, PR0.2-0.3,
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Figure 7: Maps of soil resistance to penetration at the layers 0.0–0.4m (PRaverage 0.0–0.4) and 0.4–0.9m (PRaverage 0.4–0.9) obtained by universal
cokriging using ECa-V and ECa-H as secondary variables.

PR
0.3-0.4, PR0.4-0.5, PRaverage 0.0–0.4, and PRaverage 0.4–0.9). Maps

of PR show the opposite behavior to ECveris average 0.4–0.9
confirming the negative correlation (Figures 5 and 6), where
areas with higher ECa showed lower values of PR, corrob-
orating the hypothesis that EC data measured with Veris
penetrometer can be used as indicator of soil water content.
According to Canarache [6] PR values can be classified
according to the degree of constraint on the growth of roots
<1.1MPa very low without limitation for crops; low 1.1–
2.5MPa with little limitation for crops; medium 2.6–5.0MPa
with some limitations for crops; 5.1–10.0MPa high with
severe limitations for crops; 10.1 to 15.0MPa very high where
the roots do not grow virtually; >15.0MPa extremely high the
roots do not grow. In general, the study area is not a problem
for root growth, since rarely exceeds the value of 5MPa PR
(PR
0.4-0.5, PR0.5-0.6, and PR

0.6-0.7) (Table 1) indicating that the
study area hasmediumPRwith few limitations for cultivation
and some areas with low PR, according to the classification of
Canarache [6].

Table 5 shows the fitted parameters of cross vari-
ogram models between Log PRaverage 0.0–0.4× Log ECa-V, Log

PRaverage 0.0–0.4× Log ECa-H, Log PRaverage 0.4–0.9× Log ECa-
V, and Log PRaverage 0.4–0.9× Log ECa-H, since these were the
only attributes that showed an improvement in the coefficient
of correlation between the measured and estimated values
obtained using kriging and cokriging (Table 5).

PR maps made by universal cokriging (Figure 7) are less
smooth when compared with PR maps made by ordinary
kriging (Figure 6), although the improvement obtained with
the use of the estimate cokriging PR has been small.

4. Conclusions

The data sets ECveris and PR showed low values of coefficient
of variation (CV, %), except for PR at 0.0-0.1m layer that
has a high value of CV (60.30%). The spherical model was
fitted to the data of soil resistance penetration (PR

0.0-0.1,
PR
0.1-0.2, PR0.2-0.3, PR0.3-0.4, and PR

0.4-0.5) at the top soil
layers. The presence of pure nugget effect for soil penetration
resistance at the bottom (PR

0.5-0.6, PR0.6-0.7, PR0.7-0.8, and
PR
0.8-0.9) may be caused by the limited number of data

available for these layers, since the recorded PR values were
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often not useful, as they were higher than the maximum
valuemeasured by the penetrometer (5.5MPa). Apparent soil
electrical conductivity data (ECa) were used to determine
the optimized sampling scheme where PR was measured,
and this methodology has proved to be efficient and capable
for representing the spatial pattern of PR. ECa and PR data
show significant negative correlation coefficients, once both
properties are related to the soil water content.The use of ECa
as secondary variable improved slightly the estimation of PR
using universal cokriging with respect to kriging.

Acronyms

ECa: Apparent soil electrical conductivity
ECveris: Soil electrical conductivity measured with

penetrometer Veris P3000
PR: Soil resistance to penetration
ECa-H: Apparent soil electrical conductivity in

horizontal dipole
ECa-V: Apparent soil electrical conductivity in vertical

dipole
CV: Coefficient of variation.
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Both soil organic matter and sulfur (S) can reduce or even suppress mercury (Hg) mobility and bioavailability in soil. A batch
incubation experiment was conducted with a Chernozem and a Luvisol artificially contaminated by 440mg⋅kg−1Hg showing
wide differences in their physicochemical properties and available nutrients. The individual treatments were (i) digestate from
the anaerobic fermentation of biowaste; (ii) fly ash from wood chip combustion; and (iii) ammonium sulfate, and every treatment
was added with the same amount of S. The mobile Hg portion in Chernozem was highly reduced by adding digestate, even after
1 day of incubation, compared to control. Meanwhile, the outcome of these treatments was a decrease of mobile Hg forms as a
function of incubation time whereas the contents of magnesium (Mg), potassium (K), iron (Fe), manganese (Mn), copper (Cu),
zinc (Zn), and phosphorus (P) were stimulated by the addition of digestate in both soils. The available calcium (Ca) contents were
not affected by the digestate addition. The experiment proved digestate application as the efficient measure for fast reduction of
mobile Hg at extremely contaminated soils. Moreover, the decrease of the mobile mercury portion was followed by improvement
of the nutrient status of the soils.

1. Introduction

Industrial activities have increased the proportion of Hg
in the atmosphere and oceans and have contaminated a
number of local environments [1]. From the ecotoxicological
point of view, critical limits of Hg (given as soil element
contents above which unacceptable effects are expected) are
substantially lower than values derived for other metals such
as Cd, Cu, Ni, Pb, and Zn [2]. Li et al. [3] compared themobil-
ity and plant-availability of risk elements from industrially
contaminated soil where the soil-to-plant transfer coefficients
were in the order of Cd>Zn>Cu>Hg>As>Pb, confirming
the relatively low availability of soil Hg for various vegetables.
Rodrigues et al. [4] observed the water-soluble contents ofHg
in highly contaminated sediment and soil samples (total Hg
contents even higher than 3000mg⋅kg−1) to be less than 1.2%
of the total Hg content. Boszke et al. [5] classified the divalent

and elemental Hg bounds to humic matter/organic matter as
the “semimobile” element portion and observed low portions
of the water-soluble Hg species as well.

Luo et al. [6] suggested that soil organic matter and
nitrogen were the important sinks for Hg in the soils. The
good capacity of Hg for adsorption and complexation in
the solid media resulted in limited bioaccessibility of this
element, whichwas reported byHassen et al. [7]. Distribution
coefficients forHg2+ binding by humic acidswere determined
byKhwaja et al. [8], confirming that the calculated concentra-
tion of freeHg2+ at equilibrium is very low.Also,Heeraman et
al. [9] observed decreasing Hgmobility and plant-availability
in the organic matter-treated soil. The importance of soil
organicmatter forHgmobility and bioavailability in soil sam-
ples is known andwell described [5, 10]. As observed byYao et
al. [11], the addition of humus can either suppress or promote
Hg bioavailability depending on the soil composition. In
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this context, the effect of a particular humus fraction on Hg
bioavailability is related to its ability to convert Hg bound by
solid phases into soluble complexes, as well as the stability
of the released complexes. On the contrary, the presence
of dissolved organic matter (DOM) can significantly reduce
maximum Hg adsorption capacity and even promote Hg
desorption from the soils [12].

Zagury et al. [13] evaluated the potential mobility and
plant-availability of Hg in the highly contaminated soils
by chlor-alkali plants, where the total Hg contents in soil
reached up to 11500mg⋅kg−1. Although the water extractable
Hg portion was relatively low with regard to the high total
content, it represented significant concentrations correlating
with Hg uptake by experimental plants.

Reis et al. [14] observed that the presence of Hg in the
mobile phase could be related to Mn and aluminum (Al) soil
contents. A positive relation between Hg in the semimobile
fraction and the Al content was also observed. On the con-
trary, organic matter and S contents contributed to Hg
retention in the soil matrix, reducing the mobility of the
metal. Sulfide minerals are known to be effective adsorbents
for Hg(II) being the primary sink for Hg in the environment
[15]. In this context, Hesterberg et al. [16] demonstrated the
preferential binding of Hg(II) to reduced organic S sites. Sub-
sequently, similar observations were provided and described
in soils as mentioned by Remy et al. [17]. Concentration of
MeHg is negatively correlated with soil total organic matter
and total S and is influenced by the soil totalHg concentration
[17]. Åkerblom et al. [18] highlighted that long-term chronic
SO
4

2− deposition at rates similar to those found in polluted
areas of Europe and North America increase the capacity
of peatlands to methylate Hg and store MeHg. Competitive
relationships between Hg and other metals in soil were
observed by Jing et al. [19], where desorption of adsorbed Hg
increased with elevated concentrations of added Cu or Zn.

In our investigation, a laboratory batch incubation exper-
iment was conducted with Chernozem and Luvisol differing
in their physicochemical parameters and the available nutri-
ent contents. Digestate, the bio-waste originating from biogas
production plants, was applied as a S-rich source of organic
matter. Alternatively, wood ash from biomass combustion
plants was applied as a different source of S and other macro-
and micronutrients. As proven by Ochecová et al. [20], the
plant-availability of the risk elements in the contaminated soil
decreased after ash application, whereas the nutrient contents
tended to increase. To separate the effect of organic matter
and S in the soil, inorganic source of S, ammonium sulfate,
(NH
4
)
2
SO
4
, was applied, as well. The main objectives of the

study were as follows: (i) to assess the ability of the individual
treatments to immobilize Hg in the artificially contaminated
soil and (ii) to evaluate the potential interactions between
Hg sorption in the experimental soil and the mobility of the
essential macro- and microelements in these soils.

2. Materials and Methods

2.1. Soils and Ameliorative Materials. The following two
soils, differing in their physicochemical characteristics, were

Table 1: Main physicochemical characteristics of the experimental
soils.

Soil type Luvisol Chernozem
NRSC Soil Texture Silt loam Silt loam
Clay (<0.002mm) [%] 5.38 2.18
Silt (0.002–0.05mm) [%] 68.14 71.80
Sand (0.05–2mm) [%] 26.48 26.03

Location 50∘422N,
14∘1019E

50∘740N,
14∘2233E

Altitude (m a.s.l.) 410 286
P Mehlich III∗ (mg kg−1) 100 91
K Mehlich III∗ (mg kg−1) 80 230
Mg Mehlich III∗ (mg kg−1) 110 240
Ca Mehlich III∗ (mg kg−1) 3600 9000
∗Šı́pková et al. [23].

selected for the experiment: (i) uncontaminated Chernozem
with a cation exchange capacity (CEC) of 230mmol kg−1,
a pH level of 7.5, and an oxidizable carbon content (Cox)
of 2.6%, and (ii) uncontaminated Luvisol with a CEC of
145mmol kg−1, a pH level of 6.5, and a Cox of 1.7%. Nutrient
contents and other characteristics in both soil samples are
summarized in Table 1. Soils were sampled from a depth
of 20 cm, immediately after which they were homogenized,
sieved through a 5mm diameter mesh, and kept at room
temperature. For the experimental incubation soils, samples
were sieved again using a 2mm mesh and kept at 4∘C until
use. The fly ash (pH 12.1) was produced by the combustion of
wood ash produced in two reactors (1.8MW and 0.6MW).
The digestate sample (pH 8.2) originated from a biogas
station (1732 kW/h), where the digested material consisted
of sugar beet pulp (50%), marc of fruit (42%), and silage
maize (8%). The macro- and micronutrient contents in both
ameliorative materials are summarized in Table 2. As an
inorganic amendment, solid particles of (NH

4
)
2
SO
4
were

used (Reagent from Fisher Scientific).

2.2. Experimental Design. For the experimental incubation
soils, 100 g of Chernozem and Luvisol soils were placed into
polypropylene bottles and immediately after were brought to
60% moisture saturation. Then, half of the soil samples were
artificially contaminated with Hg by adding 60mg of HgCl

2

to reach a concentration of 440mg⋅kg−1 of Hg. Subsequently,
organic and inorganic amendments: (1) ash, (2) digestate,
and (3) (NH

4
)
2
SO
4
, were applied both to contaminated

and noncontaminated soils. The rate of amendment was
calculated for 600mg S per kg of soil as follows: (1) ash: 1.5 g,
(2) digestate: 10 g, and (3) NH

4
SO
4
: 0.25 g per bottle.

Soils that were contaminated and noncontaminated with
Hg were thoroughly mixed and incubated at 28∘C for 21 days.
To evaluate the mobility of Hg in both soils and interactions
with macro- and micronutrients as well, soil samples were
collected after 1, 2, 3, 4, 7, 14, and 21 days of incubation.Three
replicates were set up per treatment.
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Table 2: Nutrient contents in the dry matter of ameliorative
materials.

Element Fly-ash Digestate
P (%) 1.29 ± 0.01 1.20 ± 0.01
K (%) 7.74 ± 0.02 2.12 ± 0.01
Mg (%) 1.44 ± 0.02 0.49 ± 0.02
Ca (%) 13.4 ± 0.1 3.15 ± 0.01
S (%) 4.07 ± 0.01 0.60 ± 0.01
Cu (%) 0.020 ± 0.001 0.004 ± 0.001
Fe (%) 2.79 ± 0.01 0.18 ± 0.01
Mn (%) 1.29 ± 0.01 0.02 ± 0.00
Zn (%) 3.58 ± 0.08 0.03 ± 0.00

2.3. Extraction of Soluble Portions of Hg and Macro- and
Micronutrients. For the determination of bioavailable ele-
ment portions in soils during the experiment, 0.5 g of
each sample was added to 10mL of 0.11mol L−1 solution
of CH

3
COOH and shaken overnight [21]. Each extraction

was carried out in three replicates. For the centrifugation of
extracts, a Hettich Universal 30 RF (Germany) instrument
was used. The reaction mixture was centrifuged at 3000 rpm
(i.e., 460 g) for 10 minutes at the end of each extraction pro-
cedure, and the supernatants were kept at 6∘C prior to mea-
surements. Prior to the analysis, extracts were acidified with a
mixture of acids (HNO

3
: HCl = 3 : 1). For the determination

of nutrient status in the experimental soils before the exper-
iment, the Mehlich III extraction procedure (0.2mol L−1 of
CH
3
COOH + 0.25mol L−1 of NH

4
NO
3
+ 0.013mol L−1 of

HNO
3
+ 0.015mol L−1 of NH

4
F + 0.001mol L−1 of EDTA) at

the ratio of 1 g of soil per 10mL of the extraction mixture for
10min [22] was applied.

2.4. Determination of Hg. Hg content in the extracts was
measured by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7700x, Agilent Technologies Inc., USA).
The auto-samplerASX-500, a three-channel peristaltic pump,
and MicroMist nebulizer equipped the ICP-MS. Calibration
solutions were prepared in diluted single element ICP-MS
standards as 0.1–100𝜇g L−1 for Hg and the isotope Hg(202)
was measured. As an internal standard, Pt(195) was used at
the concentration of 100 𝜇g L−1.

2.5. Determination ofMacro- andMicronutrients. Inductively
coupled plasma-atomic emission spectrometry (ICP-OES,
Agilent 720, Agilent Technologies Inc., USA) equipped with
a two-channel peristaltic pump, a Struman-Masters spray
chamber, and a V-groove pneumatic nebulizer made of inert
material was applied for the determination of Cu, Fe, Mn,
Zn, P, and S in the extracts (the experimental conditions
were as follows: power of 1.2 kW, plasma flow of 15.0 L⋅min−1,
auxiliary flow of 0.75 L⋅min−1, nebulizer flow of 0.9 L⋅min−1),
whereas flame atomic absorption spectrometry (F-AAS, Var-
ian 280FS, Varian, Australia; air flow of 13.5 L⋅min−1, acety-
lene flow of 2.2 L⋅min−1, burner height of 13.5mL, nebulizer
uptake rate of 5mL⋅min−1) was used for Ca, Mg, and K
determination in the extracts.

2.6. Determination of Total Nutrient Contents in the Amelio-
rative Materials. For determination of total element contents
in the ash, nondestructive X-ray fluorescence (XRF) spec-
trometry (Spectro IQ, Kleve, Germany) was used; the target
material was palladium and the target angle from the central
ray was 90∘. The focal point was a 1mm × 1mm square,
and the maximum anode dissipation was 50W with 10 cfm
forced-air cooling. The instrument was equipped with the
Barkla crystal HOPG. The tested samples were pressed into
pellets; this involved mixing 4.0 g of ash (particle size 15–
20𝜇m) with 0.9 g of the binding additive (HWC Hoechst
wax, Germany) for 10min with a pressing power of 80 kN.
The determination was performed in the Institute of Rock
Structure and Mechanics, Academy of Sciences of the Czech
Republic.

The digestate sample was decomposed by pressurized
wet ashing as follows: aliquots (∼0.5 g) of air-dried samples
were decomposed in a digestion vessel with 10mL of Aqua
regia (i.e., nitric and hydrochloric acid mixture in the ratio
1 : 3). The mixture was heated in an Ethos 1 (MLS, Germany)
microwave assisted wet digestion system for 33min at 210∘C.
ICP-OES and F-AAS were then applied as described in the
previous subchapter.

2.7. Statistics. The data obtained were subjected to Dixon’s
test for the identification of outliers (significance level 𝛼 =
0.05) using Microsoft Office Excel 2007 (Microsoft Corpora-
tion, USA). Subsequently, one-way analysis of variance was
used at the significance level 𝛼 = 0.05 using the Statistica 12
program (StatSoft, USA).

3. Results and Discussion

3.1. Changes in Hg Mobility in the Treated Soils. The mobile
Hg contents affected by the individual treatments and their
variability during the incubation experiment are summarized
in Figure 1. In the treatments without artificial Hg appli-
cation, the mobile Hg contents were under the detection
limit of ICP-MS. Similarly to our previous observations [23],
Ruggiero et al. [24] also documented that most of the Hg
in the long-term polluted soils was scarcely mobile and
available.TheHg contents in digestates and fly ash are usually
low as well [25, 26] and did not affect the mobile portions of
Hg in our experiment. The extractable Hg contents differed
according to the physicochemical parameters of the used
soils and to the individual treatments. In Chernozem, the
extractable Hg contents were low regardless of the treatment
at the beginning and end of incubation. Within the 3rd and
7th day of incubation, themobile Hg portions increased in all
treatments (including control) except for the digestate. Simi-
lar course of Hg mobility changes were observed by Bower et
al. [27] in the experiments studying the mercury adsorption
onto pyrite indicating the formation of nonmobile sulfides
over time. In the Luvisol, the mobile Hg portions decreased
during the incubation, whereas they dropped to the levels
reached in Chernozem by the end of the experiment. As
stated by Müller et al. [28] soil Hg contamination can
cause reduced microbial biomass at the contaminated sites.
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Figure 1: The concentrations of Hg extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1) according to the
individual treatments.

However, somemicroorganisms have developedmechanisms
to adapt to Hg, that is, Hg-resistant bacteria. Thus, the
changes in Hg mobility observed throughout the experiment
could be partially attributed to different communities of soil
microorganism present in both Chernozem and Luvisol.

Therefore, among the individual treatments, digestate
was shown to be the most effective Hg immobilizing agent,
whereas fly ash seemed to be less effective, and no significant
difference was reported comparing the ammonium sulfate
treatment and untreated control except the faster increase
of mobile Hg content in 3rd and 4th days of the incubation
indicating potential role of increased portion ofmobile sulfur
as mentioned below. The effectiveness of individual treat-
ments as well as the temporal changes in mobile Hg portions
were also affected predominantly by the soil where higher
sorption capacity and organic matter content in Chernozem
resulted in lower mobile portions of Hg in all the treatments
except increased mobility of Hg after ash application in 7th
and 14th day of the incubation. These results also indicated
that S content in the ameliorative materials was not the main
factor controlling the Hg mobility in the soils. Luo et al. [6]
reported a low relationship between S and Hg contents in
soils with low total organic carbon (∼2%), as in our case,
where the carbon contentwas not increased by the addition of
ammonium sulfate and ash. In the opposite, theHg behaviour
in soils strongly differed if digestate with high content of both
S and total carbon content was applied.

Higher organic carbon content in the soil can enhance
both soil microbial activities and the retention of total Hg
and MeHg in soil [29]. Soil microorganisms need essential
metals for their metabolism, which are often required in low
concentrations and act as enzyme cofactors [30]. Therefore,
high contents of macro- and micronutrients in both ash and
digestate (Table 2) can be beneficial for the enhancement
of the microbial activity in soils. Limited Hg mobility via
complexation with soil organic matter was already described
[9]. Ravichandran [31] reviewed the formation of extremely
strong ionic bonds between Hg and reduced S sites in soil
organic matter supporting the importance of the mutual role
of S and organic matter in Hg immobilization in soil.

Therefore, the Hg desorption increased with elevating con-
centrations of dissolved organic matter [10]. In our case, the
dissolved organic matter after 1 day of incubation varied
between 71.9mg⋅kg−1 (control) and 1070mg⋅kg−1 (diges-
tate) in Chernozem and between 21.2mg⋅kg−1 (control) and
56.4mg⋅kg−1(digestate) in Luvisol. After 7 days of incubation,
the DOM contents increased even 22-fold in the digestate-
treated Luvisol, whereas the maximum 1.5-fold increase was
observed in Chernozem. Therefore, our results indicate that
more complex factors can change the Hgmobility in soil than
solely the content and solubility of organic carbon in soil. For
example, the affinity of Hg to bind to metal oxides should be
taken into account [32]. Also, the role of some soil bacteria
which are able to degrade Hg compounds into metallic Hg by
the action of specific enzymes encoded by themer genes and
then be released into the surrounding environment should
be considered [33]. Thus, the decrease of mobile Hg in soil
could be partially figured in the volatilization of this element
during incubation.This assumption remains to be verified in
further research. In our investigation, the experiments were
concerned on the description of potential decrease of mobile
Hg content without exact resolution between immobiliza-
tion/volatilization ratios after the individual treatments.

3.2. The Effect of Hg and/or Ameliorative Materials on Mobile
Contents ofMacro- andMicronutrients in the Soil. Themobile
macro- andmicroelement contents affected by the individual
treatments and/or duration of incubation are summarized in
Tables 3, 4, 5, 6, 7, 8, 9, 10, and 11. The presence of digestate
showed a predominant effect on the mobile portions of most
of the elements among all the treatments.Themobile element
contents significantly increased after digestate application
for most of the determined nutrients, except Ca and Cu in
Chernozem (because of its low availability in the ameliorative
materials). More apparent increase of mobile element con-
tents after application of digestate was observed for Luvisol
compared to Chernozem due to higher sorption capacity
of Chernozem in accordance with their higher CEC level.
For example, Table 4 shows 5-fold increase of mobile Mg
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Table 3: The concentrations of Ca extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 7555 ± 331a 7655 ± 183a 8390 ± a213a 9674 ± 219a 9034 ± 238ab 9856 ± 1191ab 6040 ± 270a

Control + Hg 8074 ± 260a 7694 ± 359a 7467 ± a677a 9607 ± 193a 8891 ± 702a 8951 ± 236ab 7865 ± 983abc

Digestate 8282 ± 735a 8094 ± 155a 8049 ± a687a 10122 ± 206a 8886 ± 362a 11004 ± 926b 12402 ± 2330bc

Digestate + Hg 8108 ± 232a 9656 ± 282a 7824 ± a454a 11360 ± 1521a 10104 ± 205b 10232 ± 499ab 11286 ± 1243c

Ash 8448 ± 548a 8246 ± a282a 8746 ± a272a 9898 ± 213a 9661 ± 466ab 9633 ± 203ab 9835 ± 2134abc

Ash + Hg 8164 ± 921a 8072 ± a511a 8717 ± a611a 10910 ± 898a 9862 ± 300ab 10599 ± 387ab 9359 ± 1118abc

(NH4)2SO4 7330 ± 57a 7409 ± a201a 8037 ± a311a 10134 ± 1290a 8942 ± 307a 8893 ± 990a 10045 ± 2115abc

(NH4)2SO4 + Hg 8041 ± 796a 7393 ± a359a 8350 ± 1151a 9820 ± 207a 8991 ± 382ab 10238 ± 790ab 7031 ± 3008abc

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 1404 ± 96a 1401 ± 73a 1372 ± 56a 1691 ± 51ab 1671 ± 90a 1764 ± 223a 1273 ± 125a

Control + Hg 1450 ± 93a 1407 ± 38a 1396 ± 45a 1635 ± 52a 1575 ± 107a 1655 ± 89a 1274 ± 283a

Digestate 3558 ± 121b 2593 ± 574b 2733 ± 492b 4086 ± 116d 3776 ± 264c 3294 ± 380b 3757 ± 428ab

Digestate + Hg 3455 ± 569b 3190 ± 282b 3139 ± 328b 3804 ± 613d 4462 ± 644c 3975 ± 206c 4758 ± 327b

Ash 2335 ± 433a 2382 ± 197a 2281 ± 321a 2540 ± 234bc 2917 ± 164b 2686 ± 281b 2121 ± 286ab

Ash + Hg 1981 ± 254a 1908 ± 149a 2044 ± 161a 2574 ± 512c 2717 ± 117b 3092 ± 190b 2784 ± 467ab

(NH4)2SO4 1514 ± 57a 1356 ± 36a 1411 ± 102a 1651 ± 69a 1597 ± 79a 1684 ± 135a 1663 ± 92ab

(NH4)2SO4 + Hg 1655 ± 54a 1577 ± 246a 1431 ± 59a 1742 ± 108abc 1616 ± 32a 1666 ± 124a 1690 ± 107ab

Table 4:The concentrations of Mg extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 389 ± 20a 401 ± 2ab 483 ± 8a 562 ± 18a 503 ± 48a 546 ± 23a 371 ± 50a

Control + Hg 347 ± 111a 406 ± 20abc 442 ± 32a 556 ± 16a 502 ± 69a 505 ± 34a 533 ± 135ab

Digestate 544 ± 50c 544 ± 30d 603 ± 65b 753 ± 52bc 656 ± 76ab 781 ± 54c 963 ± 155c

Digestate + Hg 519 ± 37c 603 ± 24e 610 ± 45b 809 ± 44d 734 ± 73b 742 ± 22bc 859 ± 77bc

Ash 442 ± 24ab 458 ± 27c 522 ± 22ab 612 ± 22ac 566 ± 56a 574 ± 66a 636 ± 147abc

Ash + Hg 432 ± 57ab 447 ± 9bc 518 ± 35ab 681 ± 72ab 555 ± 31a 626 ± 62ab 585 ± 122ab

(NH4)2SO4 374 ± 3a 394 ± 16ab 461 ± 13a 572 ± 72a 506 ± 59a 494 ± 71a 626 ± 171abc

(NH4)2SO4 + Hg 406 ± 30ab 390 ± 10a 468 ± 32a 566 ± 10a 505 ± 45a 553 ± 39a 489 ± 119a

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 65 ± 5a 72 ± 5a 71 ± 2a 89 ± 3a 120 ± 47a 129 ± 61a 89 ± 19a

Control + Hg 70 ± 4a 72 ± 2a 73 ± 1a 86 ± 3a 108 ± 43a 115 ± 45a 82 ± 11a

Digestate 362 ± 27c 259 ± 70c 325 ± 52b 446 ± 5c 408 ± 40b 391 ± 51b 423 ± 11c

Digestate + Hg 364 ± 89c 336 ± 38c 363 ± 92b 460 ± 54c 476 ± 28b 416 ± 33b 366 ± 90c

Ash 144 ± 32b 156 ± 19b 162 ± 34ab 176 ± 21b 231 ± 51a 214 ± 66a 174 ± 40ab

Ash + Hg 116 ± 19b 121 ± 14ab 140 ± 21ab 178 ± 47b 214 ± 52a 243 ± 31a 240 ± 33b

(NH4)2SO4 73 ± 0a 68 ± 0a 72 ± 5a 85 ± 1a 120 ± 49a 114 ± 43a 120 ± 33a

(NH4)2SO4 + Hg 85 ± 9a 74 ± 5ab 76 ± 2ab 92 ± 7a 115 ± 46a 119 ± 50a 117 ± 38a

contents in the digestate treated Luvisol compared to up to
40% increase of mobile Mg in Chernozem.

Möller and Müller [34] reviewed recent research about
nutrient availability after the field application of digestate and
stated that there is no available information concerning the
availability of S, although digestate seems to be a good source
of S in soil; this was also observed in our case (Table 2) where
the S content in the digestate sample reached up to 0.6%.
Similarly, they stated that there were many published studies
describing the effect of anaerobic digestion on micronutri-
ent distribution and bioavailability in sewage sludge, but

rarely any concerning digestates. Moreover, the availability of
micronutrients in the digestate can be affected by the wide
complex of various factors such as precipitation as sulfide,
carbonate, phosphates, and hydroxides, sorption to the solid
fraction, either biomass or inert suspended matter, and the
formation of complexes in solution with intermediates and
compounds produced during anaerobic digestion [34]. The
application of digestate results in an improvement of crop
yields compared to inorganic fertilizer. Moreover, analysis of
soil solution showed that there was less potential for the loss
of nutrients via leaching [35] in the digestate treated soil.



6 The Scientific World Journal

Table 5: The concentrations of K extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 68 ± 5a 78 ± 4a 78 ± 2a 84 ± 2a 92 ± 4a 95 ± 0a 53 ± 3a

Control + Hg 83 ± 17a 76 ± 4a 77 ± 10a 87 ± 3a 90 ± 6a 94 ± 3a 76 ± 12a

Digestate 2882 ± 906b 2931 ± 491b 3026 ± 304b 3547 ± 163b 3615 ± 177c 3842 ± 277c 4408 ± 506b

Digestate + Hg 2461 ± 510b 3163 ± 128b 2961 ± 261b 3915 ± 370b 3780 ± 164d 3697 ± 191c 4283 ± 367b

Ash 269 ± 66a 284 ± 40a 294 ± 59a 317 ± 78a 374 ± 35cd 362 ± 18ab 406 ± 146a

Ash + Hg 260 ± 61a 305 ± 77a 310 ± 47a 467 ± 101a 362 ± 25bc 446 ± 63b 359 ± 82a

(NH4)2SO4 97 ± 5a 119 ± 11a 107 ± 6a 130 ± 13a 126 ± 6ab 117 ± 13ab 109 ± 6a

(NH4)2SO4 + Hg 105 ± 6a 109 ± 4a 112 ± 6a 135 ± 2a 130 ± 5abc 145 ± 10ab 1568 ± 207a

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 117 ± 7a 126 ± 7a 117 ± 3a 140 ± 4a 138 ± 2a 147 ± 9a 111 ± 12a

Control + Hg 122 ± 6a 130 ± 6a 125 ± 4a 139 ± 4a 138 ± 5a 146 ± 3a 122 ± 21a

Digestate 3324 ± 201b 2684 ± 425b 3173 ± 54b 3857 ± 252b 3936 ± 37c 3665 ± 83c 4063 ± 418c

Digestate + Hg 3728 ± 541b 3306 ± 214b 3351 ± 540b 4065 ± 150b 3927 ± 308c 3655 ± 64c 3304 ± 180b

Ash 431 ± 146a 487 ± 78a 431 ± 111a 419 ± 70a 548 ± 66b 446 ± 71b 387 ± 18a

Ash + Hg 316 ± 70a 343 ± 41a 370 ± 39a 454 ± 102a 489 ± 15b 546 ± 66b 553 ± 118a

(NH4)2SO4 152 ± 3a 145 ± 5a 143 ± 11a 162 ± 1a 161 ± 5a 167 ± 9a 166 ± 17a

(NH4)2SO4 + Hg 159 ± 6a 158 ± 9a 152 ± 4a 176 ± 9a 169 ± 4a 162 ± 4a 170 ± 14a

Table 6:The concentrations of Cu extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 0.045 ± 0.007a 0.039 ± 0.008a 0.015 ± 0.003a 0.025 ± 0.003a 0.162 ± 0.018abc 0.064 ± 0.013a 0.017 ± 0.008a

Control + Hg 0.047 ± 0.012a 0.017 ± 0.001a 0.017 ± 0.004a 0.023 ± 0.003a 0.039 ± 0.019a 0.098 ± 0.025a 0.034 ± 0.015a

Digestate 0.224 ± 0.092b 0.230 ± 0.098b 0.187 ± 0.037c 0.299 ± 0.010c 0.362 ± 0.051c 0.517 ± 0.089c 0.911 ± 0.141b

Digestate + Hg 0.120 ± 0.010a 0.094 ± 0.026a 0.089 ± 0.028b 0.166 ± 0.038b 0.264 ± 0.031bc 0.334 ± 0.031b 0.763 ± 0.065b

Ash 0.053 ± 0.019a 0.059 ± 0.014a 0.032 ± 0.007a 0.054 ± 0.012a 0.065 ± 0.042ab 0.073 ± 0.043a 0.148 ± 0.029a

Ash + Hg 0.079 ± 0.011a 0.042 ± 0.003a 0.026 ± 0.005a 0.060 ± 0.013a 0.055 ± 0.035a 0.095 ± 0.027a 0.141 ± 0.069a

(NH4)2SO4 0.047 ± 0.035a 0.048 ± 0.013a 0.018 ± 0.006a 0.022 ± 0.006a 0.081 ± 0.031ab 0.091 ± 0.038a 0.090 ± 0.060a

(NH4)2SO4 + Hg 0.038 ± 0.020a 0.029 ± 0.007a 0.008 ± 0.008a 0.029 ± 0.002a 0.029 ± 0.013a 0.066 ± 0.048a 0.379 ± 0.093ab

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 0.095 ± 0.003a 0.084 ± 0.019a 0.061 ± 0.007a 0.134 ± 0.021a 0.142 ± 0.042a 0.226 ± 0.008a 0.252 ± 0.055a

Control + Hg 0.128 ± 0.020a 0.118 ± 0.021ab 0.098 ± 0.011a 0.156 ± 0.024ab 0.164 ± 0.062a 0.357 ± 0.021ab 0.230 ± 0.062a

Digestate 0.284 ± 0.085a 0.268 ± 0.022b 0.316 ± 0.051b 0.553 ± 0.087c 0.534 ± 0.136b 0.785 ± 0.032d 1.200 ± 0.142c

Digestate + Hg 0.166 ± 0.122a 0.095 ± 0.012a 0.120 ± 0.055a 0.131 ± 0.092a 0.119 ± 0.015a 0.594 ± 0.137cd 0.678 ± 0.164ab

Ash 0.196 ± 0.026a 0.161 ± 0.036ab 0.145 ± 0.023ab 0.269 ± 0.051ab 0.220 ± 0.045a 0.542 ± 0.046bc 0.493 ± 0.081ab

Ash + Hg 0.225 ± 0.048ab 0.261 ± 0.024b 0.193 ± 0.016ab 0.298 ± 0.045b 0.266 ± 0.040a 0.578 ± 0.058c 0.900 ± 0.042bc

(NH4)2SO4 0.101 ± 0.022a 0.191 ± 0.048ab 0.078 ± 0.004a 0.184 ± 0.018ab 0.161 ± 0.024a 0.308 ± 0.051a 0.658 ± 0.103ab

(NH4)2SO4 + Hg 0.140 ± 0.027a 0.138 ± 0.028ab 0.121 ± 0.014a 0.247 ± 0.068ab 0.193 ± 0.050a 0.422 ± 0.101abc 0.555 ± 0.062ab

Also, Frøseth et al. [36] observed that the field application
of digestate contributed to higher soil aggregate stability.
According to Fernández-Delgado Juarez et al. [37], amending
soils with digestate resulted in a higher nutrient content as
well as more efficient soil microbial community relative to
the variants treated with farmyard manure. Therefore, the
application of digestate seemed to be the effectivemeasure for
immobilization of Hg in soil together with increase of mobile
nutrients in these soils.

The application of wood fly ash as a potential source
of available nutrients in the soil is widely discussed in the

literature [38, 39]. The benefits on the growth of the plants
as the result of an increase in available P, Ca, Mg, K, and
B and a decrease in Al toxicity was described [38]. Steenari
et al. [40] tested the release of macro- and microelements
from various ash samples, whereas low leaching rates were
observed for the important plant nutrients P and Mg, as
well as for Fe, Mn, Cu, and Zn, up to 50% of total K was
released during the batch leaching test. In our case, the
extractable element contents in the ash amended samples
differed according to the experimental soil, where Ca, Fe,
and Cu levels remained unchanged compared to the control.
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Table 7: The concentrations of Fe extractable with 0.11mol L−1 acetic acidwithin the incubation experiment (mg⋅kg−1); The averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 1.54 ± 0.38a 20.47 ± 6.26a 8.49 ± 0.70a 0.28 ± 0.02a 0.48 ± 0.11a 4.52 ± 0.24a 0.25 ± 0.06a

Control + Hg 1.40 ± 0.09a 8.20 ± 2.34a 10.76 ± 8.02a 0.18 ± 0.03a 0.20 ± 0.03a 2.90 ± 1.05a 0.24 ± 0.04a

Digestate 49.3 ± 9.4c 95.4 ± 17.2c 105.9 ± 2.6b 142.5 ± 11.7c 102.4 ± 2.7c 32.4 ± 5.3b 48.7 ± 6.4b

Digestate + Hg 27.0 ± 4.2b 61.9 ± 15.2b 77.1 ± 28.8b 73.1 ± 10.7b 69.4 ± 5.5b 48.0 ± 14.2c 48.3 ± 9.6b

Ash 1.31 ± 0.16a 28.78 ± 5.86a 6.87 ± 1.97a 0.26 ± 0.10a 0.35 ± 0.11a 1.53 ± 0.17a 0.90 ± 0.24a

Ash + Hg 1.16 ± 0.46a 8.17 ± 2.01a 7.58 ± 4.58a 0.30 ± 0.11a 0.28 ± 0.04a 1.07 ± 0.10a 0.06 ± 0.03a

(NH4)2SO4 1.29 ± 0.15a 17.20 ± 5.83a 5.53 ± 1.19a 0.35 ± 0.17a 0.26 ± 0.06a 3.91 ± 1.32a 0.15 ± 0.12a

(NH4)2SO4 + Hg 1.13 ± 0.28a 10.53 ± 3.15a 7.21 ± 2.97a 0.14 ± 0.09a 0.23 ± 0.03a 1.53 ± 0.19a 2.37 ± 0.36a

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 3.88 ± 2.13a 20.08 ± 6.85a 7.35 ± 1.27a 1.31 ± 0.18a 1.04 ± 0.14a 7.17 ± 2.64a 1.13 ± 0.66a

Control + Hg 2.21 ± 0.27a 10.02 ± 4.27a 12.24 ± 2.19a 1.38 ± 0.31a 0.91 ± 0.08a 5.99 ± 0.76a 0.67 ± 0.47a

Digestate 100.8 ± 33.1b 51.9 ± 25.4b 67.6 ± 40.6ab 44.7 ± 14.3b 77.4 ± 14.5b 42.5 ± 13.0a 173.5 ± 71.0b

Digestate + Hg 108.0 ± 38.7b 340.9 ± 82.3b 329.4 ± 70.4b 413.7 ± 52.8c 484.7 ± 97.2c 396.9 ± 54.1b 315.4 ± 63.8c

Ash 2.80 ± 0.70a 16.71 ± 3.74a 15.41 ± 3.44a 1.82 ± 0.59a 1.58 ± 0.77a 7.44 ± 2.02a 2.86 ± 1.43a

Ash + Hg 2.56 ± 0.27a 15.88 ± 9.53a 11.24 ± 4.10a 1.21 ± 0.44a 0.99 ± 0.18a 2.94 ± 1.18a 0.59 ± 0.05a

(NH4)2SO4 3.07 ± 0.09a 8.82 ± 0.53a 7.06 ± 2.55a 1.61 ± 0.21a 1.28 ± 0.07a 5.68 ± 1.15a 1.64 ± 0.30a

(NH4)2SO4 + Hg 3.01 ± 0.32a 10.36 ± 2.32a 14.56 ± 2.55a 1.59 ± 0.21a 1.39 ± 0.24a 2.47 ± 0.42a 1.02 ± 0.23a

Table 8:The concentrations of Mn extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 19.5 ± 1.2a 19.9 ± 0.7a 22.2 ± 1.1a 35.0 ± 6.1a 33.9 ± 0.9a 46.7 ± 16.0a 34.7 ± 8.7a

Control + Hg 21.4 ± 4.4a 22.1 ± 3.4ab 20.7 ± 3.9a 36.2 ± 4.8a 36.6 ± 0.3a 37.3 ± 5.0c 37.8 ± 11.6a

Digestate 168 ± 22c 168 ± 12c 177 ± 10c 232 ± 4d 204 ± 4c 218 ± 11a 301 ± 68d

Digestate + Hg 152 ± 4c 181 ± 6c 168 ± 4c 229 ± 23d 204 ± 5c 208 ± 3c 266 ± 30cd

Ash 42.4 ± 7.3b 38.7 ± 9.8ab 57.5 ± 21.7b 70.2 ± 8.5bc 66.3 ± 10.6b 66.9 ± 14.0a 101.5 ± 53.7ab

Ash + Hg 38.5 ± 9.2b 40.0 ± 4.4b 46.1 ± 7.0ab 96.8 ± 18.0c 73.9 ± 6.5b 93.1 ± 15.5ab 83.0 ± 32.3ab

(NH4)2SO4 23.8 ± 1.5a 24.1 ± 1.6ab 27.0 ± 0.7a 46.7 ± 5.0ab 69.7 ± 16.6b 143.1 ± 19.7b 125.6 ± 36.1bc

(NH4)2SO4 + Hg 26.4 ± 8.5a 28.0 ± 7.4ab 30.3 ± 9.3ab 39.2 ± 5.5ab 40.7 ± 9.8a 56.5 ± 13.9a 70.8 ± 33.6ab

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 27.0 ± 1.0a 30.3 ± 1.0a 33.6 ± 3.6a 55.9 ± 1.0a 50.8 ± 9.3a 64.2 ± 14.0a 34.7 ± 7.8a

Control + Hg 43.6 ± 0.8abc 43.3 ± 10.1ab 45.1 ± 7.0abc 67.4 ± 5.1ab 61.5 ± 6.7a 77.4 ± 8.5ab 37.8 ± 7.1a

Digestate 161 ± 9d 142 ± 23d 169 ± 8d 191 ± 2c 198 ± 25c 189 ± 19c 301 ± 30c

Digestate + Hg 148 ± 9d 176 ± 2e 180 ± 5d 222 ± 10d 223 ± 11c 229 ± 11d 266 ± 81c

Ash 54.9 ± 10.4c 59.4 ± 8.8b 53.2 ± 9.0bc 87.0 ± 14.2b 131.4 ± 42.3b 114.0 ± 23.8b 101.5 ± 34.1b

Ash + Hg 54.4 ± 7.2c 58.6 ± 2.4b 58.9 ± 4.8c 86.0 ± 12.1b 81.9 ± 5.8ab 108.9 ± 0.8b 83.0 ± 69.1a

(NH4)2SO4 27.9 ± 0.5ab 28.5 ± 1.5a 29.0 ± 1.7a 50.3 ± 8.3a 42.8 ± 6.6a 60.9 ± 12.4a 125.6 ± 3.2b

(NH4)2SO4 + Hg 46.5 ± 4.6bc 46.9 ± 5.2ab 42.6 ± 3.2ab 62.4 ± 12.4ab 65.9 ± 6.0a 63.6 ± 2.9a 70.8 ± 5.2a

On the contrary, the extremely high Zn level in the ash
(Table 2) resulted in the significant increase in the extractable
Zn portion of the ash-treated soil regardless of the soil type
(Table 11). A similar pattern was reported for Mg, where the
increase in the extractable Mg portion was more apparent
in Luvisol (Table 4). Whereas in the Luvisol the mobile Mg
contents increased twice after ash application, the mobile
portion of Mg in Chernozem rised only by 10–15%. The low
mobility of micronutrients in various ash samples was also
confirmed by Száková et al. [41].TheK,Mn, and P extractable
levels tended to increase compared to controls (significance of

the differences at 𝑃 < 0.05 was unambiguously proved only
in the case of Mn, see Table 8) but were significantly lower
compared to digestate application, not confirming the high
K leachability from ash samples observed by Steenari et al.
[40]. Although the total S contents added via the individual
treatments were comparable, the mobile portions of ash-
derived S were lower compared to those after the application
of digestate and ammonium sulfate. Ochecová et al. [20]
observed increasing mobile portions of Ca, P, K, Mg, andMn
in the fly ash-treated soil after a 3-yearmodel pot experiment.
However, the effects were significant for the 3–6 fold higher



8 The Scientific World Journal

Table 9: The concentrations of P extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 90.9 ± 6.3a 88.9 ± 24.9a 112.3 ± 33.3a 109.3 ± 7.0a 93.6 ± 7.9a 88.8 ± 11.7a 55.9 ± 6.5a

Control + Hg 85.0 ± 17.9a 88.1 ± 1.9a 108.4 ± 19.0a 127.8 ± 14.3a 91.2 ± 4.7a 98.1 ± 14.1a 79.3 ± 13.9a

Digestate 259.0 ± 50.0b 269.0 ± 49.5b 235.2 ± 63.2b 320.9 ± 60.5b 189.1 ± 23.5b 278.6 ± 30.5b 246.0 ± 59.9b

Digestate + Hg 250.9 ± 62.4b 285.6 ± 28.3b 261.6 ± 40.4b 361.0 ± 14.2b 293.6 ± 12.5c 274.5 ± 51.7b 253.5 ± 51.8b

Ash 107.1 ± 6.2a 102.1 ± 17.1a 101.7 ± 2.9a 130.0 ± 18.1a 115.4 ± 17.5a 98.9 ± 9.2a 123.3 ± 30.4a

Ash + Hg 104.2 ± 7.5a 101.6 ± 5.7a 105.5 ± 6.4a 138.3 ± 11.9a 118.4 ± 28.0a 115.3 ± 6.0a 96.6 ± 19.6a

(NH4)2SO4 96.9 ± 10.0a 91.3 ± 1.7a 93.4 ± 13.1a 110.4 ± 4.8a 94.4 ± 1.2a 102.2 ± 12.6a 116.8 ± 15.6a

(NH4)2SO4 + Hg 84.3 ± 4.7a 90.2 ± 4.3a 117.9 ± 22.3a 118.7 ± 17.1a 95.4 ± 3.1a 91.8 ± 7.9a 106.5 ± 37.4a

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 62.9 ± 5.8a 61.9 ± 6.3a 61.2 ± 11.1a 70.8 ± 0.6a 65.8 ± 16.3a 56.62.7 ±a 38.9 ± 3.8a

Control + Hg 66.8 ± 9.6a 63.4 ± 0.5a 65.6 ± 10.4a 71.5 ± 8.6a 62.3 ± 1.7a 67.4 ± 5.7a 43.7 ± 12.0a

Digestate 323.7 ± 26.2b 210.2 ± 67.6b 203.4 ± 58.7b 323.4 ± 14.3b 290.3 ± 30.1b 245.8 ± 56.8b 254.0 ± 24.0c

Digestate + Hg 329.6 ± 82.9b 286.5 ± 40.6b 246.3 ± 77.2b 350.0 ± 44.8b 348.6 ± 90.4b 262.2 ± 28.7b 130.7 ± 48.9b

Ash 85.0 ± 5.3a 84.4 ± 8.8a 80.5 ± 13.1a 90.6 ± 14.1a 92.6 ± 7.4a 78.3 ± 4.8a 55.6 ± 6.0a

Ash + Hg 76.4 ± 6.3a 73.7 ± 4.7a 75.8 ± 3.6a 90.7 ± 12.4a 81.4 ± 2.5a 86.5 ± 4.0a 68.7 ± 1.6a

(NH4)2SO4 61.3 ± 1.1a 58.3 ± 3.6a 57.3 ± 4.0a 69.1 ± 8.2a 59.4 ± 4.8a 59.3 ± 4.2a 60.6 ± 9.2 a

(NH4)2SO4 + Hg 60.4 ± 1.6a 72.9 ± 13.7a 59.6 ± 2.8a 69.5 ± 1.2a 63.3 ± 4.1a 58.8 ± 2.5a 58.7 ± 0.6a

Table 10: The concentrations of S extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 8.8 ± 1.0a 9.7 ± 0.9a 12.3 ± 5.6a 14.9 ± 5.0a 17.7 ± 2.1a 16.1 ± 4.1a 10.0 ± 2.7a

Control + Hg 9.3 ± 0.6a 9.6 ± 0.6a 9.6 ± 1.5a 13.0 ± 2.4a 15.1 ± 4.3a 15.2 ± 3.7a 15.5 ± 4.6a

Digestate 255.0 ± 114.1bc 199.5 ± 54.8b 129.0 ± 31.7b 89.7 ± 21.3ab 66.1 ± 3.5ab 132.2 ± 52.9ab 211.3 ± 93.9bc

Digestate + Hg 141.4 ± 30.4b 221.6 ± 29.6b 162.7 ± 46.2b 198.1 ± 63.6ab 91.6 ± 6.7ab 136.4 ± 49.1ab 307.6 ± 110.8cd

Ash 138.1 ± 37.6b 140.8 ± 32.9b 143.9 ± 33.0b 153.8 ± 37.3ab 168.1 ± 12.0b 165.4 ± 16.1ab 201.9 ± 62.7bc

Ash + Hg 138.2 ± 20.2b 158.9 ± 7.5b 155.2 ± 21.9b 243.6 ± 41.8ab 192.6 ± 3.3b 205.0 ± 28.7b 202.5 ± 54.7bc

(NH4)2SO4 344.0 ± 82.0c 494.3 ± 153.6c 454.5 ± 79.6c 602.6 ± 145.5c 483.6 ± 55.2c 528.4 ± 91.7c 519.6 ± 104.6e

(NH4)2SO4 + Hg 366.3 ± 66.7c 445.8 ± 94.6c 386.7 ± 13.1c 660.6 ± 189.3c 483.2 ± 162.3c 766.5 ± 78.7d 429.7 ± 123.6de

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 4.6 ± 1.0a 4.9 ± 1.0a 5.3 ± 1.1a 8.6 ± 2.3a 11.1 ± 3.6a 11.8 ± 6.3a 9.2 ± 3.3a

Control + Hg 5.0 ± 1.0a 4.7 ± 0.3a 5.7 ± 0.4a 9.8 ± 6.1a 11.4 ± 5.5a 10.2 ± 4.9a 7.0 ± 0.6a

Digestate 296.4 ± 27.4bc 221.6 ± 27.5bc 275.5 ± 32.2bc 420.5 ± 122.4cd 329.1 ± 62.0cd 220.3 ± 121.1b 264.9 ± 101.4b

Digestate + Hg 273.2 ± 55.6bc 205.9 ± 19.7bc 234.2 ± 46.2bc 229.7 ± 48.9bc 80.3 ± 26.6ab 94.9 ± 11.1ab 362.5 ± 93.2b

Ash 183.2 ± 75.2b 183.2 ± 20.0b 214.5 ± 64.0b 208.2 ± 15.6b 223.6 ± 13.8bc 198.3 ± 14.0b 151.0 ± 27.1b

Ash + Hg 134.5 ± 21.6b 131.6 ± 11.8b 152.8 ± 21.2b 219.1 ± 27.2bc 233.4 ± 34.5bc 228.7 ± 40.6b 203.4 ± 36.8b

(NH4)2SO4 443.5 ± 96.3c 403.0 ± 96.0c 466.6 ± 87.8c 590.4 ± 130.9d 430.3 ± 97.5d 505.2 ± 108.6c 570.8 ± 118.5c

(NH4)2SO4 + Hg 536.1 ± 61.6c 564.1 ± 30.2c 541.0 ± 78.0c 687.8 ± 87.9e 560.1 ± 24.8e 564.4 ± 72.6c 701.8 ± 31.8c

ash rate compared to our experiment. Thus, the increase of
mobile nutrient contents in soils will manifest at higher ash
rates compared to our experiment.

The interrelationships between soil Hg and other soil
element contents described by Reis et al. [14] indicate that the
presence ofHg in themobile phase could be related toMnand
Al soil contents. Furthermore, an antagonistic effect of Mn
againstHg is suggested.Our data tended to increase ofmobile
Mn contents during the incubation (Table 8) as related
to decreasing mobile Hg (Figure 1). Similarly, Sierra et al.

[42] observed negative significant correlation between the
available Mn in the rhizosphere and Hg content in plants.
On the contrary, S content contributed to Hg retention in
the soil matrix, reducing the mobility of the metal [14]. In
our case, the changes of Hg mobility in soils (Figure 1) did
not reflect the changes in mobile portion of S during the
incubation experiment (Table 10). In contrast, the presence
of sulfates seems to favor Hg uptake by the plant. There
was a positive significant correlation between the sulfate
concentration in the rhizosphere and the Hg within the
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Table 11:The concentrations of Zn extractable with 0.11mol L−1 acetic acid within the incubation experiment (mg⋅kg−1); the averages marked
by the same letter did not significantly differ at 𝑃 < 0.05 within individual columns; data are presented as mean ± standard deviation (𝑛 = 3).

Chernozem Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 1.34 ± 0.07a 1.37 ± 0.08a 0.87 ± 0.03a 1.57 ± 0.19a 1.42 ± 0.40a 1.32 ± 0.26a 0.59 ± 0.02a

Control + Hg 1.43 ± 0.29a 1.27 ± 0.06a 0.88 ± 0.15a 1.36 ± 0.19a 1.28 ± 0.08a 1.28 ± 0.16a 0.97 ± 0.33a

Digestate 6.56 ± 0.81a 6.69 ± 1.21a 6.02 ± 1.11a 9.02 ± 0.93a 7.44 ± 0.26a 11.06 ± 1.22a 12.51 ± 1.37a

Digestate + Hg 5.23 ± 1.36a 5.74 ± 0.82a 5.21 ± 0.84a 7.76 ± 0.34a 6.69 ± 0.26a 7.89 ± 0.17a 9.98 ± 1.51a

Ash 109.3 ± 23.2b 52.1 ± 20.0b 85.8 ± 21.8b 93.9 ± 23.7b 102.9 ± 12.2b 77.2 ± 17.3b 126.6 ± 32.9b

Ash + Hg 52.6 ± 25.8b 47.1 ± 10.4b 81.5 ± 21.4b 153.8 ± 25.7c 108.5 ± 31.6b 137.6 ± 22.4c 154.3 ± 28.8b

(NH4)2SO4 1.57 ± 0.29a 1.55 ± 0.15a 1.12 ± 0.09a 1.67 ± 0.07a 1.66 ± 0.20a 2.29 ± 0.27a 2.27 ± 0.32a

(NH4)2SO4 + Hg 1.65 ± 0.26a 1.39 ± 0.08a 1.15 ± 0.18a 1.44 ± 0.13a 1.45 ± 0.13a 1.56 ± 0.06a 5.02 ± 0.35a

Luvisol Day 1 Day 2 Day 3 Day 4 Day 7 Day 14 Day 21
Control 2.66 ± 0.10a 2.92 ± 0.19a 2.46 ± 0.21a 3.45 ± 0.19a 3.21 ± 0.12a 3.15 ± 0.10a 2.02 ± 0.39a

Control + Hg 2.94 ± 0.06a 2.99 ± 0.30a 2.64 ± 0.15a 4.84 ± 2.17a 3.05 ± 0.04a 3.26 ± 0.06a 2.41 ± 0.89a

Digestate 11.58 ± 0.67a 8.13 ± 2.02a 8.53 ± 1.57a 14.04 ± 0.43a 13.07 ± 0.99a 12.49 ± 1.14a 14.68 ± 1.98a

Digestate + Hg 9.02 ± 1.29a 8.33 ± 1.04a 7.86 ± 0.69a 10.24 ± 0.52a 9.98 ± 0.73a 11.85 ± 1.90a 6.81 ± 4.38a

Ash 181.6 ± 30.7b 172.9 ± 28.8b 161.4 ± 32.8b 164.6 ± 31.0b 214.2 ± 24.5c 155.6 ± 25.8b 115.8 ± 23.0b

Ash + Hg 112.4 ± 31.8b 92.2 ± 12.3b 121.1 ± 23.3b 165.8 ± 34.6b 162.6 ± 4.6b 201.9 ± 35.7b 230.9 ± 38.7c

(NH4)2SO4 3.05 ± 0.18a 3.16 ± 0.73a 2.65 ± 0.04a 3.74 ± 0.21a 3.38 ± 0.13a 3.98 ± 0.50a 4.39 ± 1.42a

(NH4)2SO4 + Hg 3.37 ± 0.24a 3.17 ± 0.28a 2.95 ± 0.24a 4.18 ± 0.08a 3.18 ± 0.31a 3.44 ± 0.07a 3.46 ± 0.35a

aerial and root parts of plants [42]. However, only total
S extracted with the 0.11mol L−1 solution of CH

3
COOH

was determined by the ICP-OES and a portion of mobile
sulfates in the extract was not determined in our case
and requires further research. The competition between Hg
and Cu and Hg and Zn in soils described by Jing et al.
[19] was not confirmed in our case. For Fe, Mehrotra and
Sedlak [43] and Rhoton and Bennett [44] highlighted Hg
immobilization via sorption and/or the complexation of Hg
with Fe compounds in soil. This statement seems to be
confirmed for Chernozem, whereas the opposite pattern was
observed in Luvisol. In Chernozem, the mobile portions of
Fe decreased significantly after digestate application on the
Hg amended samples compared to the unamended ones.
In Luvisol, the mobile Fe contents increased in the Hg +
digestate amended samples since 2nd day of incubation with
maximum at 7th day suggesting competitive relationships of
Fe and Hg in this case. The complexity of Hg sorption on
Fe/Mn oxides was documented by Liang et al. [45], where
the role of amorphous/crystalline Fe and Mn hydroxides,
humic acids content, and also chlorine concentrations were
mentioned. Šı́pková et al. [46] observed a negative correlation
betweenHg content bound to the humic acids and the content
of Mg, Mn, and Fe. Therefore, the more detailed information
concerning soil components, humic acid portions in the
digestate, as well as the importance of the application of
HgCl
2
compared to the other Hg compounds remains to be

elucidated in further research.

4. Conclusions

Although the response of Hg contaminated soils in different
ameliorative materials was affected by the individual param-
eters of the soils, especially by the different soil sorption

capacity and organic matter contents in these soils, digestate
proved to be the most effective for the immobilization of
Hg in soil. Contrary to the other S-bearing measures such
as wood fly ash and ammonium sulfate, in the case of
digestate, the Hg immobilizing effectiveness resulted from
the cooperation of various factors such as S and organic
matter content. Moreover, the digestate application can result
in an improvement in the macro- and micronutrient status
of the soil, where mobile and theoretically plant-available
portions of these elements increased in particular. Thus,
the field application of organic matter-rich biowaste such as
digestate seems to be reasonable for the disposal of this type
of material, leading to a decreased environmental risk of Hg
contamination in soil.
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Project P503/12/0682, ESF and MŠMT Project no. CZ.1.07/
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[10] M. Linde, I. Öborn, and J. P. Gustafsson, “Effects of changed
soil conditions on the mobility of trace metals in moderately
contaminated urban soils,” Water, Air, and Soil Pollution, vol.
183, no. 1–4, pp. 69–83, 2007.

[11] A. Yao, R. Qiu, C. Qing, S. Mu, and E. J. Reardon, “Effects of
humus on the environmental activity of mineral-bound Hg:
influence on Hg plant uptake,” Journal of Soils and Sediments,
vol. 11, no. 6, pp. 959–967, 2011.

[12] Y. Yang, L. Liang, andD.Wang, “Effect of dissolved organicmat-
ter on adsorption and desorption of mercury by soils,” Journal
of Environmental Sciences, vol. 20, no. 9, pp. 1097–1102, 2008.

[13] G. J. Zagury, C.-M. Neculita, C. Bastien, and L. Deschênes,
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Soils contain much of Earth’s terrestrial organic carbon but are sensitive to land-use. Rangelands are important to carbon dynamics
and are among ecosystems most widely impacted by land-use. While common practices like grazing, fire, and tillage affect soil
properties directly related to soil carbon dynamics, their magnitude and direction of change vary among ecosystems and with
intensity of disturbance. We describe variability in soil organic carbon (SOC) and root biomass—sampled from 0–170 cm and 0–
100 cm, respectively—in terms of soil properties, land-use history, current management, and plant community composition using
linear regression and multivariate ordination. Despite consistency in average values of SOC and root biomass between our data
and data from rangelands worldwide, broad ranges in root biomass and SOC in our data suggest these variables are affected by
other site-specific factors. Pastures with a recent history of severe grazing had reduced root biomass and greater bulk density.
Ordination suggests greater exotic species richness is associated with lower root biomass but the relationship was not apparent
when an invasive species of management concern was specifically tested. We discuss how unexplained variability in belowground
properties can complicate measurement and prediction of ecosystem processes such as carbon sequestration.

1. Introduction

Soils constitute the greatest stock of terrestrial organic carbon
[1] and soil properties can be affected by land-use and man-
agement [2, 3]. Globally, approximately one-quarter of the
potential carbon sequestration in soils occurs in rangelands
[4]. Rangelands are also one of the most widespread human-
impacted biomes on Earth [5], making their role in carbon
sequestration sensitive to land-use and climate change [6, 7].

The effects of grazing and fire, specifically, can be varied
and opposing. In rangeland, grazing can increase bulk density
[8, 9] and has a neutral or negative effect on soil organic car-
bon (SOC) [10–12]. Likewise, grazing can either increase or
decrease root production [13, 14]. Fire increases root growth

in tallgrass prairie [13, 15], but across fire-adapted ecosystems
the effect of fire on soil carbon varies with severity and tem-
poral scale [16–19]. Temporal scale is especially important to
SOC because although SOC can decline over just a few years,
SOC accumulation occurs on the scale of decades [20, 21].

Vegetation affects soil carbon stocks by depositing organ-
ic matter in the soil. Two major pathways of organic matter
input—root tissue and exudates—directly involve plants [22].
Roots contribute to SOC pools through rhizodeposition [23]
and the longer residence time of carbon from root tissue
than shoot tissue [24]. Abiotic factors can also affect root
growth and SOC. Soil clay content has been associated with
greater SOC inmany soils [25–27]. Bulk density can limit root
growth and decrease SOC [28, 29].
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Vegetation changes that affect organic matter input deep
in the soil profile have an important impact on carbon
dynamics. For instance, invasive deep-rooted, warm-season
(C
4
) grasses can increase carbon sequestration by increasing

organic matter deposition deep in the soil profile [30]. Con-
versely, the invasion of shallow-rooted, cool-season (C

3
)

grasses might reduce soil carbon because cool-season grasses
contribute less root tissue than native warm-season grasses
deep in the soil profile [31, 32] despite greater root biomass
near the soil surface [33].

Carbon dynamics deep in the soil profile are especially
important but infrequently studied. Increasing the consid-
ered depth from 100 cm to 300 cm increases the global SOC
budget by 56% [34]. Carbon deeper in the soil profile is sub-
ject to different soil structure, chemistry, and biotic activity,
which might contribute to greater carbon sequestration [35].

We studied the effect of grazing history, prescribed fire,
and the invasion of an exotic C

3
grass on root biomass and

SOC in rangeland managed with fire and grazing in the
tallgrass prairie region of central NorthAmerica.We describe
variability in SOC and root biomass—sampled from 0–
170 cm and 0–100 cm, respectively—in terms of soil proper-
ties, land-use history, current management, and plant com-
munity composition using linear regression and multivariate
ordination methods. We expected pastures with a recent
history of severe grazing to have less root biomass and lower
SOC.We also expected plots with greater abundance of exotic
C
3
invasive species to have less root biomass. Finally, we

expected to associate belowground properties with variation
in aboveground plant community composition.

2. Methods

2.1. Study Location and Site History. Our research was con-
ducted in conjunction with ongoing research in the Grand
River Grasslands, a 30,000 ha working landscape in Ringgold
County, IA, andHarrisonCounty,MO [36]. Study tracts were
initially identified as having medium to high potential for
prairie conservation and restoration, based on the observed
presence of native species indicating parcels of remnant
prairie (The Nature Conservancy, unpublished data). When
the Grand River Grasslands research project began in 2006, a
pretreatment vegetation survey of potentially-remnant tracts
confirmed a high incidence of native plant species as well as
a range of invasion by nonnative plants [37].

Tracts were identified by historical grazing management.
Grazing historieswere reconstructed through interviewswith
current and formermanagers; four of the tracts were reported
ungrazed for at least six years prior to the beginning of the
study while five had been grazed by cattle (Bos taurus) at
high stocking rates (ca. 15 animal unit months/ha) (Table 1)
[37, 38]. At the time of this study, tracts were assigned to treat-
ments for the purposes of a fire and grazing experiment that
divided the tracts into moderately grazed and ungrazed [39].
We did not expect these recent changes in management to
affect belowground soil and root properties (although the
effect was tested as part of multivariate analyses, see below).
However, because fire has been shown to reduce belowground

biomass in tallgrass prairie, for example [15], we did record
time-since-fire for each patch for inclusion in our analyses.

2.2. Sample Collection and Analysis. As part of ongoing
research in these tracts, six modified Whittaker plots per
pasture were located with respect to soil series as described
by McGranahan et al. [37, 40]. All study tracts were classified
to the Gara-Armstrong-Pershing association [41]. Two soil
series—Gara loam and Armstrong loam (Fine-loamy, mixed,
superactive, mesic Mollic Hapludalf, parent material: glacial
till; and Fine, smectitic, mesic Aquertic Hapludalf, parent
material: loess over palesol formed in glacial till, respectively
[41])—dominated the study tracts, andwithin each tract three
plots were located within each soil series. Slopes spanned
three classifications (C, D, and E) and ranged from 8 to 35%.

In June 2010, we located 31, 500m2 modified Whittaker
plots (permanently-located vegetation survey plots estab-
lished in 2006 for estimation of canopy cover [37, 42]) across
six tracts in the Grand River Grasslands. Although each tract
has six permanent plots, some plots were not accessible by
the heavy equipment required for soil sampling. At each plot,
we sampled the abundance of tall fescue by recording canopy
coverage from 10, 0.5m2 quadrats according to the Dauben-
mire [43] canopy cover index. We used the mean canopy
cover of these 10 quadrats to represent tall fescue abundance
in our analyses.

We extracted four adjacent 7.5 cm diameter soil cores
from the approximate center of each vegetation plot with
a vehicle-mounted hydraulic Giddings probe. Three, 100 cm
cores were analyzed for root biomass at 20 cm intervals to
determine rooting depth. Twenty-centimeter sections of each
core were soaked overnight in a 1% solution of sodium hex-
ametaphosphate (Calgon) [14].We separated root tissue from
soil particles with a sieve and bucket arrangement similar
to Lauenroth and Whitman [44]: water was flushed through
each soaked core section in a 10mesh sieve mounted atop a
19L bucket. Mineral material sank in the bucket while root
tissue that passed through the 10mesh sieve floated and was
collected in a 40mesh sieve. Root tissue was collected with
tweezers from remaining particles in the sieve and dried for
48 hours at 45∘C, with root biomass expressed as mass per
unit area [31, 32].

The fourth soil core was sampled to 170 cm and analyzed
for soil organic carbon (SOC) at varying depth intervals:
10 cm intervals, 0–60 cm; 20 cm intervals, 60–140 cm, and a
30 cm interval from 140 to 170 cm. To standardize depth inter-
vals when making comparisons with root biomass—which
was sampled 0–100 cm in 20 cm increments—we summed
10 cm incremental SOCdata from the top 0–60 cm into 20 cm
increments. These cores were air-dried and stored unsealed.

Prior to laboratory analysis, the fourth core from each
plot was also analyzed for variables thatmight affect root pen-
etration, including clay content and bulk density in 20 cm
increments, depth to argillic and gleyed horizons (which
indicate clay accumulation and anoxic conditions, resp.),
and depth to an observable plow layer. Based on previous
experience with these similar soil series, A. Daigh identified
potentially root-limiting thresholds for clay content (27%)
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Table 1: Summary of historical (2000–2006) and 2010 grazing management information and tall fescue abundance (as percent canopy cover)
for six pastures in theGrandRiverGrasslands of RinggoldCounty, IA, andHarrisonCounty,MO,USA. Severe grazing refers to approximately
15 animal unit months/ha [37].

Pasture Grazing Tall fescue canopy cover (%)
Historical Current Minimum Mean (±se) Maximum

Lee Trail Not recently grazed Moderately grazed 13 35 (±8) 61
Pawnee Not recently grazed Ungrazed 0 <1 <1
Pyland North Recently severely grazed Moderately grazed 38 59 (±7) 75
Pyland South Recently severely grazed Moderately grazed 20 37 (±5) 53
Pyland West Recently severely grazed Moderately grazed 17 50 (±8) 63
Ringgold North Not recently grazed Ungrazed 0 <1 1

and bulk density (1.4 g/cm3) and for each core determined the
depth at which the root-limiting layer was first observed.

Because our study considered only organic carbon, we
tested for and eliminated any inorganic carbon fraction from
soil samples. Total carbon and inorganic carbon was deter-
mined by the Iowa State University Plant and Soil Analysis
Lab, Ames, IA, USA, using the dry combustion and modified
pressure calcimetermethods. pHwas determinedwith a glass
electrode in a 1 : 1 soil to water suspension. Composite sam-
ples from each depth interval were analyzed for total carbon
and pH. For samples <7.0 pH, total carbon was assumed to
equal organic carbon. Samples ≥7.0 pH were reanalyzed for
inorganic carbon, which, when subtracted from total carbon,
gives the organic carbon fraction. Prior to submission to the
lab, we determined soil bulk density via the soil core method
to calculate soil organic carbon on a volumetric rather than
gravimetric basis, the standard for reporting and comparing
soil carbon data globally, for example [34].

2.3. Data Analysis

2.3.1. Belowground Properties and Land-Use. To determine
the relationship between soil variables (root mass, SOC, and
bulk density) and land-use variables (grazing history, time-
since-fire, and tall fescue cover) we constructed linear mixed
effect regression (LME) models with the lmer function in the
lme4 package (version 1.0-5) for the𝑅 statistical environment
(version 3.0.2) [45, 46]. Response variables included both
whole core root biomass (0–100 cm) and surface biomass (0–
20 cm); whole core SOC (0–170 cm), surface SOC (0–20 cm),
and surface percent SOC (0–10 cm); and surface bulk density
(0–20 cm). We also compared total SOC, percent SOC, and
root mass in the top 0–20 cm against clay content and bulk
density (0–20 cm) and tested for a correlation between bulk
density and clay content.

In lieu of 𝑃 values as a measure of statistical significance,
we estimated 95% confidence intervals for grazing history
and tall fescue cover using the simulation method developed
by Nakagawa and Cuthill [47], which compares 1000 sim-
ulations of the LME model to empirical response variable
data. To test the goodness-of-fit of themixed-effect regression
model we calculated a coefficient of determination (𝑅2) with
a custom rsquared.lme function following Nakagawa and
Schielzeth [48]. The rsquared.lme function extracts variance
components from the lme model and calculates marginal 𝑅2

values that represent the goodness-of-fit for the fixed-effect
term.

2.3.2. Multivariate Analysis of Soil, Root, and Vegetation Data.
We used ordination to identify patterns among root mass,
SOC, and soil properties data. We performed a Principal
Components Analysis (PCA) with an unconstrained model
using the rda function in the veganpackage (version 2.0-7) for
the 𝑅 statistical environment [49]. We tested several physical
andmanagement-related factors against the ordination using
the envfit function in vegan; these variables included tall
grazing history, tall fescue cover, current grazing treatment,
soil series, and slope of sampled plot.

We also used ordination to test for association between
plant community composition and variation in soil and
root properties. First, we extracted the principal components
(PCs) from the PCA of soil and root data. Together, the PCs
represent composite variables that each account for a propor-
tion of variation in the root/soil dataset; as PCs are added the
proportion of variation explained by the composite variables
accumulates. We sought to include as many PCs as necessary
to account for at least 70% of variation in the soil/root data.

Second, we set the PCs as constraints in a Constrained
Analysis of Proximities (function capscale in vegan), which
performs a constrained ordination based on a user-defined
distance metric and is similar to the unconstrained ordi-
nation Multi-Dimensional Scaling. For plant community
data we used the 2006 pretreatment vegetation survey [37]
and used the Canberra distance metric. As applied here,
the constrained ordination first describes variation in plant
community composition along defined axes—in this case,
the composite variables of soil/root data represented by
the PCs—then proceeds to explain remaining variation via
unconstrained ordination. To determine how useful the soil/
root composite variables were in describing variation in plant
community composition, we compared an unconstrained
ordination of the vegetation data to the constrained ordina-
tion model using the anova function.

3. Results and Discussion

3.1. Relationship between Belowground Properties and Depth.
Root biomass and SOC decreased rapidly with depth
(Figure 1). Bulk density generally increased with depth;
wide variation in samples from the 60 to 80 cm increment
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Table 2: Descriptive statistics for soil organic carbon (SOC) and root biomass from 31 vegetation plots across five study tracts in the Grand
River Grasslands of Ringgold County, IA, and Harrison County, MO, USA.

Variable Minimum Mean Maximum
Total SOC in 170 cm profile (kg/m2) 11.4 16.8 27.4
Percent of total SOC in top 20 cm 21.5% 37.2% 51.4%
Percent of total SOC in top 40 cm 28.8% 56.9% 71.5%
Percent of total SOC in top 100 cm 38.0% 81.9% 96.9%
Total root biomass in 100 cm profile (mg/cm2) 53.6 102.0 212.4
Percent of total root biomass in top 20 cm 33.1% 69.8% 96.5%
Percent of total root biomass in top 40 cm 52.8% 80.5% 98.0%
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Figure 1: Root biomass, soil organic carbon (SOC), and bulk density for six tallgrass prairie pastures in the Grand River Grasslands of
Ringgold County, IA, andHarrisonCounty,MO,USA, plotted by depth (0–170 cm) and grazing history. SeeMethods for sampling procedures
including depth intervals.

(Figure 1(c)) reflects a low-density sand lens (likely an iso-
lated/local variation in the glacial till) in a subset of samples.
Across all plots, the 0–20 cm increment of the soil profile
contained the greatest root biomass and SOC (Table 2). In
these soils, sampling to 100 cm increased SOC stock and root
biomass by an average of 45% and 40%, respectively, when
compared to amounts contained in the top 20 cm of the
profile. For SOC, extending the sampling depth to 170 cm
increased the estimate of SOC stock in the profile by an
average of 63%. Deep sampling clearly increases the amount
of organic carbon and root biomass accounted for under these
grasslands.

In terms of vertical distribution, root biomass and SOC
tended to be concentrated in the upper portion of the soil
profile, a pattern consistent with other work. On average,
we found 81% of root biomass in the top 40 cm of the soil
profile (Table 1), similar to the 83% average for the top 30 cm

of temperate grassland worldwide [50]. In another global
review, Jobbágy and Jackson [34] report 70% of root biomass
concentrated in the 0–20 cm increment and an additional
17% in the 20–40 cm increment, which is congruous with our
mean values of 70% and 11%, respectively. Regarding SOC,
Jobbágy and Jackson [34] report an average total of 16 kg/m2
for the top 200 cm in temperate grasslands worldwide, very
near the 17 kg/m2mean reported here. Broken down by depth
increments, Jobbágy and Jackson [34] report an average of
42% of SOC distributed in the 0–20 cm increment and 23%
in the 20–40 cm increment, again consistent with our values
of 37% and 20%, respectively.

3.2. Land-Use versus Natural Variation in Belowground Prop-
erties. Our data indicate that previous grazing management
has affected both belowground and aboveground properties
of these grasslands. Pastures with a recent history of severe
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Table 3: Results of six multiple linear mixed effect regression models each comparing response variables against tall fescue abundance and
grazing history as independent variables (fixed effects). Lower and upper bounds define simulated 95% confidence intervals while 𝑅2 reports
goodness-of-fit for multiple fixed effects.

Response variable Tall fescue Grazing history
𝑅2

Lower Upper Lower Upper
Soil organic carbon

0–20 cm −2.9 20.6 −927 316 0.07
0–100 cm −58 115 −5339 3307 0.01
% 0–10 cm −0.02 0.02 −1.68 0.51 0.10

Root mass
0–20 cm −0.01 0.06 −4.1 −0.9 0.24
0–100 cm −0.01 0.18 −13.7 −3.6 0.28

Bulk density
0–20 cm −0.002 0.002 0.02 0.2 0.22

Table 4: Results of four multiple linear mixed effect regression models each comparing response variables against bulk density and clay
content as independent variables (fixed effects). Lower and upper bounds define simulated 95% confidence intervals while 𝑅2 reports
goodness-of-fit for multiple fixed effects.

Response variable Bulk density Clay content
𝑅
2

Lower Upper Lower Upper
Soil organic carbon

SOC 0–20 cm −2052 1857 −33.5 15.5 0.01
% 0–10 cm −4.8 0.7 −0.03 0.04 0.07

Root mass (0–20 cm) −10.8 2.2 −0.09 0.06 0.06
Bulk density (0–20 cm) −0.006 0.002 0.03

grazing had lower root biomass in both the top 20 cm and
the entire 100 cm profile than other pastures, and greater
bulk density (Table 3). These results indicate both biotic and
abiotic effects of soil compaction associated with intensive
livestock management [11, 13, 51]. That these effects persist
at least five years following the cessation of severe grazing
highlights the influence of land-use legacies on biophysical
properties and ecological pattern and process [52, 53]. Like-
wise, these recently severely-grazed pastures have different
plant community composition, including lower native species
richness and a greater abundance of tall fescue [37, 40].
But tall fescue abundance was associated with neither SOC
nor root biomass (Table 3). Likewise, current management
showed no effect on belowground properties. Specifically,
prescribed fire had no association with root biomass or SOC
in the top 20 cm of the soil profile (95% CI = −2.6–0.7, 𝑅2 =
0.05 and 95% CI = −1407–225, 𝑅2 = 0.06, resp.).

We observed several properties in the upper portion of
the soil column that could physically impair root penetration.
The average depth of the shallowest root-limiting layer was 12
(±2) cm, and it appears to have an association with reduced
root biomass in the top 20 cm of the soil profile (95% CI =
0.01–0.11, 𝑅2 = 0.13), but not percent SOC (95% CI = −0.02–
0.04, 𝑅2 = 0.01). There was no correlation between bulk
density and clay content in the top 20 cm, and neither had
an association with SOC or root biomass at the same depth
(Table 4), contrary to predictions [29].

Nine plots on four of the six pastures showed evidence of
a plow layer, observed at an average depth of 7.7 (±1.5) cm.
These data suggest that cultivation had occurred at some
point since European settlement of the area in the late
19th century, contrary to our previous efforts to document
agricultural histories (interviews withmanagers and searches
through local US Department of Agriculture records) that
presented no evidence of tillage. While historical cultivation
is not surprising and is in fact expected, it is clear that even
land-use activity that occurred long ago and/or briefly in time
can leave a long-lasting imprint on soil. But the long-term
impact of such activity is less clear: the presence of a plow
layer was not associated with differences in bulk density (95%
CI = −0.12–0.07, 𝑅2 = 0.01) or amount of SOC (95% CI =
−284–1005, 𝑅2 = 0.03) in the top 20 cm of soil profiles. For
these pastures, it is possible that tillage occurred so long ago
that soil has since recovered [20].

3.3. Multivariate Analyses of Belowground Properties and
Vegetation. Although the ordination of soil and root data
highlighted several patterns among belowground properties,
we did not observe patterns that indicate associations
between belowground properties, land-use, and vegetation.
The PCA revealed three general trends in variationwithin the
soil and root data along which correlated variables clustered
(Figure 2): one following root biomass, another SOC, and



6 The Scientific World Journal

0.0 0.5 1.0 1.5

0.0

0.5

1.0

1.5

Total SOC

Shallowest layer

A depth

Total root mass

−0.5

−0.5

−1.0

−1.0

Mean root mass 0–20 cm

Mean clay content 0–20 cm
Bulk density 0–10 cm

SOC 0–10 cm
SOC 0–20 cm

%SOC 0–10 cm
%SOC 0–20 cm

%total SOC in 0–20 cm

%total root mass in 0–20 cm

PC
2

PC1

Figure 2: Relationships among 13 belowground properties with
respect to first two Principal Components from Principal Compo-
nents Analysis. For description of plotted text codes and quantified
loadings for each variable, see Table 4.

a third combining clay content and bulk density. Variables
related to SOC loadedmost heavily along PC1 while variables
related to root biomass contributed in greater proportion to
PC2 (Table 5). The first three axes of the PCA accounted for
72% of the variation in belowground properties, but there
was no association between the PCA and factors that might
explain variation in belowground properties, including
historical and current grazing, tall fescue abundance, soil
series, and slope (𝑃 > 0.1). We did not expect current
management to affect either root biomass or SOC given
the low severity and brief time span of the experimental
disturbance regime [18, 54].

Not surprisingly—given the concentration of root bio-
mass and SOC near the soil surface (Table 2)—total root
biomass (0–100 cm) and total SOC (0–170 cm) each clustered
with their respective shallow measures (0–20 cm). These
results suggest that unless a complete accounting of the
carbon budget is required, shallow sampling is sufficient to
characterize root and SOCdynamics throughmuchof the soil
column.

An unexpected result of the multivariate analysis is the
relationship between root biomass and SOC. Whereas we
expected a direct, linear correlation between these two vari-
ables, they in fact occur orthogonal to each other in ordina-
tion space (Figure 2). Both root biomass and SOC variables
appear to have a negative relationship with clay content and
bulk density, although no associations were indicated by
linear regression models (Table 4). The ordination supports
above evidence that deeper root-limiting layers are associated
with greater root biomass and suggests that deeper topsoil (A
horizon) might tend to have greater root biomass and SOC.
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Figure 3: Results of a constrained ordination of plant community
composition using composite variables of belowground properties
created from soil and root PCA. Spiderplots group sampled mod-
ified Whittaker plots by grazing history, thick black arrows show
constraining variables, and thin red arrows overlay plant community
metadata fitted to the ordination (“Native (%)” = proportion of
native species in community, “Native spp.” = native species richness,
and “Exotic spp.” = exotic species richness).

There is evidence that plant community composition is
associatedwith variation in belowground properties. PC1 and
PC2—composite variables from the PCA ordination of mul-
tivariate soil and root data most influenced by 0–10 cm SOC
and 0–20 cm root biomass, respectively (Table 5)—were sig-
nificant terms in the constrained ordination of plant commu-
nity composition (PC1: 𝑃 = 0.01, PC2: 𝑃 = 0.04). Likewise,
the first axis of the constrained ordination was significantly
associated with variation in plant community composition
(CAP1: 𝑃 = 0.005). There appears to be an association
between PC2 and exotic species richness in ordination space
(Figure 3); although PC2 is the axis of secondary variation in
the PCA, it is also the axis most influenced by root biomass.
Thus, these data might suggest a connection between greater
exotic species richness and reduced root biomass, which
supports a pattern seen elsewhere in tallgrass prairie docu-
menting greater root biomass among native species versus
exotic species [32]. But the three constraining axes explained
just 13% of variation in the ordination of vegetation data,
leaving substantial amount of variation in plant community
composition unexplained by belowground properties. As
shown elsewhere, grazing history, tall fescue abundance, and
the ratio of native to exotic species strongly influence plant
community composition in these grasslands [37, 39].
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Table 5: Loadings along first three Principal Components (PC1, PC2, and PC3) for 13 belowground properties measured from six pastures
in the Grand River Grasslands of Ringgold County, IA, and Harrison County, MO, USA. Plotting code refers to plotted text in Figure 2.

Variable type Plotting code Meaning PC1 PC 2 PC3

Soil organic carbon
(SOC)

Total SOC Total mass of SOC in 0–100 cm
column

0.76 −0.54 −0.5

SOC 0–10 cm SOC mass in 0–10 cm 0.98 −0.33 0.63

SOC 0–20 cm SOC mass in 0–20 cm 0.79 −0.37 −0.68

% total SOC 0–10 cm Proportion of total SOC mass in
0–10 cm

0.98 −0.31 0.63

% total SOC 0–20 cm Proportion of total SOC mass in
0–20 cm

1.13 −0.43 0.13

% SOC 0–20 cm % SOC, 0–20 cm 1.12 −0.35 0.12

Root mass
Total root mass Total root biomass in 0–100 cm

column
0.73 0.9 0.07

Mean root mass 20 cm Root biomass in 0–20 cm 0.77 0.91 0.07
% total root mass in

0–20 cm
Proportion of total root biomass

in 0–20 cm
0.7 0.81 0.13

Root limitations

Mean clay content 0–20 cm Average clay content of 0–10 and
11–20 cm intervals

−0.11 −0.22 0.51

Bulk density 0–10 cm Bulk density 0–10 cm −0.43 −0.34 0.21

Shallowest layer
Shallowest depth (cm) of a soil
property expected to limit root

penetration1
0.38 0.47 −0.29

A depth Depth of a horizon (topsoil) 0.81 −0.09 −0.66
1Variables used to determine limitation to rooting depth: clay content = 27%, bulk density = 1.4, observation of argillic or gleyed horizon, or a plow layer.

3.4. Land-Use, Variability, and Ecosystem Processes. Given
that sampling deeper in the soil profile makes important con-
tributions to the global carbon cycle [34], we sampled soil
organic carbon (SOC) and root biomass to 170 cm and
100 cm, respectively, in temperate rangeland soils. Although
on one hand such deep sampling did increase the amount of
soil organic carbon we can account for in this system, on the
other hand our ability to relate these data to ecosystem-level
processes like carbon sequestration is limited by (i) the high
degree of variability we observed in belowground properties
at shallow soil layers and (ii) the lack of pattern between
variability in belowground properties and known land-uses
and plant composition.

Most relevant to carbon budgets, we did not observe any
relationship between vegetation and SOC or root biomass at
any level of the soil profile, let alone at depth. Although the
majority of organic matter is found in the upper strata of the
soil, carbon deep in the soil profile might have a dispropor-
tionately greater influence on the long-term carbon cycle if
deep carbon has a longer residence time than carbon higher
in the profile, for example [55]. Other studies indicate exotic
plants can affect the vertical distribution of root biomass
in native communities [30–32], but greater root biomass in
native grass versus tall fescue stands does not necessarily
lead to increased SOC [56]. Likewise, our results do not
suggest that tall fescue, specifically, affects root biomass or
SOC in these rangelands at either the fine or broad temporal

scales considered here, despite indications of a community-
level association between exotic species richness and reduced
root biomass (Figure 3). If one were to consider the gradient
of invasion/floristic degradation across the study tracts as a
space-for-time substitution, for example [57], one could draw
two conclusions: either invasive species might not reduce
the carbon sequestration potential of these rangelands or the
restoration of native plant dominance does not seem likely to
increase carbon sequestration potential of invaded/degraded
rangeland in the foreseeable future.

4. Conclusion

Although sampling deep into the soil profile substantially
increased estimated stocks of SOC and root biomass in
these rangelands, observed dynamics between soil properties,
management, and plant communities appear restricted to the
upper 20 cm of the soil profile. These results corroborate two
important themes in soil carbon research. First, increasing
the sampling depth contributes to substantially greater soil
organic carbon (SOC) stocks in temperate grassland soils.
Second, vegetation, land-use management, and soil proper-
ties interact to affect soil carbon and root biomass stocks, but
this relationship is not necessarily straightforward. Together,
these results support the claim that rangeland soils are impor-
tant carbon pools but also suggest it is unlikely that rangeland
plant communities can be effectively categorized by their
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carbon sequestration potential without considering biotic
and abiotic factors, even within climate zones and regions.
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The interactions between soil invertebrates and land use and management are fundamental for soil quality assessment but remain
largely unaddressed.The aim of this study was to evaluate the changes in soil arthropod community of an entisol brought about by
different land use systems under semiarid climate in Pernambuco State, Brazil.The soil invertebrate community was sampled using
pitfall traps from areas with eight vegetation types by the end of the austral winter. The land uses studied were native thorn forest
plus seven agricultural fields planted with elephant grass, apple guava, passion fruit, carrot, maize, tomato, and green pepper. Native
vegetation was considered as a reference, whereas the agricultural fields showed a range of soil use intensities. The abundance of
organisms, the total and average richness, Shannon’s diversity index, and the Pielou uniformity index were determined, and all of
these were affected by several crop and soil management practices such as residue cover, weed control, and pesticide application.
Our study found differences in community assemblages and composition under different land use systems, but no single taxa could
be used as indicator of soil use intensity.

1. Introduction

Soil fauna include a large number of species that play a
central role in many essential ecosystem processes [1, 2].
When a natural system is shifted by human activities for
agricultural or forestry purposes, major changes occur in
the soil environment and in the fauna populations and
community. The intensity of the modifications induced by
land use changes compared with the original ecosystem and
the ability of the various soil organisms to adapt to these
changes will determine the ultimate community present after
the perturbation [3].

Agricultural practices can have a dramatic effect upon
soil invertebrate community. Practices generally considered
as beneficial for the soil fauna include the management of
organic matter, particularly the control of the quality or
quantity of plant residues and the absence of soil tillage.
Also crop rotation, fertilization, and liming may also play
an important role in increasing the diversity of soil biota.

The main practices generally considered as having negative
effects on soil biota comprise the use of pesticides, frequent
and deep tillage, inadequate soil cover and poormanagement
of organic residues, physical degradation, contamination, and
pollution [3, 4].

There is a current interest in improving both soil quality
and sustainable land management systems [5, 6]. Intensive
land use can lead to negative impacts on soil quality. While
physical and chemical properties have been demonstrated
to respond slower to changes in soil use and management,
it is widely accepted that soil biological and biochemical
properties and also soil organisms are suitable indicators of
soil quality [4–9].

Macrofaunal organisms have been widely accepted as
indicators of soil quality. This is due to the important role of
fauna regulating processes such as the formation and stability
of soil aggregates, nutrient cycling, and soil aeration. Soil
fauna provides top-down regulation of microbial responses
to soil quality alterations via the regulation of the bacterial
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and fungal food webs in the soil. Other physical processes
such as erosion and filtering can also be affected by soil fauna
[1, 4, 7]. In addition, soil fauna measurements provide some
advantages compared to other biological methods tomeasure
soil quality as they rely on identifying and quantifying species
living in the soil rather than on nonstandardized chemical
analyses.

In particular, soil arthropods have been used as indicators
of soil quality in soils and to compare different management
systems, as they are regulated by anthropogenic impacts.
Frequently, these studies have been done using single taxon
groups, including Acari, Isopoda, Coleoptera, Araneae, or
Collembola [8–10] or integrative quality indices [11, 12].

The interior region of northeastern Brazil is covered
by xeric shrubland and thorn forest, locally referred to as
“Caatinga,” unlike the Atlantic rain forest, which borders
the Atlantic see. The “Caatinga” biome, located between 3∘S
45∘W and 17∘S 35∘W, incorporates about 900,000 km2. This
native vegetation typically consists of small, thorny trees;
herbaceous vegetation only starts growing in the rainy season.
Due to the high demographic density (20–30 inhabitants per
km2) this is one of the most densely populated semiarid
regions of the world.Therefore, there is a pressure to cultivate
as much land as possible. Moreover, agricultural land use
involves a large number of small properties with contrasting
management systems, including irrigated, high input systems
and rainfed, low input systems [13].

Intensive agricultural systems can produce negative
impacts on soils, including a loss of soil quality and bio-
diversity. These aspects should be evaluated as soil fauna
is sensitive to several soil management practices, including
fertilizer use and tillage [14] or land use changes [15, 16]. Soil
fauna is also sensitive to land degradation [17].

In spite of the essential role of arthropods in soil func-
tioning, there is not enough knowledge about how they are
affected by extensive and/or intensive agricultural systems.
In particular, the arthropod community along intensification
gradients has not been studied at the Brazilian Caatinga.
Thus, in this work, we used soil arthropods as a mean to
evaluate the effects of agricultural intensification on soil
quality.

2. Material and Methods

2.1. Study Site, Climate, Soil Type, and Land Use. The study
area was located in Fazenda Nossa Senhora do Rosário,
Pesqueira municipality (Pernambuco, Brazil), at 8∘3417S
and 37∘120W. The average altitude is 610m. The climate in
the region is hot, semiarid, with dry austral summers and
more rainy winters (BShw according to Köppen). Average
annual temperature is 27∘C and average annual rainfall is
600mm. Usually, the rainy season starts in December or
January.

Fazenda Nossa Senhora do Rosário is located on an
alluvial valley (Figure 1). The soils of the studied fields were
entisols, and they were classified as Fluvent and Orthent
at the suborder level, following the Soil Survey Staff [18].
Fluvent and Orthent are equivalent to “Neossoo flúvico” and
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Figure 1: Localization of the studied stands (scale = meters).

“Neossolo Regoĺıtico,” respectively, in the Brazilian Soil Clas-
sification System [19]. General properties of these two soil
types are listed in Tables 1 and 2. Both Fluvent and Orthent
were sandy loam textured. Soil pH at the surface horizon
(0–20 cm) was slightly acid, thus in the desired range for
agricultural soils. Cation exchange capacity (CEC) was low,
as expected for tropical soils, with values of 8,2 Cmol

+
kg−1

and 6,6 Cmol
+
kg−1 for Fluvent and Orthent, respectively.

Organic matter content, however, was much higher for
Orthent than for Fluvent.

In this area, production is carried out by small scale
farmers, owning plots along the river valley. Some fields
are used as forage for cattle, while most fields are subject
to cultivation. The invertebrate community was evaluated
in 8 plots, located within a thorn forest (which was taken
as a reference) and in 7 agricultural fields with different
cultivation systems and vegetation cover. Details about soil
type, land use and soil and crop management of the sites
studied are summarized in Table 3. A soil use intensity index
for each of the studied stands was elaborated based on local
expert knowledge and is also listed in Table 3.

The native forest (Caatinga) is a xeric or even hyperxeric
vegetation with thorny tress as dominant species. In winter
periods the small thorny trees lose their leaves and the
understory merely consists of cacti, thick-stemmed plants,
and arid-adapted grasses, limiting the litter available for soil
biota. During the brief rainy season, however, many annual
plants grow, flower, and produce much more abundant litter
debris.

The agricultural fields studied were cropped with dif-
ferent plant species, including elephant grass (Pennisetum
purpureum, Schumach), apple guava (Psidium guajava, L.),
passion fruit (Passiflora edulis, Sims), carrot (Daucus carota,
L.), maize (Zea mays, Mill.), tomato (Solanum lycopersicum,
Mill.), and green pepper (Capsicum annuum, L.).

2.2. Sampling and Analysis of Active Fauna. Soil fauna was
sampled using the pitfall trap method during a seven-day
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Table 1: Granulometric analysis as a function of depth of the soils studied.

Fluvent (Neossolo Flúvico) Orthent (Neossolo Regoĺıtico)
Depth (cm) Sand (%) Silt (%) Clay (%) Depth (cm) Sand (%) Silt (%) Clay (%)
0–20 64.69 19.78 15.44 0–15 65.68 18.00 16.32
20–40 64.29 18.41 17.30 15–35 60.24 20.56 19.20
40–60 68.39 15.65 15.97 35–70 63.52 15.28 21.20

Table 2: General chemical properties of the soils studied.

Depth
(cm)

Fluvent (Neossolo Flúvico)
pH P Na K Mg Ca H CEC OC OM
H2O mg/dm3 cmolc/dm3 g/kg

0–20 6.2 100 0.14 0.25 1.7 2.8 3.31 8.20 0.24 0.42

Depth
(cm)

Orthent (Neossolo Regoĺıtico)
pH P Na K Mg Ca H CEC CO MO
H2O mg/dm3 cmolc/dm3 g/kg

0–20 6.5 41 0.09 0.28 0.85 1.85 3.51 6.58 4.36 7.52
(CEC = cation exchange capacity; OC = organic carbon; OM = organic matter).

Table 3: Location, soil type, and soil and crop management of the studied natural and agricultural stands.

Coordinates Altitude Soil type
(SSA)

Soil type
(BSCS) Vegetation Tillage and soil

cover
Weeds at
sampling Irrigation Pesticides Soil use

intensity
8∘2338.84S
36∘5134.52W 634m Fluvent Neossolo

Flúvico
Natural vegetation
(Caatinga Biome)

Uncultivated,
soil 100% covered — No No 0

8∘2347.26S
36∘5135.56W 611m Fluvent Neossolo

Flúvico

Elephant grass
(Pennisetum
purpureum)

Established 2 years
ago, periodic grass

mow
— No No 1

8∘2352.93S
36∘5139.19W 612m Fluvent Neossolo

Flúvico
Apple guava

(Psidium guajava)

Established 3 years
ago, soil 100%

covered
Yes No No 1

8∘2346.59S
36∘5133.15W 613m Fluvent Neossolo

Flúvico
Passion fruit

(Passiflora edulis)

Six months fallow,
between lines
coverage

No Drip No 2

8∘2358.23S
36∘5139.06W 621m Orthent Neossolo

Regoĺıtico
Carrot

(Daucus carota)

Plowing and disk
harrow, soil partially

covered
Yes Drip Yes 3

8∘2354.43S
36∘5137.35W 615m Orthent Neossolo

Regoĺıtico Maize (Zea mays)
Plowing and disk

harrow, soil partially
covered

No Aspersion Yes 3.5

8∘2341.19S
36∘5137.54W 610m Fluvent Neossolo

Flúvico

Tomato
(Solanum

lycopersicum)

Plowing and disk
harrow, uncovered

between lines
No Drip Yes 5

8∘2345.61S
36∘5135.89W 610m Fluvent Neossolo

Flúvico

Green Pepper
(Capsicum
annuum)

Plowing and disk
harrow, uncovered

between lines
Yes Drip Yes 5

(SSA = Soil Survey Staff; BSCS = Brazilian Soil Classification System).

period, from 22 to 29 August, 2013. Average temperature
during the sampling period was 21.5∘C (average maxima
28.2∘C and average minima 16.0∘C). Due to high evaporation
rates the soil was dry, even if two significant rainfall events
were recorded before starting field fauna sampling; these
events occurred on 1 August (20mm) and on 19 August
(10mm). Pitfall traps were made of plastic (9 cm height ×
8 cm diameter) [20]. Five traps were installed per land use.
Each trap remained active for a week. The glass was set flush

with the soil surface and contained 200mL of formaldehyde
(4%). The content of each glass was emptied afterwards in
the field into a container, which was completed with 70%
alcohol for preservation of the specimens.

Each sample was processed in the laboratory, separating
and classifying the arthropods. All the adult and juvenile
specimens were classified to the order level using a binocular
microscope and taxonomic keys, with some exceptions.
Within the order Hemiptera, the suborder Heteroptera was
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separated from the suborders Auchenorrhyncha and Sternor-
rhyncha. Acari was considered as an order. The total number
of individuals were first counted per pitfall and taxa studied.

The data were also converted into number of individ-
uals per trap per day. This parameter indicates the fauna
abundance and was calculated for each taxonomic group
and for the total arthropod community sampled. Aside from
abundance, diversity of soil fauna was evaluated using the
following ecological indices: mean richness (mean number
of taxa trapped per pitfall and land use), total richness (total
number of taxa trapped per land use, regardless of trap),
Shannon diversity index and Pielou equitability (or evenness)
index.

The Shannon-Weaner index was obtained as

𝐻 = −∑𝑝𝑖 ⋅ log 2 ⋅ 𝑝𝑖, (1)

where 𝑝𝑖: 𝑛𝑖/𝑁; 𝑛𝑖 is number of individuals per trap per
day for each of the orders studied (Ind⋅arm⋅dia−1), and 𝑁
is sum of individuals per trap per day. This index describes
the diversity as a weighted geometric mean of the relative
distribution of abundance of the individuals between the
groups sampled.

The Pielou evenness index is indicative of the uniformity
of soil fauna for each land use and is calculated as follows:

𝑈 =
𝐻

log 2𝑆
, (2)

where𝐻 is Shannon index and 𝑆 is remaining groups present
in treatments.

This index quantifies how equal the community is
numerically. Close relative abundance of the studied taxa is
indicated by high values of Pielou index.

The Kolmogorov-Smirnov test was applied to assess the
normality of the distribution of the data sets. Data were
log-transformed to meet the requirements for parametric
statistical tests. Only those arthropod groups that met the
statistical assumptions were analyzed. Thus, the groups ana-
lyzed were available in high numbers. Moreover, most of
the taxa were not assessed adequately with pitfall traps and
were excluded from further analyses. As an example, flying
organisms are trapped with different techniques depending
on their behavior (e.g., stick and pheromone traps).

We used a one-way ANOVA to investigate the effects of
land use intensification on the densities of soil surface-active
arthropods. Differences between groups were assessed using
the Tukey test.

3. Results and Discussion

All together, 6340 specimens were collected by pitfalls during
the sampling period of seven days. They were grouper per
land use and taxonomic group (Table 4). The total number
of individuals trapped per land use showed wide differences.
The largest arthropod community was found under apple
guava (3224 individuals), but carrot (959 individuals) and
green pepper (974 individuals) also showed much larger
fauna recovery than other land uses. The smallest arthropod
communitieswere collected undermaize (59 individuals) and

tomato (95 individuals). Under native forests 286 individ-
uals were trapped, which is mostly comparable to elephant
grass (330 individuals) and passion fruit (213 individuals).
Entomobryomorpha was the dominant taxonomic group
under apple guava (3080 individuals) and green pepper (780
individuals), whereas Poduromorpha prevailed under carrot
(716 individuals).

Several factors may influence the soil invertebrate com-
munity, particularly season, microclimate, soil, and crop
management, and resource availability [16, 17, 21]. With
regard to the season, indeed rainfall might contribute to a
more favorable environment for fauna activity at the semiarid
region of northeast Brazil. In the studied area, however, water
provided by irrigation has to be taken into account.Therefore,
nonirrigated (elephant grass, apple guava, and passion fruit)
and irrigated (passion fruit, carrot, maize, tomato, and green
pepper) stands will show contrasting soil water content
and microclimatic conditions that may influence arthropod
density. Tillage system and soil cover are factor affecting the
organic matter and litter production in agricultural fields
and therefore the food availability for soil fauna. Thus, a
higher litter production is expected under native forest, apple
guava, and passion fruit, because plant residues are left on the
soil surface; the more the litter production, the higher food
availability for soil fauna.

Mainly two crop protection practices are expected to
affect the soil fauna activity: weed control and pesticide
application. At the sampling date weeds had been strictly
excluded from passion fruit and tomato fields, because these
crops were in the main fruiting phase. However, under apple
guava, carrot, and green pepper the presence of weeds was
not a challenge, because when sampling was performed, the
crop production was out. As herbivores, Entomobryomorpha
and Poduromorpha are enhanced by the presence of weeds.
Thus, it is highly possible that the large number of Entomo-
bryomorpha under apple guava and green pepper (followed
by important figures for carrot) and also the dominance of
Poduromorpha under carrotwas related to the increased food
availability, due to no restriction of weed growth.

Pesticides have been applied to carrot, maize, tomato, and
green pepper.The low number of individuals collected under
maize and tomato may be related to the use of pesticides
together with the scarce or even absent soil cover and strict
weed control. Carrot and green pepper also received pesticide
treatment; however, these crops were near the end of the
vegetative growth period and weeds provided food availabil-
ity for certain specialized arthropod groups. Therefore, in
these stands, Entomobryomorpha and Poduromorpha found
a favorable environment, even after pesticide application.

The arthropods extracted from all the land uses belong
to 18 taxa, with a minimum of 9 at carrot, maize, and
tomato, and a maximum of 16 at passion fruit and the native
forest (Table 5). The fauna richness therefore was lower in
stands treated with pesticides (carrot, maize, tomato, and
green pepper) than in stands without pesticide application
(elephant grass, apple guava, and passion fruit) and in the
native forest.The taxa exhibiting the greatest number of spec-
imens were Entomobryomorpha, Poduromorpha, Formi-
cidae, Diptera, Auchenorrhyncha, Araneae, Hymenoptera,
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Table 4: Total number of individuals collected by 5 pitfall traps during a week for the taxonomic groups studied.

Taxonomic group Native forest Elephant
grass Apple guava Passion

fruit Carrot Maize Tomato Green
pepper

Acari 8 5 18 2 3 1 1
Araneae 19 5 13 1 3 17
Auchenorryncha 1 4 2 24 1 25 43
Coleóptera 18 9 6 13 5 11 6 11
Diplura 1
Diptera 51 18 22 38 9 13 13 24
Entomobryomorpha 67 251 3080 53 188 21 21 780
Formicidae 90 14 70 29 19 4 7 36
Heteroptera 1
Hymenoptera 19 6 10 11 15 2
Isoptera 1 3 13 1
Larva Coleoptera 1 1 4
Orthoptera 1 2 3 4 3
Poduromorpha 2 1 2 1 716 4
Psocoptera 2
Sternorryncha 5 8 1 5 1 5
Thysanoptera 3 4 1 32 13 2 3 51
Tricoptera 1
Total 286 330 3424 213 959 59 95 974

Table 5: Parameters and indices used to assess arthropod communities under native forest and the different agricultural land uses studied.

Abundance ± std
(Ind⋅pitfall⋅day−1) CV Shannon

index
Pielou
index Mean richness Total

richness
Native forest 8.17 ± 2.83 34.7 2.709 0.712 8.4 14
Elephant grass 9.43 ± 3.56 37.8 1.641 0.444 8.4 13
Apple guava 92.63 ± 64.42 69.5 0.439 0.115 8.2 14
Passion fruit 6.09 ± 0.91 15.0 2.983 0.764 8.6 15
Carrot 27.40 ± 12.54 45.8 1.150 0.363 6 9
Maize 1.69 ± 0.51 30.2 2.562 0.808 4.4 9
Tomato 2.71 ± 0.49 18.2 2.749 0.867 7 9
Green pepper 27.83 ± 5.81 20.9 1.267 0.366 8 11

and Thysanoptera, accounting for approximately 95% of the
collected organisms.

In general, we found very strong effects of land use on
the arthropod abundance. Several taxonomic groups showed
higher abundance under specific crops. Entomobryomorpha
were higher in plots under green pepper and apple guava
(𝐹 = 4.58, 𝑃 < 0.010). Poduromorpha were much higher in
the plots under carrot than in any other treatment (𝐹 = 33.21,
𝑃 < 0.001). Higher amounts of Auchenorrhynchawere found
in the traps located in passion fruit, tomato, and green pepper
plots (𝐹 = 15.20, 𝑃 < 0.001). Thysanoptera was higher in
soils under carrot and maize (𝐹 = 15.08, 𝑃 < 0.001). Other
taxa, like Coleoptera were ubiquitous; their abundance was
similar in all the investigated land uses, but they were less
abundant than other taxa. On the other hand, Formicidae
were higher in the reference stand, under native vegetation,
and in the stand under apple guava than in other cultivated
stands (𝐹 = 7.01, 𝑃 < 0.001). Also Hymenoptera were higher
in the soil under native than in soils cropped with maize or
tomato (𝐹 = 4.03, 𝑃 < 0.010).

The pitfall trap is thought to be a sampling method
most adequate for Araneae, Coleoptera, Formicidae, and
Orthoptera, whereas other soil taxa should be investigated
using other different methods [17]. The communities of
Formicidae collected were significantly lower in all the
cultivated stands than in the native forest stand, and this is
irrespective of soil and crop management system. Therefore,
this taxonomic group show promise as an indicator of soil
quality in the Brazilian semiarid, because it exhibits the most
pronounced decrease in cultivated plots compared to native
forest. Assessment of this taxonomic group may be useful to
evaluate the biological status of the cultivated stands.

The abundances of soil arthropods (individuals/pitfall/
day) were lowest for maize (1.69 ± 0.51) and tomato (2.71 ±
0.49) and highest for apple guava (92.63 ± 64.42), followed
by green pepper (27.83 ± 5.81) and passion fruit (27.40 ±
12.54), as shown in Table 5. Again, high pesticide application
rates and weed control at sampling date were responsible
for the small arthropod abundance under maize and tomato.
On the other hand, the highest abundance of arthropods
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under apple guava and the relatively high abundance under
passion fruit and green pepper was due to the effect of weed
population, which dramatically increased the presence of
specialized herbivores, as before mentioned.

Under native Caatinga, the abundance of arthropods was
8.17 ± 2.83 individuals/pitfall/day, intermediate in compar-
ison with the various agricultural land uses. As expected,
the fauna abundance under this biome was lower than in
other tropical soils. For example, under secondary Atlantic
forest the figures obtained using also pitfall traps ranged from
80.13 to 111.37 individuals/pitfall/day [21], depending on the
sampling season, rainy or dry, respectively.

The Shannon index suggested that diversity was highest
not only at the reference stand (native forest) but also at
tomato and passion fruit; it was lowest at apple guava,
followed by carrot and green pepper. Thus, this index ranked
as passion fruit > tomato > native forest > maize > elephant
grass > green pepper > carrot > apple guava. The Pielou
index showed the highest evenness or equality at tomato and
maize and the lowest at apple guava. It ranked as tomato >
maize > passion fruit > native forest > green pepper >
carrot > apple guava. The arthropod communities under
tomato and maize exhibited a high diversity and evenness
(high Shannon and Pielou indices), and this is in spite of
pesticide application and weed control. Therefore, such crop
management practices affected fauna abundance, but not
biodiversity and evenness. On the other hand, the presence of
weeds dramatically increased the abundance of some taxa and
this lead to a lower diversity and a lower equitability under
apple guava, carrot, and green pepper.

Surprisingly, agricultural intensification does not seem to
cause always a decrease of arthropod diversity and evenness.
Moreover, high taxa richness could be a consequence of a shift
in community composition towards a high number of taxa
better adapted to the conditions in these soils. It should be
also taken into account that diversity indices are known to
be sensitive to various factors, such as the sampling unit size
which limits their predictive capability [22].

The soils under different land uses widely differed in
invertebrate density, whereas they differed more slightly in
taxa richness. Therefore, we can hypothesize that individ-
ual abundance and density are affected by different soil
management factors than taxa richness. It appeared that in
agricultural land uses abundance was mainly related to the
presence of weeds, while richness was associated to pesticide
application. This is a result consistent with previous studies
[22, 23].

On the other hand, the soil use intensity index (Table 5)
showed no significant correlation with the studied biodiver-
sity indices or with single taxa abundance.Thismay be simple
due to the semiquantitative nature of the soil use intensity
index.

The community composition did greatly differ among the
studied land uses, which would have severe implications for
soil functionality [23]. As an example, several arthropods,
including mites and termites, are involved in organic matter
decomposition and nutrient cycling. In addition, ants and
other arthropods create channels, aggregates, and mounds

that deeply affect the fluxes of gases and water in soil. This
physical alteration will also modify the microhabitats for
other soil organisms.

The high relative abundance of Auchenorrhyncha, Ento-
mobryomorpha, Hymenoptera, Poduromorpha, Formici-
adae, and Thysanoptera suggests that these taxa are tolerant
to a wide range of soil properties.This would limit their use as
indicators of soil conditions and, thus, soil quality [23].These
taxa, however, showed variations in individual abundance
among the different management systems, which may be
due to high food availability when sampling. As an example,
Entomobryomorpha had a 100-fold higher abundance in the
soil under apple guava than in the soils under tomato or
maize. Again Formicidae among the ubiquitous taxa appears
to be the most sensitive to changes in land use and soil
management.

Other taxa such as Acari, Araneae, Auchenorrhyncha,
Hymenoptera, Isoptera, Orthoptera, Poduromorpha, and
Sternorrhyncha were absent in some treatments, which may
suggest a good potential as indicators of soil quality. In partic-
ular, Acari was absent under maize and almost absent under
tomato and green pepper, while Poduromorpha were absent
undermaize and green pepper.This would indicate that these
taxa are very sensitive to specific practices of intensification in
soil and crop management. This is supported by the fact that
Acari numbers and traitsmay change due to an intensification
of soil use [24].

Overall, the highly variable density of microarthropods
in this agricultural landscape seems to be dependent on
several variables. Appropriate statistical analyses are required
to identify those variables. Further research could be useful
to better assess the sensitivity and the role of single species,
since many species belonging to the same taxa and exhibiting
different traits can adopt different strategies in the landscape.
It is important to highlight that our study demonstrates there
are differences in invertebrate communities between land
uses, even at taxa levels, that can be attributed to intensive
agriculturalmanagement.This leads to significant differences
that are indicated by the presence or absence of arthropod
taxa.

4. Conclusions

The abundance of arthropods under native forest in the
Brazilian semiarid has been found to be much lower than
under other native biomes, such as the Atlantic forest.

Under agricultural land use several variables related with
soil and crop management influence the highly variable
density of arthropods. Abundance has been shown to be
related with food availability provided by weeds, which
dramatically increased the presence of specialized herbivores,
such as Entomobryomorpha and Poduromorpha. Richness
was mainly associated with pesticide application.

Agricultural land use strongly decreased the abundance
of Formicidae compared to native forest, which suggest this
taxonomic group responds sensitively to agricultural land
use. Several other taxonomic groups showed significantly
higher abundances under specific crops, but this effect may
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be due to distinct soil and crop management practices at
the sampling date. However, no single taxa could be used as
indicator of soil use intensity.
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Macropores and water flow in soils and substrates are complex and are related to topics like preferential flow, nonequilibrium flow,
and dual-continuum. Hence, the quantification of the number of macropores and the determination of their geometry are expected
to provide a better understanding on the effects of pores on the soil’s physical and hydraulic properties.This exploratory study aimed
at evaluating the potential of using infrared thermography formappingmacroporosity at the soil surface and estimating the number
and size of such macropores. The presented technique was applied to a small scale study (laboratory soil flume).

1. Introduction

Macropores and water flow in soils and substrates are com-
plex, are related to topics like preferential flow, nonequilib-
rium flow, and dual-continuum, and have been addressed by
many studies in the last decades (e.g., the reviews by Beven
and Germann in 1982 [1] and, most recently, 30 years later,
in 2013 [2]). Since macropores affect soil permeability, they
directly influence other hydrological processes (e.g., surface
runoff and associated transport processes).

The water movement and the fertilizers, pesticides, and
other pollutants transporting in the soil through macropores
have significant impact on hydrological response and water
quality (e.g., [3]). These structures convey water to greater
depths with higher speed, thus influencing water infiltration
into the soil and solute transport. The macropores also
directly affect the air flow into the soil, the plants root
growth, and biological activity (e.g., [4–6]). Therefore, a high
macroporosity enhances air and water movement in the soil,
promoting also infiltration and root penetration.

Recently, infrared thermography has been successfully
applied as a tool for high resolution imaging in different

hydrological studies, conducted at quite different spatial
scales. Thermographic techniques are based on records of
bodies’ temperatures, which are taken at certain instants
or over time and at a given space scale; this technology
is allowing for a nonconventional acquisition of data and
analysis of different processes and their time and space
dynamics.

The use of portable infrared cameras or thermal imaging
cameras has gained popularity due to their easy handling and
adjustment of the vision field to a specific study area. Mej́ıas
et al. [7] and Danielescu et al. [8] used infrared cameras
mounted in aircrafts for mapping groundwater discharge in
shallow estuaries, provided that there is a thermal contrast
between groundwater and the receiving surface waters. Car-
denas et al. [9] characterized the thermal heterogeneity in
a small stream during different flow conditions. Pfister et
al. [10] used ground-based thermal imagery as a simple,
practical tool, for mapping saturated area connectivity and
dynamics. It was possible to discriminate between areas with
snow cover, snow melt, soil seepage, and stream water. It
was possible to detect when and where variably saturated
areas were active and when connectivity existed between
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the hillslope-riparian-stream systems. This was a simple
and inexpensive technology for sequential mapping and
characterisation of surface saturated areas and a useful
complement to conventional tracer techniques. Schuetz et
al. [11] used infrared thermal imaging combined with the
injection of heated water as an artificial tracer technique to
characterize the spatial distribution of flowpaths and to assess
transport properties in a 65m2 experimentally constructed
wetland with water depths between 0.1 and 0.2m. For the
studied conditions, the authors observed that heated water
can be used as a conservative artificial tracer for plot scale
experiments.

Infrared thermographic techniques studied in laboratory
conditions were used to assess different surface hydrological
processes. A technique to estimate soil surface microrelief
and rill morphology using infrared thermography is pre-
sented in de Lima and Abrantes [12]. The authors were able
to generate 3D models of soil surface elevation for both bare
soil and soil covered with organic residue. In de Lima and
Abrantes [13] the authors estimated very shallow flow veloc-
ities (overland and rill flow), by injecting a thermal tracer
(e.g., heated water) into very shallow flows and visualizing
the leading edge of the tracer by means of infrared video. Soil
flume laboratory experiments have been conducted for many
years aiming at studying specific processes and interactions
in controlled conditions allowing for repetitions in a short
period of time (e.g., [14–19]).

In situ small scale infiltration tests (e.g., profile or plot
scale), under saturated or unsaturated soil conditions, nor-
mally have difficulty to cope with macropores. The quantifi-
cation of the number of macropores, which are drivers of
water, and the determination of their geometry will provide a
better understanding of the effects of pores on the physical
and hydraulic properties of the soil (e.g., [20]). Thus, this
exploratory study aimed at evaluating the potential of using
infrared thermography for mapping macroporosity at the
soil surface and estimating the number and size of such
macropores. The presented technique was applied to a small
laboratory scale study (i.e., soil flume).Thus, upscaling results
to field, hillslope, and even plot scales will require further
investigation, which is beyond the scope of the presented
analysis.

2. Material and Methods

2.1. Laboratory Setup. A schematic representation of the
used exploratory laboratory setup is shown in Figure 1. The
experiments were carried out using a 3.00m long, 0.30m
wide, and 0.12m deep free drainage soil flume, set at a 10%
slope (round number also used in many other works). A
feeder box installed at the upslope end of the flume allowed
the application of a defined volume of hot water uniformly
over the soil surface. A rectangular measuring area (0.50
× 0.30m2) with macropores was defined at the flume soil
surface, approximately 0.5m downstream of the hot water
feeder box.

The experiments were carried out using a loamy-sand
soil collected from the River Mondego banks (Coimbra,

Portugal). The soil presented 6% clay, 11% silt, 82% sand, and
a 1750 kg/m3 bulk density. Saturated hydraulic conductivity
was ∼4.51 × 10−6m/s, for the macropores-free soil.

Thermal videos of the soil surface were recorded with an
Optris PI-160 portable infrared video camera (Optris GmbH,
Germany) with an optical resolution of 160 × 120 pixels, a
thermal resolution of 0.1∘C, an accuracy of ±2%, a frame rate
of 100Hz, and a lens with a view field of 23∘ × 17∘ and focal
length of 10mm.The camera was attached to a metal support
structure 0.75m above the flume soil surface with the focal
length direction perpendicular to the soil surface (Figure 1).

2.2. Soil Surface Macropores. Soil surface vertical macro-
pores with three different rectangular cross section areas
were artificially created to test the proposed thermographic
technique: (i) large macropores with an area of 256mm2
(16 × 16mm2); (ii) medium macropores with an area of
120mm2 (12 × 10mm2); and (iii) small macropores with an
area of 36mm2 (6 × 6mm2). The tests were conducted for
four different macropores spatial arrangement’s scenarios;
these scenarios are shown in Figure 2: (a) 9 large macropores
(Scenario A); (b) 9 medium macropores (Scenario B); (c) 9
small macropores (Scenario C); and (d) a combination of
3 large, 3 medium, and 3 small macropores (Scenario D).
It should be noted that field conditions are quite different
from a uniform plane surface, clean of stones, debris, and
vegetation, with homogeneous colours and macropores with
well-defined shapes, used in this exploratory study.

2.3. Experimental Procedure. Air dried presieved soil was
manually spread over the flume and gently tapped to obtain
a soil layer with a uniform thickness of 0.10m with a bulk
density of ∼1750 kg/m3. A sharp straight-edged blade was
used to produce a smooth plane soil surface. The soil was
saturated and left to dry, aiming to obtain a consistency
that allowed the artificial creation of vertical macropores at
the soil surface; this was carried out by perforating the soil
layer, throughout its 0.10m thickness, with rectangular cross-
section metal rods that were described in Section 2.2. After
the creation of the macropores, the soil was again saturated.

The technique starts by applying approximately 1.5 L of
heated water over the soil surface, at a temperature around
80–85∘C. The water was manually released using the feeder
box located upslope of the flume (Figure 1). It was applied
with the lowest possible discharge in order to guarantee
flow depth uniformity over the measuring area, minimum
soil surface disturbance, and the unaltered structure of the
macropores by the flowing water. The volume of hot water
used (and applied discharge) should be adjusted to the
test’s conditions (e.g., dimension of the measuring area,
slope, water temperature, soil permeability, and dimension of
macropores).

The hot water created a wave that covered uniformly
the soil surface; along the flume, part of the water flows
to the macropores, part infiltrates into the soil, and part
flows out of the flume through the downslope outlet, as
overland flow. The hot water briefly accumulates inside the
macropores before exiting freely the soil layer due to the
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Figure 1: Sketch of the laboratory setup using a soil flume and an infrared video camera.
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Figure 2: Top view (photographs) of the flume soil surface showing macropores of different sizes scattered in accordance with the four
scenarios described in the text: (a) Scenario A; (b) Scenario B; (c) Scenario C; and (d) Scenario D. The 𝑥-axis represents the downslope
distance along the length of the flume and the 𝑦-axis represents the distance across the width of the flume (the dashed line defines the
measuring area with 0.50 × 0.30m2). See Figure 1.

flume free drainage (Figure 1). Since macropores were filled
with flowing hot water, they present higher temperatures in
the thermal videos, recorded with the infrared video camera,
which allowed the mapping of their spatial location and the
estimation of their approximate area. Because the soil was
close to the field capacity at the beginning of the experiments,

the percentage of water infiltrated into the soil was very low
compared to the percentage flowing into the macropores.

Soil surface thermal videos were recorded with the
infrared camera throughout the experiments. However, ther-
mograms of the surface of the overland flow layer did not
provide any spatial variability of temperature. Therefore, for
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Figure 3: Thermograms of the soil surface for the four scenarios: (a) Scenario A; (b) Scenario B; (c) Scenario C; and (d) Scenario D. The
dashed line defines the measuring area with 0.50 × 0.30m2. See also Figure 2.

each scenario (Figure 2), a thermogramof the soil surfacewas
selected, corresponding to an instant just after (approximately
30 s) the passage of thewave of hot water through the scanned
area; thermogram is a graphic record of temperature varia-
tions, and it represents radiation in the infrared range of the
electromagnetic spectrum, providing identification of pixels
associated with different surface temperatures. Because, in
general,macropores present higher temperatures, a threshold
temperature (𝜏) can be selected, which allows identifying the
pixels associated with the macropores (i.e., pixels with tem-
perature values above a given threshold temperature), thus
distinguishing them from the remaining pixels that cover the
soil surface scanned area (i.e., pixels with temperature values
below the temperature threshold). The percentage of pixels
that have temperature above the threshold temperature was
called threshold percentage of pixels (𝛼).

The number of macropores detected with this technique,
as well as their position and area, depends upon the selected
threshold temperature (𝜏). Higher threshold temperatures
will lead to a detection of a lower number of macropores
with smaller cross-section area (and, correspondingly, lower
temperatures identified by the thermal images). On the con-
trary, lower threshold temperatures will lead to a detection
of a higher number of macropores with bigger cross-section
area.The lower-limit temperature fromwhich all macropores
are detected was called critical threshold temperature (𝜏

𝑐
).

Selected threshold temperatures below 𝜏
𝑐
will only lead to an

increase of themacropores’ area, since themaximumnumber
and position of macropores were already detected since the
location of every pixel is known.

3. Results and Discussion

Thermograms for the four scenarios defined in Section 2.2 are
presented in Figure 3. In the thermograms, it is possible to
identify the location of the different macropores, perceptible
by the presence of groups of pixels exhibiting a brighter
colour. These thermal marks are the result of the higher
temperatures produced by the accumulation of flowing hot
water in the macropores. Despite the rectangular shape of
the macropores, the thermal marks identified visually in the
thermograms are of approximate circular shapes. Also, the
thermal marks are, in general, larger than the actual area
of the macropores. This temperature smearing around the
macropores is caused by thermal diffusion, by the higher
infiltration of hot water around the macropores, and by the
relatively low resolution of the camera.

In general, largermacropores led to larger thermalmarks,
exhibiting higher temperatures at the centre caused by the
accumulation of hot water. Thermograms of Scenarios A, B,
andC, of Figures 3(a) to 3(c), clearly show thermalmarkswith
different areas, which are in accordance with the different
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Figure 4: Relation between threshold temperature (𝜏) and the number of macropores detected with thermography, for the four scenarios:
(a) Scenario A; (b) Scenario B; (c) Scenario C; and (d) Scenario D. Temperature cumulative frequency distribution curves are also plotted,
up to 2.5%. Critical threshold temperature (𝜏

𝑐
) and corresponding critical threshold percentage of pixels (𝛼

𝑐
) are identified.

areas of the macropores of each scenario. In the thermogram
of Scenario D, in Figure 3(d), it is also possible to distinguish
the macropores of different areas in the same thermogram.
Macropores concentrate water which flows into these hollows
and are, therefore, in contact with more hot water than the
surrounding soil. This is why macropores have a different
temperature than the soil surface.

The relation between the threshold temperature (𝜏) and
the number of macropores detected using thermography is
shown in Figure 4 (right axis). The same graph shows the
temperature cumulative frequency distribution of the pixels’
temperature (T), corresponding to the four thermograms
in Figure 3, up to 2.5% (left axis). For each scenario, the
critical threshold temperature (𝜏

𝑐
) and corresponding critical

threshold percentage of pixels (𝛼
𝑐
) are identified in the figure.

We highlight that both 𝜏
𝑐
and 𝛼

𝑐
depend on the area of the

thermalmarks in the thermograms; For example, Scenario A,
with only largemacropores, leads to the highest 𝜏

𝑐
and𝛼
𝑐
.The

threshold 𝜏
𝑐
depends also on the temperature of the hot water

applied, the initial surface temperature, and the macropores
present at the soil surface. Therefore, it is not possible to
specify single 𝜏

𝑐
or 𝛼
𝑐
values, representative of all scenarios.

Nevertheless, such values are essential for processing the data
and mapping existing soil surface macropores. Therefore,
bearing in mind the results obtained in our experiment for
all the tests (Figure 4), we have further adopted a threshold
percentage of pixels (𝛼) of 2.5% for all scenarios, since in
our tests we found always 𝛼

𝑐
< 2.5%. For each scenario,

the corresponding temperature frequency distribution curve
(Figure 4) yields a specific value of the threshold temperature
(𝜏) for 𝛼 = 2.5%, which we have used to study the area and
location of the macropores, using thermography.

Soil surface macropores were identified by applying to
the temperature data the threshold temperature (𝜏) corre-
sponding to 𝛼 = 2.5%; the selected 𝜏 were subtracted to all
temperature values from the thermograms; positive values,
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Figure 5: Comparison between the boundaries of the actual macropores and the area detected with thermography, for the four scenarios.
Across the area scanned by the thermographic camera, the macropores are located using (𝑥, 𝑦) coordinates. The 𝑥-axis represents the
downslope distance along the length of the flume (0.5m) and the 𝑦-axis represents the distance across the width of the flume (0.3m). See
also Figures 2 and 3.

which correspond to pixels with temperature values above 𝜏,
are associated with themacropores.The comparison between
the boundaries of the actual macropores and themacropores’
area detected with thermography is shown in Figure 5 (top
view - 2D). The macropores’ area detected with thermogra-
phy was, in general, larger than their actual area. Therefore,
the technique did not accurately estimate the actual area of
the macropores, especially for the smaller ones. It is possible
to observe in Figure 5(d) that the proposed technique can
be used to distinguish macropores with different sizes (i.e.,
cross-section area), since larger macropores were detected
with thermography as having also larger areas. This has
already been suggested by visual observation of the thermal
marks in the thermograms in Figure 3.

Figure 6 shows the comparison between the position of
the actual geometric centre of the macropores and their
geometric centre detected using thermography. In general,
the proposed technique allowed the correct estimation of

the macropores’ location. Although the technique did not
assess accurately the actual area of macropores, it clearly
allowedmapping themacropores and identifying their spatial
distribution and position across the studied soil surface area.

4. Conclusion

A novel technique to detect and characterize soil surface
macropores based on infrared thermography was presented
and discussed, based on exploratory laboratory soil flume
experiments. For our laboratory conditions, the thermo-
graphic technique was successful in identifying the presence
of macropores at the soil surface, providing a low cost and
fast methodology to map soil surface macropores. Although
uncertainties arise during the analysis about the macropores
boundaries at the soil surface, which therefore restricts
the quantification of their shape and size, the technique
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Figure 6: Comparison between the actual geometric centre of the macropores and their geometric centre detected using thermography, for
the four scenarios. See Figure 5.

seems promising and able to identify macropores’ spatial
distribution with satisfactory accuracy.

Only extensive field work can, in fact, reveal the relevance
of the technique in real (field) conditions. Future work has
to be carried out to verify the applicability of the proposed
technique under different field conditions, such as soil type,
dimensions of scanned area, surface microrelief and rough-
ness, presence of vegetation, stones, and other obstructions,
which is beyond the scope of the presented analysis.
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Ensuring the sustainability of cultivated soils is an ever-increasing priority for producers in the Lower Mississippi River Valley
(LMRV). As groundwater sources become depleted and environmental regulations become more strict, producers will look
to alternative management practices that will ensure the sustainability and cost-effectiveness of their production systems. This
study was conducted to assess the long-term (>7 years) effects of irrigation (i.e., irrigated and dryland production) and tillage
(conventional and no-tillage) on estimated carbon dioxide (CO

2
) emissions from soil respiration during two soybean (Glycine max

L.) growing seasons from a wheat- (Triticum aestivum L.-) soybean, double-cropped production system in the LMRV region of
eastern Arkansas. Soil surface CO

2
fluxes were measured approximately every two weeks during two soybean growing seasons.

Estimated season-long CO
2
emissions were unaffected by irrigation in 2011 (𝑃 > 0.05); however, during the unusually dry 2012

growing season, season-long CO
2
emissions were 87.6% greater (𝑃 = 0.044) under irrigated (21.9Mg CO

2
ha−1) than under

dryland management (11.7Mg CO
2
ha−1). Contrary to what was expected, there was no interactive effect of irrigation and tillage

on estimated season-long CO
2
emissions. Understanding how long-term agricultural management practices affect soil respiration

can help improve policies for soil and environmental sustainability.

1. Introduction

Soybean (Glycine max L.) is a major crop grown in the
Lower Mississippi River Valley (LMRV). Arkansas produces
the greatest amount of soybean of the three states that
generally constitute the LMRV (i.e., Arkansas, Louisiana,
and Mississippi) and is ranked eighth nationally for total
economic gain from soybean production [1]. The Alluvial
Aquifer, which is the southeastern portion of the Mississippi
embayment, is the major source of groundwater used for
irrigation in this dense, agriculturally productive region.
The Alluvial Aquifer is ranked third in the nation for total
annual withdrawals [2], and most of the water is used for
irrigated crop production, particularly rice (Oryza sativa L.)
and soybean [3]. However, increased withdrawal rates from
the Alluvial Aquifer, due in part to increasing areas of

irrigated rice and soybean production and shifting rainfall
patterns during the growing season, have led to substantial
decreases in groundwater levels throughout eastern Arkansas
and the neighboring states [4].

In order to assure adequate soybean yields, most pro-
ducers irrigate during the growing season on an as-needed
basis [5, 6]. Alternatively, when water is unavailable or the
implementation of irrigation is too costly, producers will
practice drylandproduction, inwhich the sole source ofwater
to the crop is rainfall. Recently, 20% of soybean produced in
easternArkansaswas grown in a dryland cropping system [7].
However, irrigation can be absolutely essential to producing
optimal yields to meet economic demands, especially in a
wheat-soybean, double-crop systemwhere soybean is planted
in late spring. During warm weather, the lack of available
water in a dryland cropping system can result in yield loss
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[6]. Consequently, it is important for producers to choose
management options that can help conserve soil water and
protect the crop from water stress.

Conventional tillage (CT) is the most common soil man-
agement practice in the LMRV region of eastern Arkansas.
Conventional tillage prior to a soybean growing season in
the region generally consists of several passes with a disk to
manipulate a soil depth of 5 to 10 cm, followed by smoothing
with a soil conditioner to break up soil clods. However,
CT breaks up the soil’s natural structure and leaves the soil
surface nearly bare and vulnerable to wind and water erosion
at times [8]. Following CT, weakened soil structural stability
near the surface can increase the risk of the formation of a
surface crust or seal, which can further reduce water infil-
tration and the soil’s water-holding capacity [9]. It has been
documented that the long history of cultivated agriculture in
the LMRV region of eastern Arkansas has severely impacted
infiltration-runoffpartitioning [10].The impacts have been so
drastic that the recharge area for theAlluvial Aquifer has been
condensed and shifted to the point where annual recharge
of the Alluvial Aquifer is only a small fraction of the annual
withdrawals for irrigation [10].

As an alternative to CT, producers can practice no-tillage
(NT) in order to maximize water conservation and improve
many soil-quality-related characteristics [9, 11]. When NT
is used, maintaining surface residue can improve soil water
retention by reducing runoff and by acting as a protective
and evaporative barrier for the soil surface. As water becomes
increasingly limited, improving soil-quality-related charac-
teristics and using management practices that promote water
conservation will likely become increasingly necessary to
ensure sustained yields.

A good indicator of the soil’s ability to support plant
life is soil respiration, which is the combined production of
carbon dioxide (CO

2
) from soil organisms and plant roots.

Soil respiration is closely correlated with soil organic matter
content, root respiration, microbial activity, and decompo-
sition rates [12]. Soil respiration can be influenced by many
environmental conditions, such as moisture and temperature
[13]. Generally, optimal conditions for soil respiration occur
when the soil is warm and the soil water content is near field
capacity.

Environmental factors affecting soil respiration can be
manipulated by residue- and water-management practices
in agroecosystems. In general, management practices that
promote plant biomass formation (e.g., adequate soil fertil-
ity), increase the bioavailability of carbon (C) sources (e.g.,
tillage), andmaintain optimal soil moisture for soil microbial
activity (e.g., irrigation) will increase soil respiration rates
[13]. Inferences about nutrient cycling can also bemade using
soil respiration rates. Excessive respiration can indicate that
a soil is losing nutrients or is in a state of flux following a
disturbance, such as tillage. In contrast, decreased soil organic
matter, poor soil structure, and limited nutrient availability
may inhibit soil respiration and indicate poor soil quality.
Root respiration can account for up to 80% of total soil
CO
2
emissions [12]; therefore, plant biomass production

and productivity that has been limited from water-stressed

conditions can result in greatly reduced soil respiration rates
and seasonal CO

2
emissions.

Since CO
2
is a greenhouse gas of concern and atmo-

spheric concentrations have increased dramatically in the
past half century or so [14], there is a growing worldwide
interest to identify ways to reduce CO

2
emissions, sequester

C, and remove CO
2
from the atmosphere. Optimizing agroe-

cosystem management practices for soil sustainability can
also help store C from the atmosphere in a semipermanent
state [15]. Furthermore, there are few studies that have
examined the impacts of long-term (>5 years) agricultural
management practices on soil respiration, especially in the
midsouthern United States. Therefore, the objective of this
study was to evaluate the effects of irrigation (irrigated and
dryland), tillage (conventional tillage (CT) and no-tillage
(NT)), and residue level (high and low) on season-long
CO
2
emissions from soil respiration after more than seven

years of consistent management in a wheat-soybean, double-
crop production system in the LMRV region of eastern
Arkansas. It was hypothesized that irrigation would increase
CO
2
emissions by reducing the occurrence of water-stressed

conditions, especially during warm and dry periods. It was
also hypothesized that irrigation would mask any differential
effects of tillage on CO

2
emissions and that differential effects

of tillage on CO
2
emissions would be greater in dryland

production.

2. Materials and Methods

2.1. Site Description. This long-term study was initiated in
fall 2001 at the University of Arkansas’ Lon Mann Cotton
Research Station (N 34∘, 44, 2.26 and W 90∘, 45, 51.56),
which is located in east-central Arkansas, near Marianna in
Lee County [16]. The study was conducted on a Calloway silt
loam (fine-silty, mixed, active, thermic Aquic Fraglossudalf)
[17].

The 30-year mean monthly air temperatures for the soy-
bean growing season for the region are 25.4, 27.3, 26.3, 22.7,
and 16.8∘C for June, July, August, September, and October,
respectively [18]. The 30-year monthly rainfall amounts for
the soybean growing season for the region are 11.1, 9.7, 6.9, 8.0,
and 9.6 cm for June, July, August, September, and October,
respectively [18]. The 30-year mean annual air temperature
in the region is 15.9∘C and the mean annual precipitation is
133.7 cm [18].

2.2. Treatments and Experimental Design. A randomized
complete block design, consisting of burning, tillage, and
fertility treatments, with three replications was established
in 2001 [16]. Two replications of the burning treatment were
arranged as a randomized complete block (RCB). Three
replications of tillage were also arranged as a RCB but were
stripped across the burning block. The fertility treatments
were split into each burn-tillage combination.Thewhole field
was split in half in 2005 in order to incorporate the irriga-
tion treatment. Due to practical limitations, the irrigation
treatment was necessarily placed in the experimental design
with a similar blocking structure as the burning treatment.
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This resulted in three replications for each of the 16 possible
treatment combinations. The irrigation treatment consisted
of either irrigating the field on an as-needed basis (irrigated)
or no irrigation applied during the soybean growing season
(dryland). The tillage treatment was a strip within the
irrigation treatment and consisted of CT or direct sowing
of soybean after harvest with no residue incorporation (i.e.,
NT). A nitrogen (N) fertility treatment, used to produce
differing amounts of wheat residue intowhich the subsequent
soybean crop would be planted, was established as a split plot
within the tillage treatment. The study site consisted of 48
plots, each 3m wide and 6m long [16].

2.3. Field Management. Following the application of the
tillage treatment each year, a glyphosate-resistant soybean
variety of maturity group 5.3 to 5.4 was planted with a 19-cm
row spacing throughout the study site in early-to-mid-June.
Soybean grown within the irrigated treatment was irrigated
on an as-needed basis [6], while the dryland soybeanwas only
rain fed. Soybean harvest generally occurred between late
October and the middle of November each year. Following
soybeanharvest, wheatwas drill-seededwith 19-cm row spac-
ing [19]. Since 2005, wheat grown within the high-fertility
treatment was fertilized with a split application of urea
(i.e., 56 kgNha−1 applied in early March and 56 kgNha−1
in late March), while a low-fertility treatment received no
N applications. In early-to-mid-June each year, wheat was
harvested and the remaining stubblewasmowedwith a rotary
mower to create a uniform layer of residue. Aftermowing and
prior to tillage, a residue burning treatmentwas imposed each
year [20]. Additional details regarding the history of the study
site and past management are summarized in Brye et al. [19],
Cordell et al. [16], and Smith et al. [20].

2.4. Soil Respiration Measurements. During the 2011 and
2012 soybean growing seasons (i.e., June to October), soil
respiration was measured approximately every two weeks
in the morning between 0600 and 1100 hours. There were
a total of 124 and 151 days in the 2011 and 2012 soybean
growing seasons, respectively. Respiration measurements
were conducted nine times in 2011 and 11 times in 2012. At
least one day prior to measurements, 10-cm diameter PVC
collars, with a beveled edge on the bottom, were placed in
each plot to facilitate soil respiration measurements, similar
to the procedures used in a previous study [19]. A portable
infrared gas analyzer (LI-6400, LI-COR, Inc., Lincoln, NE)
with a soil chamber attachment (LI-6400-09, LI-COR) was
used as per manufacturer’s recommendations and as used
previously [19].

2.5. Soybean Yields. In late October each year, soybean from
the middle 1.5m of each plot was harvested with a plot
combine. The harvest area was 1.5-m wide and 6-m long.
Grain was air-dried for approximately three weeks before
weighing. A subsample from each plot was oven dried for
48 hr at 70∘C and weighed to adjust reported yields to a 13%
moisture content.

2.6. Data Analyses. Growing-season-long CO
2
emissions

were estimated using linear interpolation between measure-
ment dates and the trapezoid method was used for area-
under-the-curve calculations [21, 22]. Since irrigation was
superimposed into the experimental design with a similar
blocking structure as the burning treatment, the two treat-
ments were confounded. Therefore, irrigation and burning
treatments could not be analyzed together. For this reason,
two separate three-factor analyses of variance (ANOVAs)
were conducted based on a strip-split-plot design, each
excluding one of the confounding factors. The PROC GLM
procedure in SAS (version 9.2 SAS Institute, Inc., Cary, NC)
was used to evaluate the effects of burning or irrigation,
tillage, fertility, year, and their interactions on season-long
CO
2
emissions. This study was focused on the effects of

irrigation and any interactions containing irrigation on soil
respiration. For the results concerning the effects of burning
and interactions containing burning, see Smith et al. [20].
Where appropriate, means were separated by least significant
difference (LSD) at the 0.05 level.

3. Results and Discussion

3.1. Growing-Season Weather Conditions. The growing-
season weather conditions the soybean crop experienced
differed somewhat between 2011 and 2012 and differed
somewhat from the 30-year mean conditions. The 30-year
mean monthly air temperature in eastern Arkansas near
Marianna peaks at 27.3∘C in July decreases thereafter to
16.8∘C in October and averages 23.7∘C throughout the
typical 5-month soybean growing season [18]. The 30-year
monthly rainfall in eastern Arkansas ranges from 6.9 cm
in August to 11.1 cm in June and totals 45.3 cm throughout
the 5-month soybean growing season [18]. Actual mean air
temperatures measured on-site in 2011 (24.3∘C) and 2012
(24.2∘C) throughout the 5-month growing season were only
slightly greater than the 30-year mean air temperature for the
same 5-month period. However, for both 2011 (38.5 cm) and
2012 (35.4 cm), rainfall amounts measured on-site were at
least 15% lower than the 30-year mean rainfall total (45.3 cm)
[18] over the 5-month soybean growing season. Furthermore,
eastern Arkansas experienced a drought in 2012 relative to
previous years. Though total rainfall during the 5-month
soybean growing season was only 8% lower in 2012 than in
2011, total rainfall in June, July, and August, the critical early
period of the soybean crop, in 2012 (11.6 cm) was less than
43% of that in 2011 (27.2 cm) and less than 42% of the 30-year
mean total rainfall (27.7 cm) [18]. Based on differences in
growing-season rainfall, both seasonal CO

2
emissions and

soybean yields were expected to differ between 2011 and 2012.

3.2. Seasonal CO
2
Emissions. Estimated season-long CO

2

emissions from soil respiration, measured 20 times through-
out the 2011 and 2012 soybean growing seasons in eastern
Arkansas, differed between irrigation treatments across
years (𝑃 = 0.044) and differed between tillage treatments
(𝑃 = 0.020; Table 1). Season-long CO

2
emissions aver-

aged 22.3MgCO
2
ha−1 in 2011 and were unaffected by
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Table 1: Analysis of variance summary of the effects of irrigation,
tillage, residue level (residue), year, and their interactions on esti-
mated season-longCO2 emissions at theUniversity ofArkansas’ Lon
Mann Cotton Research Station near Marianna, AR, on a silt-loam
soil. Interactions and main effects that are considered significant
are indicated by bolded text (𝑃 < 0.05). This analysis ignores the
burning treatment in the design.

Treatment effect Season-long
CO2 emissions

Irrigation 0.243
Tillage 0.020

Irrigation ∗ tillage 0.383
Residue 0.512

Irrigation ∗ residue 0.097
Tillage ∗ residue 0.699

Irrigation ∗ tillage ∗ residue 0.759
Year <0.001

Irrigation ∗ year 0.044
Tillage ∗ year 0.366
Residue ∗ year 0.689

Irrigation ∗ tillage ∗ year 0.277
Irrigation ∗ residue ∗ year 0.926
Tillage ∗ residue ∗ year 0.455

Irrigation ∗ tillage ∗ residue ∗ year 0.838

the irrigation treatments (irrigated (22.4MgCO
2
ha−1) and

dryland (22.2MgCO
2
ha−1). However, estimated season-

long CO
2
emissions were 87.6% greater under irrigated

(21.9MgCO
2
ha−1) compared to under drylandmanagement

(11.7MgCO
2
ha−1) in the drought year of 2012.

Total season-long emissions were closely tied with soy-
bean yields. During the more favorable 2011 growing season,
soybean yields were 3.2 and 1.7Mg ha−1 for the irrigated and
dryland treatments, respectively. However, only 0.15Mg ha−1
of soybean was harvested from the dryland treatment during
the drier 2012 year, which was 6% of the soybean yield from
the irrigated treatment (2.5Mg ha−1).

Although season-long CO
2
emissions may be limited

by water-stressed conditions, a substantial pulse of CO
2

from the soil can follow a precipitation or irrigation event
when soil microbial activity is stimulated after a long dry
period [23]. Peak respiratory pulses on the order of 60 to 80
times the baseline respiration rate were reported following
rainfall events in an annual grassland and a nearby oak-
(Quercus douglasii-) grass savanna on a rocky silt-loam soil
in California [23]. Sainju et al. [24] concluded that antecedent
soil water content and water retention were the two greatest
determinants for soil CO

2
pulse intensities and duration

following rainfall or irrigation in a North Dakota barley-
(Hordeum vulgare L.-) pea (Pisum sativum L.) rotation.
Althoughmany others have described similar soil CO

2
pulses

after irrigation and rainfall events [25–27], the intensities and
durations have been extremely variable, even within the same
study area [28].

Irrigation can have a direct effect on soil respiration by
regulating available soil water formicrobial and plant activity.
Optimal soil moisture for plant and microbial function is
generally around field moisture capacity, where micropores

(i.e., <0.08mmdiameter) in the soil are still mostly filled with
water and macropores (i.e., >0.08mm diameter) are mostly
air-filled, which facilitates oxygen diffusion [12]. Below field
moisture capacity, water and nutrients can become limiting
for plants and microorganisms. When biological consump-
tion of soil organic matter is limited, soil C can build up
in the soil. Although plant productivity may be limited in
dry years, dryland agriculture can have both economic and
environmental benefits [29].

Mean annual declines in theAlluvial Aquifer’swater levels
between 1982 and 2006 have been reported to be around
16.8 cm yr−1 for Lee County, Arkansas [4]. By using the
recharge rate and rate of withdrawal in 1997, Scott et al.
[30] estimated that the Alluvial Aquifer’s water available for
irrigationwould be depleted by 2050. Sincewater is becoming
more limited and since some agricultural production is on
land that is difficult to irrigate, some producers choose to
rely only on rainfall to water their soybean crop. During
favorable years, dryland management can save producers
the cost of installation of the irrigation system and water-
pumping costs throughout the season. Although this is a bit
of a gamble with natural precipitation being hard to predict,
dryland soybean production canwork in the producer’s favor.
Parsch et al. [31] reported that nonirrigated soybean grown
in eastern Arkansas generally provided a larger net economic
return for the producer than irrigated soybean. Verkler et al.
[29] also demonstrated that, during a favorable rainfall
year, dryland soybean production was equally profitable as
irrigated soybean production in eastern Arkansas. However,
not surprisingly, during growing seasons of less-than-optimal
rainfall, dryland production was much less profitable than
irrigated soybean production. Results of this study indicate
that dryland soybean production may be more environmen-
tally sustainable due to the lower water consumption and
generally lower seasonal CO

2
emissions.

Beyond the potential economic value that can be associ-
atedwith dryland cropping, there are numerous environmen-
tal benefits. In addition to preserving groundwater, dryland
cropping can favor the accumulation of soil organic matter
by reducing erosion of topsoil and/or by decreasing soil res-
piration. Depending on the irrigation system implemented,
soil erosion can occur due to the sudden inundation of fragile
soil aggregates, which can disintegrate upon submersion,
raindrop impact from sprinkler systems, and/or surface
erosion caused by runoff in surface irrigation systems [32].
Churchman and Tate [33] reported a decrease in total water-
stable aggregates and soil C stocks after >25 years of annual
irrigation of a seasonally dry, silt-loam soil in New Zealand,
which was likely due to increased microbial decomposition
compared to dryland production. The sudden inundation of
the soil by water from furrow irrigation, the most common
soybean irrigation technique in eastern Arkansas, can also
cause slaking to occur and unstable aggregates to disintegrate.
The most unstable, larger aggregates are more affected by
slaking due to irrigation than the aggregates that are smaller
in diameter [34]. In addition, near-surface soil aggregates,
many of which protect soil organic matter and C, are greatly
impacted by mechanical disturbances, such as tillage [34].
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Although many others have noted a short-term increase
in soil respiration following tillage [21, 34–37], we expected
these fluctuations to remain short in duration and likely not
persist throughout an entire growing season. Wander and
Bidart [11] reported greater CO

2
fluxes following tillage; how-

ever, the increased rates of soil surface CO
2
evolution only

lasted approximately 24 hours. No-tillage, which has been
shown to improve soil water conservation [38], increase soil
organicmatter andC contents [11], and improve soil structure
[39], was expected to produce greater season-long CO

2
than

CT, especially within the dryland treatment.However, in con-
trast to that hypothesized, CT produced greater season-long
CO
2
thanNT, regardless of irrigation scheme.When averaged

over all other field treatments and years, estimated season-
long CO

2
emissions were 21.0MgCO

2
ha−1 yr−1 under CT,

compared to only 18.1MgCO
2
ha−1 yr−1 under NT (𝑃 =

0.020; Table 1). Although production of CO
2
may indicate a

healthy soil with high microbial activity, some soils that have
historically low concentrations of organic matter to sustain
microbial activity may benefit from lower decomposition
rates. Since the study area is in a region with generally
low soil organic matter concentrations (∼2.1% by loss-on-
ignition; [40]) due to a long history of highly productive,
cultivated agriculture, producers may benefit from using NT
management practices that reduce the amount of C emitted
to the atmosphere via soil respiration in both irrigated and
dryland cropping systems.

4. Conclusions

The impact of irrigation on seasonal CO
2
emissions differed

between years. As was expected, irrigation only affected
estimated season-long CO

2
emissions during water-stressed

conditions by supplementing adequate soil moisture for
soybean growth and soil microbial respiration. Contrary to
that hypothesized, the tillage effect on total CO

2
emissions

was not dependent on the irrigation scheme used. No-tillage
management reduced seasonal CO

2
emissions during both

soybean growing seasons.
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Mulching is used to improve the condition of agricultural soils by covering the soil with different materials, mainly black
polyethylene (PE). However, problems derived from its use are how to remove it from the field and, in the case of it remaining
in the soil, the possible effects on it. One possible solution is to use biodegradable plastic (BD) or paper (PP), as mulch, which could
present an alternative, reducing nonrecyclable waste and decreasing the environmental pollution associated with it. Determination
ofmulch residues in the ground is one of the basic requirements to estimate the potential of eachmaterial to degrade.This study has
the goal of evaluating the residue of several mulch materials over a crop campaign in Central Spain through image analysis. Color
images were acquired under similar lighting conditions at the experimental field. Different thresholding methods were applied to
binarize the histogram values of the image saturation plane in order to show the best contrast between soil and mulch. Then the
percentage of white pixels (i.e., soil area) was used to calculate the mulch deterioration. A comparison of thresholdingmethods and
the different mulch materials based on percentage of bare soil area obtained is shown.

1. Introduction

Mulching is a method of improving the condition of agricul-
tural soils by covering the soil surface with different kinds
of materials. For this purpose, black polyethylene (PE), a
petroleum-based plastic, is the most used due to its low price
and the positive effects on crop yields [1, 2]. However, a major
problemderived from its use is how to remove it from the field
and how it can be completely done [2], because the useful life
of plastic materials exceeds the duration of crop cycles, and
they are usually left in the soil afterward. Although the part
exposed to the light undergoes photodegradation and favors
the plastic decomposition, the rest of the material is broken
into pieces by ploughing labors, some pieces being buried or
remaining on the soil surface. The buried pieces are more
difficult to decompose since they are less affected by light
and heat, creating serious soil problemswhose environmental
repercussion has not been fully evaluated [3]. Feuilloley et al.
[4] found that it is difficult to foresee the accumulative effects

of PE fragments and the impact of the repeated use of these PE
films on the environment. In this context, themicrofragments
derived from the buried pieces are electrically charged and
their impact, if accumulated, on the argilo-humic complex is
unknown.With the aim of accelerating the PE fragmentation
in the soil, special prooxidant additives are used. These
substances contain different complexes of transition metals,
particularly Fe, Co, and Mn [5], with the environmental risk
associated with soil heavy metal accumulation.

One possible solution to these environmental problems
is to use biodegradable plastic or paper, as mulch, which
could present an alternative to polyethylene in reducing non-
recyclable waste and decreasing the environmental pollution
associated with it [6–8]. On the other hand, it is essential
to control the functionality of these materials in the soil.
This can be done at the laboratory, such as by measuring
the transmittance of the materials [9], which would be
quite complex, or at field level, by determining the level of
deterioration ofmaterials. In the latter case, it is very common
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to use qualitative scales to measure the degree of disrepair,
for example, 9 or no deterioration (material practically intact)
down to 1 or totally degraded, as indicated by Martin-Closas
et al. [10], accompanied by photographic monitoring, apart
from visual inspection, which is largely subjective.

Determination of mulch residues on the ground is one
of the basic requirements to estimate the potential of each
material to degrade. Determining the extent of mulch residue
in the field is an exhausting job and there is not a distinct
and accurate criterion for its measurement, as reported in
detail in the review by Cowan [11]. There are several indices
to estimate the residue covers but most of them are not only
laborious and time consuming but also greatly affected by
human errors. Human vision is fast and accurate enough in
this case but the problem is that themagnitudemust be stated
numerically to be reported and to be used for comparison
between different mulches or mulches at different times.
Interpretation of the extent perceived by vision into figures
is possible by a simulation of the human vision system.

Machine vision comprising image processing systems can
perform these tasks. Lately, recent developments in robotics,
computer vision, and hardware have helped to solve several
problems in agriculture. Thus, the information provided
by digital imaging has been used extensively in ground
classification cover [12], leaf area index estimation in forest
ecosystems [13], identifying eroded areas [14], mechanical
properties of horticultural products [15], crop classification
[16], and weed recognition [17]. In these latter cases, it is
important to have efficient and automatic image segmenta-
tion to distinguish vegetation from the ground (Guijarro et
al. [18] and references therein).

However, these images in field conditions, with soil and
mulch, are quite complex, especially because of the small
contrast between them. Meanwhile the initial appearance of
most of themulches is a kind of black PE and at the end of the
crop campaign the materials appeared somewhat discolored
and soil and/or crop residue was impregnated making it
very difficult to completely remove them (Figure 1(a) as an
example).

This work has a double objective: first, to determine an
image analysis method, reliable and accurate, in order to
evaluate the residue of the mulch materials at the end of
the crop season, and based on it, their deterioration level;
and second, to determine and to compare the mulch residual
of alternative materials to polyethylene. In order to achieve
this, four thresholding methods were applied to binarize
the images of four different mulch materials. Then a simple
matrix calculation automatically determined the soil area as
a measure of mulch deterioration. The results are compared
with an area obtained by an expert user of imaging software.
A preliminary idea of this work can be consulted in Moreno
et al. [19].

2. Material and Methods

2.1. Mulch Materials and Image Acquisition. The mulch
materials used were two black biodegradable plastics (BD)

composed of corn starch (mulch 1: 15 𝜇m, Novamont; mulch
2: 17 𝜇m, Barbier), standard black polyethylene (PE) (mulch
3: 15 𝜇m, Siberline), and one black paper (PP) (mulch 4:
85 gm−2, Mimcord).

Imageswere taken 100 days after themulchwas implanted
in the ground to determine the deterioration, in August 2009.
During the experimental period, meteorological data such as
mean, mean maximum, and mean minimum temperatures,
rainfall, and solar radiation were 22.8∘C, 31.8∘C, 12.3∘C,
83.0mm, and 27.1MJm−2, respectively. The corresponding
mean values for the previous 9-year historical series (2000–
2008) were 19.6∘C, 27.2∘C, 10.9∘C, 49.0mm, and 25.9MJm−2,
respectively. Irrigation was applied, so the soil had moisture
conditions similar to those reached with summer vegetable
crops. Also the time spent on the ground was adjusted to
the duration of a horticulture crop cycle (e.g., tomatoes and
peppers). The test was carried out in the experimental farm
“El Chaparrillo” (3∘56W–39∘0N, altitude 640m), property
of the Junta de Comunidades de Castilla-La Mancha, in
Ciudad Real (Central Spain).

A digital camera (Canon PowerShot A80-35mm) was
used to acquire color digital images (JPG format) under
similar lighting conditions (sunny day and at noon) at the
experimental field. A total of 24 photographs, 6 per mulch,
were taken according to a randomized block design. Images
were captured accurately covering a 1 × 0.5 meter frame
which yielded images cropped to be 2400 × 1200 pixels. The
images were processed with the Image Processing Toolbox
from Matlab R2009a [20] belonging to The Mathworks, Inc.
(Natick, MA, USA).

2.2. RGB and HSV Color Space Histograms. “Color” refers
to the human brain’s subjective interpretation of combina-
tions of a narrow band of wavelengths of light. González
and Wood [21] define the “color space” transformations
as various specifications of a three-dimensional coordinate
system where each color is represented by a single point.
The RGB model (red, green, and blue) is based on a system
of Cartesian coordinates where each point is described by
its primary red, green, and blue spectral components. RGB
image color consists of three independent image planes, one
for each primary color. Another color space is HSV, where
each point is defined by hue (H), saturation (S), and value
(V) coordinates.

The HSV color space has a better capability of repre-
senting the colors of human perception than the RGB color
space does. The H and S components are closely related
to the human eye color perception. The third component
(V) is related to image brightness [21]. The transformation
equations from RGB to HSV space are commonly used and
can be consulted in the work of Chun-Ming Tsai [22].The use
of different color spaces is applied in agriculture, especially
in plant detection, to discern the plant from the background
[23, 24].

Both spaces (RGB and HSV) have been taken into
consideration to study the image histograms derived from
them and to see which one was better to binarize the image.
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2.3. Image Segmentation. The segmentation process parti-
tions the digital image into disjoint regions [25], the auto-
mated segmentation being, in general, one of the most
difficult tasks in the image analysis [26].There aremany color
segmentation techniques reported in the literature, such as
texture analysis, edge detection, region split and merging,
feature analysis and histogram thresholding or clustering, the
last being the most commonly used, as indicated by Du et al.
[27].

Image segmentation by the thresholding technique
involves the assumption that the objects and the background
have distinct level distributions and so the histogram contains
two—or more—distinct peaks and the threshold value sep-
arating them can be obtained. If the histogram is bimodal,
the image can be segmented into two classes or regions:
the object with value levels above the threshold (𝑡) and
background with values below the threshold, or vice versa
[21, 28].Then, usually, a binary (black and white) thresholded
𝐵(𝑥, 𝑦) image is obtained from the corresponding histogram
image 𝑓(𝑥, 𝑦): a value of 1 is assigned to the pixels of the
object, and 0 to the background pixels. A survey on threshold
selection techniques can be consulted at Sahoo et al. [28].
This study identified the soil as foreground and mulch as
background.

When the threshold depends only on 𝑓(𝑥, 𝑦), the thresh-
old is called global, while if it also depends on local properties
of each point (𝑥, 𝑦), the threshold is called local. In this study
we have two globalmethods and one localmethod.The global
Otsu [29] (OT) and Ridler-Calvard [30] (RC) thresholds
have been chosen because they are widely used thresholding
techniques which have proven their effectiveness in various
fields [31]. Furthermore, the OT method is implemented as
the default approach to image thresholding in some free
or commercial software such as Matlab. The local entropy-
based thresholding method (LE) is a local thresholding
method that has been shown to be promising and effective
in image thresholding [27, 32]. Below we briefly explain each
method.

Otsu’s method (OT) [29] has shown great success in
image segmentation. Several improved versions of Otsu’s
method have been proposed, such as a recursive Otsu’s
method by Cheriet et al. [33] or the version of the method
given by Xu et al. [34].

OT finds the threshold (𝑡) that maximizes the between-
class variance (background and foreground), 𝜎2

𝑏
, in the image

histogram. Equivalently, OT finds the threshold (𝑡) that
minimizes the within-class variance, 𝜎2

𝑤
.

The principle of the RC method [30, 35] is to evaluate
the threshold (𝑡) for any image with a bimodal histogram
by assuming 𝑡 to be 𝑡 = (𝑚

1
+ 𝑚
2
)/2, where 𝑚

1
and

𝑚
2
are the means of each of the two components of the

histogram separated by the threshold. For this, an initial
threshold is selected, and a new threshold is obtained by
averaging themeans of the two classes.The process continues
until the value of the threshold converges. When the iterative
algorithm stops, the threshold calculated is the average of the
mean levels of the two classes [34, 36].

LE thresholding is based on the maximization of the
information measure between two classes, foreground and

background.Therefore, the optimal 𝑡maximizes the addition
of foreground and background entropy [37–39]. A survey
and comparative analysis of entropy and relative entropy
thresholding techniques can be consulted inChang et al. [40].

Entropy refers to the amount of information that can be
obtained from a set of messages and was first introduced
into information theory by Shannon [41]. The entropy of an
image can be defined as𝐻 = −∑𝑖=𝐿

𝑖=1
𝑝
𝑖
log
2
𝑝
𝑖
, where 𝑝

𝑖
is the

probability that the gray-value 𝑖 appears in the image, and 𝐿
is the maximum gray-value.

Additionally, threshold setting by the user, partly subjec-
tive, in the image histogram is quite frequently applied and
therefore also incorporated into the study named as manual
thresholding (MT).

2.4. Performance to Obtain Binary Images and Percentage
of Bare Soil Area. The thresholding methods tested (Otsu,
Ridler-Calvard, local entropy, andmanual thresholding)were
applied to the histograms corresponding to each independent
plane (red, blue, and green at RGB color space and hue,
saturation, and value at HSV color space).

Otsu’s method was applied directly using Matlab com-
mands; Ridler-Calvard method was implemented automat-
ically using the iterative Isodata algorithm [20], and the
development of the local entropymethod is based onDu et al.
[27] and Du [32] works.

The result of segmentation using the proposed methods
is a binary image (𝐵) with white pixels representing bare
soil and black pixels representing the mulch. A last step con-
sisted of applying to each 𝐵 binary image a morphological
operation to reduce the noise regions with an area smaller
than𝑚× 𝑛/100. Removing small objects (both in foreground
and background) was carried out by opening the binary areas
(in both binary image 𝐵 and its complement) with an 8-
connectivity. Then all small objects were removed to obtain
the final binary image (B). This operation was performed
using a specific Matlab function.

The area estimated was the percentage of bare soil and it
is determined by dividing the number of white pixels by that
of all pixels of the image.

Manual thresholding was based on the image histogram.
Most image processing software programmes, includingMat-
lab or Photoshop, have an interactive contrast and brightness
adjustment tool that can be associated with a grayscale image.
Then the thresholds were adjusted in the histograms to
achieve the best discrimination between soil and mulch.

The reference areas (𝐴
𝑅
) were obtained from the color

images to use them as the optimum classification. They were
obtained by an expert user of Adobe PhotoshopCS 3 software
who used a zoom of 800 to discriminate soil and mulch.

2.5. Statistical Analysis. A paired 2-tailed Student’s t-test was
performed to determine the variability in themetrics for each
pair of areas: area of reference 𝐴

𝑅
(obtained by the expert of

Adobe Photoshop CS 3) and area using a threshold method.
A paired 2-tailed Wilcoxon nonparametric test was used in
case of no normality (tested by Shapiro-Wilk’s test).
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(a) (b)

Figure 1: Image with mulch and soil 100 days after field implementation. (a) Original image in RGB color space; (b) grayscale image.

(a) (d)

(b) (e)

(c) (f)

Figure 2: Representation of the original image shown in Figure 1 in the RGB system (left column) and in the HSV system (right column).
(a) Red plane, (b) green plane, (c) blue plane, (d) hue plane, (e) saturation plane, and (f) value plane.

An analysis of variance (ANOVA)was applied to compare
the degradation among the mulch materials, by comparing
the percentage of soil area estimated by each thresholding
method.

3. Results and Discussion

3.1. Histograms Selected. The original RGB images used in
thiswork had the problemof presenting a very low reflectance

difference between soil and mulch, with low contrast also in
each of the three separate color planes (Figures 2(a), 2(b), and
2(c)).

The histograms of the grayscale image corresponding to
the original RGB color images were practically unimodal
(Figure 1(b) and its histogram in Figure 3(a)); that is, soil and
mulch looked confused to each other. Neither of the images
of 𝑅, 𝐺, and 𝐵 obtained from the separate RGB color planes
showed good contrast levels (Figures 2(a), 2(b), and 2(c)).
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Figure 3: Histograms corresponding to color image of Figure 1 in (a) grayscale image and (b) saturation plane.

(a) (b)

(c) (d)

Figure 4: Binary images from saturation plane (HSV color system), obtained from the original image showed in Figure 1, applying different
thresholding methods: (a) Otsu (𝑡OT = 0.2745; 𝐴OT = 36.43); (b) Ridler-Calvard (𝑡RC = 0.2677; 𝐴RC = 35.72); (c) local entropy (𝑡LE = 0.1412;
𝐴LE = 57.57); (d) manual thresholding (𝑡MT = 0.2499; 𝐴MT = 38.24). Black pixels represent mulch and white pixels represent bare soil.

For this reason we carried out the conversion of images from
the RGB color space to HSV space and the three independent
planes (Figures 2(d), 2(e), and 2(f)) were examined.

All images corresponding to saturation plane provided
a good contrast between soil and mulch (Figure 2(e)) and
the histograms appeared bimodal (Figure 3(b)). So these
histograms were chosen to give the corresponding binary
images by applying the four thresholding methods.

3.2. Comparison of Thresholding Methods and Computational
Time. In all images it was fulfilled that the relationship
between the Ridler-Calvard and the Otsu thresholds was
𝑡RC < 𝑡OT (Table 1). Therefore, in the binary images obtained
initially (prior to performing morphological operations), the
relationship between the values corresponding to the bare soil
(white) obtained through these thresholds was the opposite:
𝐴OT < 𝐴RC. Additionally, inmost of the images the following

was satisfied: 𝑡MT < 𝑡RC < 𝑡OT, and therefore the ratio of
initial areas (data not shown) was 𝐴OT < 𝐴RC < 𝐴MT for
all of them. In these cases, the area corresponding to bare
soil was overestimated by the 𝑡MT threshold, especially when
compared with 𝑡OT. Guijarro et al. [18] also observed that the
threshold obtained by Otsu’s method tended to produce an
undersegmentation of white pixels, corresponding to barley
and corn crops, because it provided a relatively high value in
the histogram.

For example, the thresholds corresponding to Figure 1
were 𝑡MT = 0.2499, 𝑡RC = 0.2677, and 𝑡OT = 0.2745, and the
corresponding bare soil areas, prior to performing morpho-
logical operations (expressed as a percentage), were 39.16,
36.41 and 35.78, respectively.

Themaximumdifference between the 𝑡OT−𝑡RC thresholds
was 0.0191, while themaximumdifferences between abs(𝑡OT−
𝑡MT) and abs(𝑡RC − 𝑡MT) were higher (0.2350 and 0.2541,
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Table 1: Thresholds and areas obtained after eliminating small objects. Thresholds: Otsu (𝑡OT), Ridler-Calvard (𝑡RC), manual thresholding
(𝑡MT), and local entropy (𝑡LE). Soil areas by Otsu (𝐴OT), Ridler-Calvard (𝐴RC), manual thresholding (𝐴MT), local entropy (𝐴LE), and reference
area (𝐴

𝑅
).

Image Mulch∗ Block Threshold Area
𝑡OT 𝑡RC 𝑡MT 𝑡LE 𝐴OT 𝐴RC 𝐴MT 𝐴LE 𝐴

𝑅

1 1 1 0.2902 0.2874 0.2468 0.5059 50.9052 49.4967 52.9680 39.8214 49.0100
2 1 2 0.2745 0.2717 0.2297 0.4667 46.5797 45.5628 50.4214 38.7190 55.7600
3 1 3 0.3451 0.3425 0.2158 0.5529 70.6396 70.8865 82.7414 61.2655 86.7600
4 1 4 0.2706 0.2677 0.2494 0.5098 46.4310 45.7977 47.7424 27.5502 39.7300
5 1 5 0.2353 0.2283 0.2390 0.4667 45.2831 46.4100 44.8275 9.6671 29.0600
6 1 6 0.2824 0.2795 0.2430 0.1804 43.7783 43.8106 45.0526 67.6796 45.0500
7 2 1 0.3255 0.3228 0.2691 0.5843 64.9501 63.4503 68.4051 43.6728 59.9000
8 2 2 0.2784 0.2756 0.2483 0.1922 46.8627 44.7348 47.8013 65.0698 45.5200
9 2 3 0.2745 0.2677 0.2499 0.1412 36.4270 35.7161 38.2370 57.5681 33.7800
10 2 4 0.3216 0.3189 0.2599 0.5608 68.6014 68.0766 71.7309 52.9240 71.0700
11 2 5 0.3137 0.3189 0.2897 0.3490 49.5972 50.1565 51.2083 52.3749 52.0200
12 2 6 0.3255 0.3228 0.2819 0.5529 61.5203 62.4738 66.2118 38.5616 54.2500
13 3 1 0.2588 0.2559 0.2616 0.0902 24.5614 24.6451 24.4695 45.8991 22.2100
14 3 2 0.2745 0.2677 0.2406 0.1804 31.0725 31.3840 32.8444 44.1760 23.8300
15 3 3 0.2667 0.2598 0.2400 0.1176 19.3475 18.8066 19.6754 45.0813 23.3600
16 3 4 0.2392 0.2362 0.2332 0.1412 28.6458 28.8813 29.0930 46.7529 29.2300
17 3 5 0.1569 0.1378 0.3919 0.9961 1.6047 1.9750 0.6406 0.0000 2.7600
18 3 6 0.2118 0.2047 0.4327 0.1529 12.4904 7.4138 0.8420 44.7230 4.5300
19 4 1 0.2353 0.2323 0.2297 0.4706 47.0578 47.1434 47.3097 6.9027 26.3000
20 4 2 0.3098 0.3071 0.2517 0.1333 42.9258 43.0054 45.3668 60.3160 42.6000
21 4 3 0.2980 0.2953 0.2773 0.1569 47.2435 46.5150 47.6497 66.6117 48.9300
22 4 4 0.2980 0.2953 0.2662 0.1608 46.5599 46.6459 47.7724 63.7267 47.6600
23 4 5 0.3059 0.2992 0.2622 0.2275 45.0941 45.9767 49.0865 59.3983 42.4800
24 4 6 0.2902 0.2874 0.2439 0.1490 40.0192 35.5562 41.6854 59.2816 40.7600
∗Mulch 1: biodegradable (BD). Mulch 2: biodegradable (BD). Mulch 3: polyethylene (PE). Mulch 4: paper (PP).

Table 2: Computational time (in minutes) for the calculation
of soil area in binary images obtained by several thresholding
methods: Otsu (OT), Ridler-Calvard (RC), local entropy (LE),
manual thresholding (MT), and reference area (𝑅). This time has
been estimated based on a set of 24 color images. The ratio has been
calculated with respect to MT method.

OT RC LE MT 𝑅

Time (minutes) 10.5 9 18 230 3200
Ratio (%) 4.5 3.9 7.8 100 1391

resp.). The averages of the differences among abs(𝑡OT − 𝑡RC),
abs(𝑡OT − 𝑡MT), and abs(𝑡RC − 𝑡MT) were 0.0046, 0.0530,
and 0.0515, respectively. All this proves the close proximity
existing between the 𝑡OT and 𝑡RC thresholds and the greater
difference they show in relation to the manual threshold.

Xu et al. [34] proved that the optimal Otsu (𝑡) threshold
is equal to the average value of the mean levels of two classes
partitioned by this threshold. This result revealed the Ridler-
Calvard method as an iterative version of Otsu’s method,
and therefore both approaches to image thresholding would
be very close [31]. However, the slight right shift of the 𝑡OT
threshold observed in the histograms would indicate, accord-
ing to the studies by Xu et al. [34] and Xue et al. [31], that the

Table 3: Comparison of the soil area percentage values obtained
by thresholding methods (Otsu (OT), Ridler-Calvard (RC), manual
threshold (MT), and local entropy (LE)) with the reference area
(𝐴
𝑅
). The comparison was analyzed with a paired 2-tailed Student’s

𝑡-test and a paired 2-tailed Wilcoxon nonparametric test in case of
LE.

Groups Average S.D. (Dif.) 𝑡 𝑃 bilateral∗
G1 G2 Dif. G1 G2
𝐴
𝑅
𝐴OT −1.73 40.69 42.42 7.42 −1.15 0.2637

𝐴
𝑅
𝐴RC −1.17 40.69 41.86 7.61 −0.75 0.4611

AR AMT −3.22 40.69 43.91 6.53 −2.42 0.0241
𝐴
𝑅
𝐴LE −5.05 40.69 45.73 19.23 0.0540

∗In bold the pair of methods that present significant differences in the areas
at level 𝛼 = 0.05. S.D. (Dif.): standard deviation of the mean difference.

class with pixels of bare soil (foreground) has larger variance
than the class with pixels of mulch (background). According
to these studies, 𝑡OT tends to balance the two classes, deviating
from the intersection point of the two classes toward the class
with larger variance. Also, 𝑡OT shifts to the bigger size class
when the size difference between background and object is
very significant. This occurs in pictures 17 and 18 (Table 1),
in which the size of the foreground class is much smaller
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Table 4: Comparison of mulch deterioration by percentage of bare soil area (% of white pixels) ± standard error in binary images obtained
by thresholding methods: Otsu (OT), Ridler-Calvard (RC), and local entropy (LE). The areas obtained based on the reference images (𝐴

𝑅
)

are shown in the first column. Mulch materials: biodegradable (BD), polyethylene (PE), and paper (PP).

Mulch∗,∗∗ 𝐴
𝑅

𝐴OT 𝐴RC 𝐴LE
∗∗∗

1 50.90 ± 8.06a 50.60 ± 4.12a 50.33 ± 4.18a 40.78 ± 8.74a

2 52.76 ± 5.17
a

54.66 ± 5.05
a

54.10 ± 5.14
a

51.70 ± 3.88
a

3 17.65 ± 4.54b 19.62 ± 4.52b 18.85 ± 4.85b 37.77 ± 7.56a

4 41.46 ± 3.30a 44.82 ± 1.16a 44.14 ± 1.82a 52.71 ± 9.24a

𝑃-value 0.0019 0.0001 0.0002 0.3715
∗Mulch 1: biodegradable (BD). Mulch 2: biodegradable (BD). Mulch 3: polyethylene (PE). Mulch 4: paper (PP).
∗∗100 days after mulch laying. ANOVA and Duncan test, 𝛼 = 0.05. Different letters in the same column indicate significant differences between soil areas.
∗∗∗
𝑥
2 transformation.

than the background class, so 𝑡OT would shift left from
the histogram valley. These findings [31, 34] could explain
the infrasegmentation concerning the identification of green
obtained by Guijarro et al. [18] with the Otsu threshold.

The thresholds obtained by the LE method did not
follow a pattern of behavior similar to the thresholds
obtained by the other methods. The 𝑡LE thresholds were
very different from the 𝑡OT and 𝑡RC. Du et al. [27] also
obtained OT and LE thresholds very different from each
other in the 𝑅, 𝐺, and 𝐵 color domains. However, when
comparing four gray level thresholding methods (Otsu, Pal
and Pal’s local entropy, joint entropy, and the joint relative
entropy methods), no conclusions could be drawn on which
thresholding method performed better than the others.
In this context, Glasbey [42], when comparing bimodal
histograms for 11 thresholding methods including Otsu,
Ridler-Calvard, and other methods based on entropy, found
that the entropy method generated the widest spread of
thresholds.

The initial binary images obtained from OT, RC, and
MT thresholdingmethods differed little from the final binary
images (after eliminating the small objects), both visually and
in terms of the value of the area. For example, the respective
areas before and after eliminating the small objects in the
image presented in Figure 1 were 39.1596 and 38.2370 for
MT, 36.4105 and 35.7161 for RC, and 35.7760 and 36.4270
for OT thresholding methods. In the case of the binary
images obtained by the LE method, there were higher visual
differences before and after performing morphological
operations (for the cited image, the areas were 51.7199 and
57.5681, resp.).

In general, the binary images derived from theOTandRC
thresholds gave a better visual fit to reality than those derived
from both the manual and the LE thresholds (Figure 4 as an
example).

Moreover, the time spent in obtaining areas using a
manual thresholdwas higher than the automatic thresholding
methods, as expected (Table 2). Among the automatic meth-
ods, LE gave a longer computational time, in fact double the
time of the RC. Calculating the ratio with respect to the MT
method, the automatic methods from faster to slower are RC,
OT, and LE (Table 2). In accordance with Glasbey [42], RC is
slightly less computationally intensive than Otsu.

3.3. Comparison among Bare Soil Areas. The comparison of
the areas obtained from each method with the reference area
(𝐴
𝑅
) is shown in Table 3. There we can see the results of

the paired 2-tailed Student’s 𝑡-test between the 𝐴
𝑅
and the

area obtained by the OT, RC, and MT thresholding methods
(𝐴OT, 𝐴RC, and 𝐴MT, resp.). In the comparison of the area
provided by LE (𝐴LE) and 𝐴𝑅, due to the lack of normality
(shown by the Shapiro-Wilk’s test) in the differences of the
corresponding pairs of areas, the Wilcoxon test (for paired
data) was performed. Statistically significant differences (𝑃 <
0.05) between 𝐴

𝑅
and 𝐴MT were obtained; however, the

visual appearance of both images was quite similar.
Despite the dubious significance of the paired 2-tailed

Wilcoxon test for 𝐴
𝑅
and 𝐴LE areas, the differences between

these values became important (Table 1), with max abs(𝐴
𝑅
−

𝐴LE) = 40.1930. In these cases, visual differences between
both types of binary image were perceived. The average of
these differences, in absolute value, was 18.01, while this value
was 5.13 for the OT method.

However, in some cases the use of entropies for image
thresholding has provided better results than even Otsu’s
method [43, 44].

3.4. Mulch Residue Analysis. The comparison of bare soil
(where the mulch was gone) provided by each of the sta-
tistically reliable methods for the four types of mulches
considered is shown in Table 4. These methods were OT, RC,
and LE (Section 3.3, Table 3). ANOVA tables of the reference
areas are also included to compare the results.

Table 4 is a comparison of mulch deterioration in actual
field conditions, as measured by the percentage of bare soil
area, by using different image thresholding methods. Data
shown in Table 4 for the OT and RC methods in comparison
with those obtained by ideal images are very similar, because
ANOVA was significant in the three cases, and also because
the mean values obtained in the deterioration of mulches
by each method were quite similar. However, with the LE
method, no significant differences between treatments (𝑃 >
0.05) were observed; the area of bare soil for mulch 3 was
much overestimated (37.77% versus 17.65% for the reference
image) and also altered the behavior of mulches 2 and 4 with
respect to the reference image (Table 4).Therefore, we discard
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LE as an accurate thresholding method for soil and mulch
image segmentation. As a result, we choose the automatic
OT and RC methods as the best thresholding methods with
very similar results to each other and also with respect to
the reference images. In general terms, both are simple and
well-known methods. The RC method has a slightly lower
computational cost while the OT method has the advantage
of being included in specialized software.

The mean values of rate of deterioration (% bare soil
area) obtained by expert user (𝐴

𝑅
) and by the accurate

thresholdingmethods (𝐴OT,𝐴RC) were, respectively, 50.90%,
50.60%, and 50.33% for mulch 1; 52.76%, 54.66%, and 54.10%
for mulch 2; 17.65%, 19.62%, and 18.85% for mulch 3; 41.46%,
44.82 %, and 44.14 % for mulch 4.

The best thresholding methods obtained (OT and RC)
indicate thatmulch 3 (polyethylene) differs significantly from
the others by presenting much less deterioration (a lower
percentage of bare soil) than the biodegradable materials.
As expected, these results highlight the low degradability
of polyethylene in the soil and warn of the environmental
problems this may cause.

4. Conclusions

The results obtained by four thresholding methods from
color images containing soil andmulch were compared: Otsu
(OT), Ridler-Calvard (RC), local entropy (LE) and man-
ual thresholding (MT). Furthermore, deterioration of four
mulch materials (polyethylene, two biodegradable plastics,
and paper) was analyzed 100 days after implantation in the
soil, through computation of the area of bare soil.

The following conclusions were reached.
(i) The problem of low-contrast color images in the field,

with soil andmulch, can be solved by converting RGB
to HSV color space and using the saturation plane
histogram.

(ii) Among the thresholding methods studied to obtain
binary images, the most accurate ones with regard to
the respective reference areas are Otsu and Ridler-
Calvard.

(iii) The percentage of missing mulch (soil area) has been
automatically computed using binarized images.

(iv) A hundred days after its implementation on the
ground, biodegradable materials have deteriorated
around 50%, well above the deterioration of polyethy-
lene (below 20%).

The rate of deterioration of a mulch material, measured
reliably and quickly in field conditions as we propose, is
an important fact. It could help to better understand the
overall behavior of the materials used as mulch. Therefore,
the methods to obtain such data, as proposed in this study,
will be useful to mulch manufacturers and farmers.

Acronyms

𝑡MT: Threshold obtained by manual thresholding
𝑡OT: Threshold obtained by Otsu’s method

𝑡RC: Threshold obtained by Ridler-Calvard’s method
𝑡LE: Threshold obtained by local entropy method
𝐴
𝑅
: Reference area
𝐴MT: Area obtained by manual thresholding
𝐴OT: Area obtained by Otsu’s method
𝐴RC: Area obtained by Ridler-Calvard’s method
𝐴LE: Area obtained by local entropy method.
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Slaking experiments were conducted of fragipan clods immersed in solutions of poultrymanure, aerobically digested biosolid waste
(ADB), fluidized bed combustion byproduct (FBC), D-H

2
O, CaCO

3
, NaF, Na-hexa-metaphosphate, and ryegrass root biomass.The

fragipan clods were sampled from the Btx horizon of an Oxyaquic Fragiudalf in Kentucky. Wet sieving aggregate analysis showed
significantly better fragmentation in the NaF, Na-hexa-metaphosphate, and ryegrass root solutions with a mean weight diameter
range of 15.5–18.8mm compared to the 44.2–47.9mm of the poultry manure, ADB, and FBC treatments. Dissolved Si, Al, Fe, and
Mn levels released in solution were ambiguous.The poor efficiency of the poultrymanure, ADB, and FBC treatments was attributed
to their high ionic strength, while the high efficiency of the NaF, Na-hexa-metaphosphate, and rye grass root solutions to their high
sodium soluble ratio (SSR). A slakingmechanism is proposed suggesting that aqueous solutions with high SSR penetrate faster into
the fragipan capillaries and generate the critical swelling pressure and shearing stress required to rupture the fragipan into several
fragments. Additional fragmentation occurs in a followup stage during which potential Si, Al, Fe, and Mn binding agents may be
released into solution. Field experiments testing these findings are in progress.

1. Introduction

Fragipans are naturally causing restrictive layers occurring
in about 53,000 km2 of Kentucky soils and more than
970,000 km2 in the US [1, 2]. They usually form as a result
of weathering of primary minerals (mainly feldspars) in rela-
tively acidic environments. Upon dissolution, these minerals
release high levels of Si, Al, and other cations (Fe, Mn),
which, under dry conditions, form Si-enriched amorphous
gels that harden into a cement-type material that binds the
soil particles into large masses of impermeable prism-like
structures [3–5].The fragipan, which usually occurs at depths
between 45 and 60 cm from the soil surface, greatly restricts
water movement and root growth [6]. Therefore, it reduces
the water holding potential in these soils to about one-half
of that of many other crop producing soils [7]. It also causes
saturated soil conditions in the winter and spring that result
in adverse conditions to crops growing during this time [8, 9].
By far the biggest production problem for corn and soybeans

grown on these soils is limited water holding capacity, which
may reduce yields by at least 20–25% [10, 11].

Field evidence suggests that fragipan horizons occurring
in landscape positions with high hydraulic loads show signs
of considerable degradation, particularly in their upper part
which is in contact with the developing perched water
table [4, 5, 12]. However, these weathering effects are the
result of hundreds or thousands of years with no practical
significance. In laboratory experiments, slaking (breakdown
of soil clods into smaller fragments on rapid wetting) of
soil clods obtained from Btx horizons of two Fragiudalfs in
the southern Mississippi Valley Silty Uplands occurred at
significantly lower rates than clods obtained fromBt horizons
of a Hapludalf [13]. However, the extent and severity of
slaking were independent of particle size distribution and
extractable Si or Fe. Aggregate stability tests by wet sieving of
fragipan and nonfragipan soil materials obtained from two
Fragiudalfs in Italy indicated a protective effect of organic
matter and a correlation of aggregate destabilization with
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particle arrangement and porosity rather than particle size
distribution [14].

Surprisingly, not many studies have explored alternative
feasible management options that could accelerate fragipan
degradation and remediate the problem. Physical treatments,
including mechanical disturbance in combination with 2%
organic matter application, somewhat lowered the bulk
density of some fragipans but only for a limited time of
5 years [15]. Application of lime, sawdust, and fertilizer to
back-filled trenches excavated into fragipan horizons also
lowered their bulk density and significantly increased water
storage capacity and crop yields for a duration of 16 years
compared to similar untreated soils [16]. Other agricultural
and industrial solid waste amendments have been used
extensively in fragipan soils butmainly as alternative nutrient
sources or structural stability contributors rather than fragi-
pan remediation products [7, 17–20].

Most researchers have attributed loessial fragipan cemen-
tation to excess Si, Al, and Fe hydroxide precipitates binding
soil particles and sealing a significant part of the fragipan pore
system [4, 21–25]. Since the restrictive nature of fragipans
has been attributed to Si-enriched amorphous binding agents,
high pH amendments in the presence of dispersive materials
(Na or Mg based) at low concentrations may facilitate their
dissolution and reduce fragipan rigidity [26], thus allowing
greater soil depths of rooting and water storage capacity.
Rhoton et al. [27] evaluated under laboratory conditions a
fluidized bed combustion byproduct (FBC) of pH 12 as a
potential amendment to dissolve the cementing agents and
decrease fragipan strength. Although different application
rates did not significantly reduce fragipan strength below
that of natural unamended samples, it was found that higher
application rates slightly lowered fragipan strength appar-
ently due to the dispersive effect of high Mg levels present
in the FBC. It was also suggested that the true potential of
fly ash as a fragipan weathering amendment may have been
hindered by reprecipitation of poorly crystalline Mg-silicate
phases in the closed laboratory system, while it may be more
effective under natural field conditions, where dissolution
products may be readily leached from the soil.

The use of cover crops has grown in popularity as means
to control erosion and improve nutrient and water stor-
age capacity, particularly in soils with limitations like fragi-
pans [28–32]. Ryegrass (Lolium perenne L.), winter wheat
(Triticum aestivum L.), hairy vetch (Vicia villosa), and other
cover crops aremost commonly used, but their effect on fragi-
pan weathering is little understood [31–33]. Field trials by the
University of Illinois suggested greater root penetration into
the upper part of the fragipan by annual ryegrass plants and
formation of root channels (macropores) that the succeeding
spring crop can utilize to reachmoisture within the cemented
layer that normally is not available [34]. Planting annual
ryegrass for two years allowed for 10–15 cm root penetration
into the pan and improved moisture accessibility, something
that corn and soybean roots cannot do by themselves.
Whether this effect is exclusively physical/mechanical or it
is facilitated by biochemical interactions through biomass
accumulation and/or exudate excretion is unknown [20, 35–
37].

The objectives of this study were to evaluate under
laboratory conditions a number of amendment typematerials
and cover crop biomass extracts in hopes of finding effective
means to accelerate the degradation of fragipan soilmaterials.
The ultimate goal of the research findings is to test some of
themost promising amendmentmaterials and cover crops on
field trials with fragipan soils.

2. Materials and Methods

The fragipan resistance to degradation was evaluated with
slaking experiments of undisturbed fragipan clods immersed
in solution extracts from amendment or cover crop biomass
materials. The fragipan samples were collected from a
Zanesville silt loam soil (fine-silty, mixed, active mesic, and
Oxyaquic Fragiudalfs) at field moisture capacity (∼ −10 kPa
matric potential). The undisturbed samples were sealed in
plastic bags and stored under refrigeration until used. The
fragipan samples were treated with solutions/extracts from
the following materials: deionized water (D-H

2
O), reagent

grade CaCO
3
at solubility strength, 0.005M NaF, 0.005M

Na-hexa-meta-phosphate, an aerobically digested biosolid
waste (ADB) collected from a waste water treatment plant in
Jessamine County, KY, a fluidized bed combustion byproduct
(FBC) from a coal power facility, broiler litter collected from
a poultry facility, and ryegrass root biomass collected from
a field where it was grown as a cover crop. Poultry litter,
FBC,ADB, and ryegrass root solution extractswere generated
using 1 : 1 solid dry weight to D-H

2
O ratio. The ryegrass root

biomass solution was extracted by 30-min boiling with D-
H
2
O and cooled down to room temperature (∼20∘C). All

solutions and extractswere filtered before interactingwith the
fragipan materials.

The rationale for selection of the treatments was based on
the following criteria.TheD-H

2
O treatment wasmainly used

as control. Poultry litter, CaCO
3
, and other biosolidwastes are

extensively used as amendments in soils, includingmanywith
fragipan horizons. Fly ash materials have been tested before
in fragipan slaking experiments with some potential benefits.
Na-hexa-metaphosphate is a primary dispersing agent used
in particle size analysis while NaF could serve as a dispersant
and Al complexing agent. Finally, the ryegrass is widely used
as a cover crop, with some recent evidence suggesting that
its roots can penetrate into the upper part of the fragipan
horizon.

Sections of undisturbed fragipan samples representing
prism interiors from the Btx

1
horizon were trimmed to

potato shaped clods at field moisture state, approximately
8 × 5 cm in size, weighing about 140 g, and placed in 1 liter
wide mouth glass jars. Each fragipan clod was immersed in
500mL of solution extract representing the eight amendment
materials using five replicates from each treatment. The jars
were left undisturbed except for being subjected to a 2 min
sonication treatment twice a week to accelerate degradation.
Ten mL aliquots from the solutions/extracts in contact with
the fragipan clods were collected the day after sonication
and analyzed for pH, EC, Si, Al, Fe, and Mn [38]. Fragipan
resistance to slaking was visually evaluated at every sampling
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Figure 1: Wet aggregate size distribution of fragipan fragments in slaking experiments with D-H
2
O, CaCO

3
, FBC, ADB, poultry manure,

0.05M Na-hexa-metaphosphate, 0.05M NaF, and rye root extracts.

for four weeks and at the end of the experiment through
wet aggregate sieving analysis using the following sieve
sizes: 50mm, 22.4mm, 15.9mm, 12.5mm, 7.9mm, 6.4mm,
4.0mm, and 2.00mm [39, 40]. The % contribution of each
aggregate size fraction was used to calculate the aggregate
MWD. Fragipan subsamples were processed for particle
size distribution, pH, exchangeable cations, CEC, organic
matter, and mineralogical composition [38]. Particle size
distribution, selected chemical, and mineralogical charac-
terization data for the soil studied are shown in Table 1.
Statistical comparisons of treatments were performed using
ANOVA (Fisher’s protected least significant difference test
and Duncan’s test) in SAS 9.3 with 𝛼 < 0.05 probability levels.
Significant statistical relationships between slaking solution
variables and aggregate MWD were determined with single
and multiple regression analysis in SAS 9.3 with 𝛼 < 0.05 (∗)
and 𝛼 < 0.01 (∗∗) probability levels.

3. Results and Discussion

3.1. Aggregate Stability Measurements. Wet sieving analysis
of aggregate size distribution following completion of the
experiment indicated considerable variability between and
within treatments (Figure 1).Three aggregate size rangeswere
selected for comparison purposes including the >50mm, the
50–12.5mm, and the <12.5mm fraction.The poultrymanure,
FBC, and ADB treatments contained the highest overall % of
fragments in the >50mm fraction with mean values of 93.8 ±
10.7, 84.0 ± 20.4, and 82.8 ± 18.2%, respectively (Figure 1).
Several of these samples remained intact without any signs of

alteration by the end of the experiment, while the remaining
clods experienced very little degradation. Mean % values
for the 50–12.5mm size fraction for the same amendments
ranged from 4.2 to 12.8 and for the <12.5mm fraction 2.0 to
4.0. Fragipan clods exhibited intermediate resistance to D-
H
2
O and CaCO

3
treatments, with mean % values of frag-

ments in the >50mm size fraction of 62.0 ± 28.0 and 67.0 ±
47.2, respectively (Figure 1). In these treatments, significant
fragipan degradation signs were observed only after the
second week of the experiment with high standard error (SE)
within treatments. Mean % values for the 50–12.5mm size
fraction ranged from 19.0 ± 26.6 for the CaCO

3
to 26.0 ±

18.5 for the D-H
2
O treatments, and for the <12.5mm fraction

14.0 ± 19.2 and 12.0 ± 11.0, respectively. The NaF, Na-hexa-
metaphosphate, and ryegrass root treatments were the most
effective in causing significant slaking in the fragipan clods
(Figure 1). The degradation effects were evident before the
end of the first week of the experiments. Only one replicate
of five in each one of these treatments contained aggregates
in the >50mm size fraction and in all cases the original clod
was fragmented. Mean % values for the >50mm size fraction
ranged from4.0± 8.9 for theNaF to 14.0± 31.9 for the ryegrass
root treatments (Figure 1). The respective values for the 50–
12.5mm size fraction were between 48.8 ± 28.5 and 58.6 ±
13.3, while for the <12.5mm size fraction 34.4 ± 7.1 and 48.0 ±
31.3.The highest values of the smallest aggregate size fraction
were observed with theNaF and the lowest with theNa-hexa-
meta-phosphate treatment.

Mean weight diameter (MWD) estimates for the eight
treatments are shown in Figure 2. Statistical analysis of mean
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Figure 2: Mean weighted diameter (MWD) ± SE of fragipan
fragments following 30-day slaking experiments with eight different
amendment solutions/extracts (different letters designate significant
differences in MWD based on Duncan’s and LSD tests at 𝛼 < 0.05).

comparisons using the LSD and Duncan’s tests confirmed
significant differences (𝛼 < 0.05) between treatment groups,
consistent with the trends observed in aggregate size distribu-
tion patterns shown in Figure 1. The most effective fragipan
slaking treatments appeared to be those with NaF, Na-
hexa-meta-phosphate, and ryegrass root solutions/extracts
as shown by the smallest overall MWD size range (𝛼 <
0.05). The respective values ranged from 15.5 ± 6.0 for NaF
to 18.8 ± 13.6mm for the ryegrass root extract treatment.
The poultry manure, ADB, and FBC treatments were the
least effective in slaking the fragipan materials with MWD
of 47.9 ± 3.5, 44.7 ± 5.4, and 44.2 ± 7.1mm, respectively.
These treatments also consistently showed the lowest overall
variability within replicates. Fragipan clods in the presence of
D-H
2
OandCaCO

3
solutions exhibited intermediate but only

slightly lower resistance to slaking compared to the poultry
manure, ADB, and FBC treatments (𝛼 < 0.05), with MWD
ranging from 37.0 ± 9.8 to 38.1 ± 16.3mm, respectively.

3.2. Solution Compositions. Concentrations of selected sol-
uble components in contact with the fragipan clods over
the length of the experiments are shown in Figures 3–8.
The plotted values represent the initial, final, and middle
time compositions unless a maximum orminimum occurred
during the experiment. Solution mean pH values ranged
from 3.8 in the ADB to 7.2 in the poultry manure treatments
(Figure 3). Statistically significant trends (𝛼 < 0.05) of mean
solution pH levels over the length of the experiment among
treatments followed the sequence PM > CaCO

3
> NaF = rye

root extract = D-H
2
O = Na-hexa-meta-phosphate > FBC >

ADB.The pH values remained relatively constant throughout

the experiment between 5.2 and 5.8 in the D-H
2
O, CaCO

3
,

and NaF treatments. The more drastic changes occurred
in the FBC and Na-hexa-metaphosphate treatments, where
solution pH dropped from around 6.0 at the beginning of the
experiment to 4.0 and 4.8, respectively, indicating significant
hydrolysis effects, probably from Al released into solution.
The rest of the solutions experienced onlyminor changes over
time, with slight increases in the poultrymanure and ryegrass
treatments or a slight decrease in the ADB treatment. Even
though the poultry manure had the highest solution pH, it
showed the lowest overall fragipan slaking potential among
the treatments, suggesting that the higher pHwas not enough
to induce greater dispersion.

Mean solution EC values differed drastically among treat-
ments, being lowest (<70 𝜇S/cm) in the ryegrass root,D-H

2
O,

and CaCO
3
solutions and highest (4,000–22,000 𝜇S/cm) in

the ADB and poultry manure treatments (Figure 4). Statisti-
cally significant trends (𝛼 < 0.05) of mean EC solution values
among treatments over the length of the experiment followed
the sequence PM>ADB>Na-hexa-meta-phosphate = FBC>
NaF > CaCO

3
> D-H

2
O = rye root extract. Even though EC

values decreased slightly over time, they likely contributed
to fragipan resistance to slaking by inhibiting dispersibility
[40]. A similar inhibition may have occurred in the FBC
solution where EC values ranged from around 1000 to
840 𝜇S/cm and the pH dropped to 4.0 during the experiment.
Mean solution EC values reached maxima at or before the
midpoint of the experiment in the D-H

2
O and the CaCO

3

treatments before reaching the lowest level at the end of the
experiment, probably representing a release stage of soluble
components followed by a resorption or reprecipitation stage.
Decreasing trends in solution EC values were also exhibited
by the Na-hexa-meta-phosphate, NaF, and ryegrass root
treatments, suggesting a partial reprecipitation or resorption
of earlier solubilized fragipan constituents by the relatively
large amount of finer aggregates/particles produced during
the slaking process.

Mean concentrations of soluble Si released in solution for
the different treatments over the course of the experiment are
shown in Figure 5. Since Si is assumed to be a main contrib-
utor in the cementation of fragipan, higher Si releases were
expected to correspondwith greater slaking efficiency trends.
However, since each amendment solution used had different
inherent soluble Si levels at the beginning of the experiment,
comparisons accounted only for differences between initial
and final or initial andmaximum concentrations. Statistically
significant trends (𝛼 ≤ 0.05) of mean Si concentrations in
solution among treatments for the duration of the experiment
followed the sequence ADB > FBC > CaCO

3
= D-H

2
O =

rye root extract > NaF > Na-hexa-meta-phosphate. The
highest amounts of Si released into solution (8–10mg/L)
during the slaking experiments were associated with the D-
H
2
O, CaCO

3
, FBC, and ADB treatments (Figure 5). These

concentrations increased regularly over time for the D-
H
2
O, and ADB treatments, reaching maximum levels at the

conclusion of the experiment, showed a decreasing trend
with time in the CaCO

3
and FCB treatments, apparently

due to reprecipitation. An increasing Si concentration trend
with time was also observed with the NaF treatment, but
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Table 2: Mean ± SE solution concentrations of Ca, Mg, K, Na, and SSR in the fragipan slaking experiments with the eight amendment
treatments over the 30-day experimental period.

Treatment Ca K Mg Na SSR
mgL−1

D-H2O 0.16 ± 0.08 0.17 ± 0.16 0.01 ± 0.01 0.52 ± 0.17 0.603
CaCO3 0.13 ± 0.05 0.16 ± 0.18 0.01 ± 0.02 1.77 ± 0.88 0.851
FBC 49.95 ± 5.52 0.63 ± 0.10 17.63 ± 2.10 4.94 ± 0.08 0.068
ADB 276.25 ± 7.55 12.75 ± 0.42 76.95 ± 2.55 39.33 ± 3.28 0.097
Poultry manure 73.33 ± 1.89 1852.66 ± 18.27 37.76 ± 1.08 493.0 ± 7.21 0.201
Na-hexa-meta-phosphate 2.16 ± 1.99 0.38 ± 0.02 9.41 ± 8.63 881.90 ± 6.73 0.987
NaF 0.10 ± 0.06 0.15 ± 0.07 0.08 ± 0.03 1055.77 ± 8.40 0.999
Rye root extract 0.67 ± 0.63 3.61 ± 3.08 0.57 ± 0.55 8.03 ± 7.33 0.623

the total amount of Si released was <3mg/L. The Na-hexa-
meta-phosphate and ryegrass root treatments showed Si
release maxima around the midpoint of the experiment in
the range of 1–3mg/L before a final drop at the end of
the experiment. Soluble Si release was not measured in the
poultry manure treatment due to interference with the dis-
solved organic matter. Surprisingly, the three most effective
fragipan slaking treatments (NaF, Na-hexa-metaphosphate,
and ryegrass root) as documented by the wet aggregate
analysis measurements released the lowest levels of soluble
Si levels, suggesting that additional mechanisms may be
involved in promoting the slaking of fragipan materials [14].

Mean concentrations of Al, which is another component
that along with Si presumably contributes to fragipan rigidity,
ranged from <1 to about 25mg/L, with the highest levels
associated with the Na-hexa-meta-phosphate and NaF treat-
ments (Figure 6). Ryegrass root, FBC, and poultry manure
treatments had the lowest amounts of Al release. Statistically
significant trends (𝛼 < 0.05) among treatments of mean Al
concentrations in solution for the duration of the experiment
followed the sequence Na-hexa-meta-phosphate > NaF >
PM = ADB = D-H

2
O = CaCO

3
= rye root extract = FBC.

The D-H
2
O and CaCO

3
treatments showed moderate con-

centrations that peaked around the midpoint and dropped
sharply to near 0 at the end of the experiment, suggesting
reprecipitation or resorption processes. Comparing both Si
and Al release among treatments, it appears that NaF and
Na-hexa-meta-phosphate treatments were most consistent in
maintaining moderate to high soluble levels of both by the
end of the experiment even though some of the released Al
may have been sequestered by formation of AlF complexes or
Al-phosphates [41].

Mean soluble Fe levels released during the slaking exper-
iments ranged from <1 to about 12mg/L (Figure 7). The
highest valueswere observed in theNa-hexa-meta-phosphate
and poultry manure solutions and the lowest with the ADB,
FBC, and ryegrass root treatments. Statistically significant
trends (𝛼 < 0.05) among treatments of mean Fe concentra-
tions in solution for the length of the experiment followed
the sequence PM > Na-hexa-meta-phosphate > CaCO

3
=

D-H
2
O = NaF = rye root extract =ADB = FBC. In most

cases (except for the ryegrass root and the ADB treatments)
maximum levels of Fe release occurred before the end of

the experiment, suggesting the occurrence of resorption or
reprecipitation reactions in later stages of treatment.The high
levels of Fe released in the poultry solution were more likely
the result of anoxic Fe dissolution from organic particles
or the surface of the fragipan clods, since very little or
no slaking occurred during the treatment [42, 43]. Mean
Mn concentrations released in solution were generally low
compared to other solution components (<1 to 2.5mg/L),
reaching maximum or near maximum values in the end of
the experiment (Figure 8). Significantly higher (𝛼 < 0.05)
Mn concentrations occurred in the poultry manure solution
than in the other treatments, where anoxic conditions were
more prevalent [43]. Since no or minimum fragipan slaking
occurred with poultry manure treatments, most of the Mn
released was probably associated with organic particulate
material or the surface of the fragipan clods, thus minimizing
its potential contribution as a binding component.

Mean concentrations of soluble Ca, Mg, K, and Na in
the end of the experiment are shown in Table 2. The ADB,
poultrymanure, and FBC treatments had significantly higher
(𝛼 < 0.05) Ca (50–276mg/L) and Mg (17–77mg/L) levels in
solution.The rest of the treatments averaged <2mg/L Ca and
<10mg/L Mg, with values near 0 for D-H

2
O, CaCO

3
, and

NaF solutions. The poultry manure had by far the highest
(𝛼 < 0.05) soluble K levels (1853mg/L), while the D-
H
2
O, CaCO

3
, and NaF solutions the lowest (<0.5mg/L).

The highest Na concentrations (𝛼 < 0.05) were observed
in the NaF, Na-hexa-metaphosphate, and poultry manure
solutions (493–1056mg/L) and the lowest with the D-H

2
O

and CaCO
3
treatments (<1.8mg/L). A soluble sodium ratio

(SSR) function equal to solubleNa/soluble (Ca +Mg+K)was
also estimated to further explore the dispersive characteristics
of Na relative to other ions since the three weakest slaking
treatments (poultry manure, ADB, and FBC) showed the
lowest overall (𝛼 < 0.05) SSR values (Table 2).

3.3. Statistical Relationships. There was no significant rela-
tionship between final solution pH and MWD whether
considering the entire population of samples used in all treat-
ments or after grouping the samples by treatments showing
statistically similar MWD trends. Apparently, either the pH
range used in the experiment was not broad enough to sig-
nificantly impact aggregate size and stability or the effect was



10 The Scientific World Journal

counterbalanced by opposite trends within the same MWD
group. A significant relationship (𝑅2 = 0.25∗) was observed
between EC and MWD with a tendency for less slaking and
larger aggregate size with increasing EC. This is consistent
with literature findings that suggest increasing trends of
aggregate stabilization at high electrolyte concentrations [44,
45]. This relationship was probably enhanced by the high EC
values of the poultry manure, ADB, and FBC solutions which
produced the least slaking and the largest size aggregates.
A significant relationship was also observed between MWD
and Si released in solution (𝑅2 = 0.37∗∗). However, the
positive trend between these two variables suggesting higher
soluble Si concentrations being associated with lower slaking
effects is somewhat surprising. Assuming that the amount of
Si released is the result of fragipan degradation, a negative
correlation would have been more fitting. However, it is not
possible to distinguish between Si released as a result of
fragipan matrix breakdown or dissolution from the surface
of still intact fragipan clods. Apparently, most of the Si
released in the least effective slaking treatments (FBC, ADB,
and poultry manure) was associated with the fragipan clod
surfaces rather than the interior binding agents and may
have been induced by interaction with soluble organics.
Indeed, the presence of organic acids has been documented
to significantly increase the solubility of siliceous materials
through formation of organic complexes [46]. Although this
associationmay have obscured the soluble Si-MWD relation-
ship in the most effective slaking treatments that released low
to moderate Si levels, additional slaking mechanisms should
not be discounted.

Weak positive trends were also present between MWD
and soluble Al (𝑅2 = 0.15∗) and Mn (𝑅2 = 0.13∗), but this
relationship was also skewed by the high levels of dissolved
organic carbon in treatments with low slaking efficiency that
caused increased soluble Mn release from the surface of the
clods. Soluble Fe released in solution during the experiment
did not show significant correlations with MWD of the
fragipan aggregates, implying that its role as a binding agent
affecting fragipan resistance to slaking in these experiments
was limited or the effect was overshadowed by fragipan
surface clod solubility reactions induced by soluble organics.
Considering that none of the hypothesized binding agents (Si,
Al, Fe, and Mn) have shown the expected statistical trends, it
is likely that the slaking of the fragipan clods has been induced
by alternative mechanisms not necessarily depending on the
dissolution of these components.

The positive correlations of Ca (𝑅2 = 0.22∗), Mg
(𝑅2 = 0.23∗), and K (𝑅2 = 0.13∗) in solution with MWD
suggested that their role in the slaking process was mostly
inhibitive rather than conducive with increasing concen-
trations [47]. Therefore, low levels of these components in
solution and low ionic strength (lowEC values) are important
for generating a dispersive environment that could weaken
fragipan resistance to slaking [48]. Indeed, the treatments
showingmoderate to high slaking efficiency had low solution
EC levels, while the least effective treatments had some of
the highest. The importance of a dispersive environment
in enhancing the slaking process was demonstrated by

the overall negative relationship between MWD and soluble
Na (𝑅2 = 0.20∗), which was improved to 𝑅2 = 0.40∗∗
when using the SSR function. This underscores the role
of Na in excess of other ions in creating an environment
conducive to weakening fragipan resistance regardless of
the slaking mechanism involved [48]. A multiple regression
analysis model including soluble Si and SSR with opposing
trends accounted for 52% of the variation (𝛼 < 0.05) in
the MWD of the slaked fragments. Only the addition of
soluble K significantly improved the predictability of the
model (𝑅2 = 70, 𝛼 < 0.05). Potassium has been reported
to exhibit dispersive properties in association with Na in low
ionic strength environments [49, 50].

Assuming that the role of binding agents (Si, Al, Fe, and
Mn) through dissolution reactions in the slaking process is
ambiguous in these experiments, the involvement of Na may
be more significant than originally perceived. Soil hydration
reactions proceed at a much faster rate in the presence of
dilute electrolytes than at higher concentrations. Therefore,
the high ionic strength of poultry manure, ADB, and FBC
solutions considerably slowed the hydration of fragipan clods.
Elevated electrolyte concentrations usually cause increases
in the surface tension of water molecules and larger contact
angles with the solid surface [44, 49, 51]. Some of these
contact angles may have even increased further by organic
films coating the surface of fragipan clods in treatments with
high levels of dissolved organics (poultrymanure, ADB), thus
forming a less hydrophilic surface for water penetration [47,
52, 53]. Water infiltration into soil micropores is enhanced
when the contact angle of the hydrated ions is relatively small.
The contact angle of hydrated Na ions in relatively low ionic
strength but high SSR solutions being smaller than that of
Ca andMg will expedite fragipan micropore penetration and
increase capillary rise [51, 54]. That can generate a swelling
pressure inside the capillaries which causes the entrapped air
to implode the fragipan clod along planes of weakness [45, 55,
56].This is supported by the very small fraction of aggregates
below the 2mm size range, indicating limited dispersion of
the fragipan material. Hydrated Ca and Mg ions as well as
high electrolyte concentration solutions with low SSR having
slower penetration within the capillary space of the fragipan
clod allow more time for air diffusion in the water, which
reduces the pressure on the matrix and allows it to maintain
its original cohesiveness. Similar effects on soil aggregate
stability by Na and Ca electrolytes of different strength and
SAR values were observed by Abu-Sharar et al. [48] and
were attributed to repulsion forces developed within the
capillaries that allowed increased shearing stresses to break
down the aggregates without significant clay dispersion. Cass
and Sumner [57] also reported a random breakdown of soil
aggregates along planes of weakness within the matrix of the
aggregate rather than at the periphery prior to clay dispersion
from the rupturing effect of internal swelling pressure or from
shearing stresses in the presence of Na electrolytes.

3.4. Proposed Slaking Mechanism. Based on this evidence, it
is likely that the slaking mechanism of the fragipan clods
in our experiments may involve at least two steps. During
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the first step, fragipan fragmentation occurs with the disper-
sive action of Na in high SSR solutions, increased capillary
rise within the clod matrix, and a swelling pressure build-
up that increases shearing stress and causes the rupture of
the clod into several fragments [44, 45, 58]. Presence of
entrapped air bubbles within the capillaries may accentuate
the fragmentation process by building extra pressure and
inducing implosion of the clods [53, 56, 58, 59]. The initial
fragmentation stage appears to be mainly physical but it may
be followed by additional fragmentation steps into smaller
aggregates during which physical and possibly chemical dis-
solution reactions may be involved. During this stage a small
number of binding agents (Si, Al, Fe, and Mn) exposed on
the surface of broken fragmentsmay be released into solution
and accelerate the degradation. Given the low solubility
and the slow dissolution kinetics of these agents, a certain
amount of the solubilized fractionmay reprecipitate or resorb
as polymers on the exposed surfaces if the degradation
products are not flushed out of the system. In an open
soil environment, leaching of these dissolved components
away from the fragipan matrix will likely promote further
dissolution and expedite fragipan fragmentation. In solutions
of high electrolyte concentration with an abundance of Ca
or Mg ions, the first stage of fragmentation is inhibited due
to less and slower capillary penetration and lower swelling
pressure that does not build the critical shearing stress needed
to cause meaningful fragipan fragmentation [45]. The slower
pace of water movement within the capillaries also allows
enough time for the entrapped air to diffuse in the water
thus eliminating the build-up of additional pressure on the
capillary walls. Since minimal or no fragmentation occurs in
these treatments, most of the Si, Al, Fe, orMn released during
the experiments was dissolved from the periphery of the
fragipan clods andnot from the interior of the fragments.This
release may be enhanced by dissolved organic carbon (DOC)
in solutions of organic amendments but organic coatings of
fragipan surfaces may also inhibit water penetration in the
capillaries by creating a semihydrophobic barrier.

4. Conclusions

The findings of these experiments suggested that amend-
ment materials producing solutions with relatively low ionic
strength and elevated SSR (NaF, Na-hexa-meta-phosphate,
and ryegrass root) create an environment more conducive to
fragipan slaking than that of high electrolyte concentrations,
Ca, Mg, or DOC enriched solutions (poultry manure, ADB,
and FBC). The facilitation of water entry into fragipan capil-
laries in the presence of Na ions generates the critical swelling
pressure and shearing stress to cause fragipan fragmenta-
tion. Additional fragmentation with minimal clay dispersion
occurs in a follow-up stage during which a moderate number
of potential binding agents (Si, Al, Fe, and Mn) are released
in solution. These dissolved constituents may polymerize in
situ and resorb on the surfaces of the broken fragments if not
flushed out of the system. The results suggest that selecting
an amendment with low salt content and elevated SSR
may produce favorable conditions for fragipan degradation.

Currently, we are exploring the potential effects of other Na-
based amendments on fragipan slaking before testing these
findings under field conditions, which will be the next phase
of this project. A potential incorporation of a wetting agent
(surfactant) in the applied amendment may facilitate the
fragipan fragmentation process.
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Rapid land-use change in recent decades in China and its impact on terrestrial biodiversity have been widely studied, particularly
at local and regional scales. However, the effect of land-use change on the diversity of soils that support the terrestrial biological
system has rarely been studied. Here, we report the first effort to assess the impact of land-use change on soil diversity for the entire
nation of China. Soil diversity and land-use effects were analyzed spatially in grids and provinces. The land-use effects on different
soils were uneven. Anthropogenic soils occupied approximately 12% of the total soil area, which had already replaced the original
natural soils. About 7.5% of the natural soil classes in China were in danger of substantial loss, due to the disturbance of agriculture
and construction. More than 80% of the endangered soils were unprotected due to the overlook of soil diversity. The protection of
soil diversity should be integrated into future conservation activities.

1. Introduction

As human impacts on environment reach farther and deeper
into relatively undisturbed areas of the world, we begin to
protect or conserve various components of the earth that we
have valued from ancient times [1]. In the last several decades,
the concern over the fate of biological diversity has led to
more efforts devoted to the monitoring and protection of the
complete variety of genes, species, and ecosystems [2]. It has
been widely recognized that one of the major consequences
of land use is the loss of biodiversity [3]. However, soils, as
the foundation of the terrestrial ecosystems, are rarely given
careful consideration in the development of biodiversity and
geodiversity planning. Amundson et al. [4] conducted the
first comprehensive assessment of the human impact on
soil diversity in the USA by defining four types of rare or
uncommon soils. Papa et al. [5] found that land-use change
was a cause of loss of pedodiversity in Sicily. The possible

use of the concept of pedodiversity to select and delineate
natural soil reserves has been discussed, and the damage of
urbanization to top quality soils has been widely recognized
[6–10]. China, as the most populated country in the world,
has experienced tremendous land-use change in the past few
decades. The pressure on soil resources in China has been
widely recognized [11, 12]. However, a comprehensive study
on the effect of land use on soil diversity in rapidly developing
countries, such as China, does not exist. Such a study is
urgently needed before rare natural soil heritages are ruined
without even being noticed.

Here, we investigated the abundance and rarity of soils
at the national scale of China. Then, we assessed land-
use effects on soil diversity and mapped the distribution of
endangered soils in China due to agricultural expansion and
urbanization. Finally, we assessed the extent of protection of
endangered soils by nature reserves.

Hindawi Publishing Corporation
e Scientific World Journal
Volume 2014, Article ID 913852, 12 pages
http://dx.doi.org/10.1155/2014/913852

http://dx.doi.org/10.1155/2014/913852


2 The Scientific World Journal

Table 1: Number of taxa or map units at taxonomic levels in China.

Taxonomic
level

Number of taxa
in GSCCa

Number of
map unitsb

Number of taxa
in soil profilesc

Order 12 — —
Suborder 29 — —
Great group 61 22 17
Subgroup 231 215 129
Family 909 688 199
Specie — — 7477
aGSCC, Genetic Soil Classification of China.
bMap units in the 1 : 1,000,000 soil map of China.
cThis is according to the most detailed taxonomic information of a soil
profile.

2. Materials and Methods

2.1. Definition of Soil Diversity. In this study, soil diversity was
quantified using both a soil map and a soil profile data set
(described in the next section), which have been developed
within the framework of the Genetic Soil Classification of
China (GSCC) [14].TheGSCC contains six hierarchical levels
including order, suborder, great group, subgroup, family, and
species. Table 1 shows the summary of the current number
of taxa at different taxonomic levels of the GSCC. Table 2
shows the distribution patterns and major distinguishing
characteristics of the 11 soil orders.

We used two simple numerical measurements to quantify
soil diversity [4]: (a) “taxon density”: number of taxa/area
by region and (b) “taxon abundance”: total area of each soil
class in a region. In the following sections, “soil classes”
only include soil taxa at the great group, subgroup, and
family levels if not specified otherwise. We defined rare and
uncommon soils based on the number of taxa at a soil
taxonomic level because the rarity of the soils depends on
the soil taxonomic level (high level soil classes have fewer
taxa than low level ones and occupy more area), so that the
rarity of different taxonomic levels is comparable and it can
bemade better by the use of the taxonomic information of the
soil map.Thus, the taxonomic level of the soil map (Figure 1)
should be referenced when the soil diversity is analyzed.

Thedefinitions of rare and uncommon soils are as follows:
(a) rare soils: less than 200, 600, and 2,000 km2 at the family,
subgroup, and great group levels, respectively; (b) unique
soils: existing in only one province; (c) rare-unique soils:
occurring in only one province, whose total area is less
than 2,000, 6,000, and 20,000 km2 at the family, subgroup,
and great group levels, respectively. Finally, for those natural
soils (anthropogenic soils were excluded), we defined (d)
endangered soils as (1) those rare or rare-unique soils that
have lost more than 50% of their area due to various land
disturbance by agriculture and construction, (2) those soils
(regardless of whether they are rare) that have lost more than
50% of their area to land disturbance and that have less than
100, 300, and 1,000 km2 of undisturbed area at the family,
subgroup, and great group levels, respectively, or (3) those
unique soils that have lost more than 50% of their area to
land disturbance and that have less than 1,000, 3,000, and

10,000 km2 of undisturbed area at the family, subgroup, and
great group levels, respectively. The second and third types
of endangered soils have similar undisturbed areas of the
first type, which is a logical extension of the definition of
Amundson et al. [4]. Soils with 90–100% of their total area
disturbed are defined as extinct.

2.2. Data Acquisition and Analysis. The two soil datasets that
have been used in this study were the 1 : 1,000,000 soil map of
China [13] (Figure 1) and the 8,979 soil profiles [15] (Figure 2)
classified by GSCC, both of which were compiled from the
SecondNational Soil Survey of China conducted in the 1980s.
The soil map was based on field sampling (including the
soil profiles used in this paper), remotely sensed data, and
expert knowledge. This soil map was used to calculate the
area of different soils. Each of the 925 soil map units in the
soil map contains only one soil class, which are at the great
group, subgroup, or family levels (Table 1 and Figure 1).The
concept of soil map unit was demonstrated in our previous
paper [16]. There are a number of soil polygons belonging
to a soil map unit in the soil map. There are fewer classes
at each soil taxonomic level in the soil map than the GSCC
system, because some soils were not considered in the process
of map generalization.The area of soil map polygons (overall
94303 polygons) was tabulated to obtain the total area of a
soil class in China. There are 7822 different soil classes of soil
profiles, and 7477 of them are at the soil species level (Table 1).
However, we only used the soil taxonomic information at the
family or higher taxonomic levels to assess soil diversity for
the convenience of comparing with the soil map.

Soil disturbance in China was determined using the 1 km
GridChina LandUseData (GCLU) of 2005 [17]. To obtain the
number and location of the endangered soils, the cultivated
land and construction land layers were overlaid with the soil
map. In the soil map, the rare and rare-unique soils were
identified according to their definition. Then, we analyzed
soil diversity by provinces and equal-area grids. Various grid
sizes were tested, and finally the 100 km × 100 km grid size
was chosen because it can show enough spatial details with a
moderate number of grids. In addition, the 1 km GCLU data
derived for late 1980s, 1995, and 2000 were also used in our
analysis using the same procedure. As a result, the land-use
effect on the soils over time could be assessed. The above
spatial analyses were done using the ArcGIS software.

The endangered status of soil profiles was determined
according to the results of the analysis based on the soil map.
If a soil class on the soil map was endangered, the soil profiles
belonging to this class were also considered endangered, or
vice versa.

3. Results

3.1. Soil Diversity. Grids with a high quantity of soil orders
were located in the northwest, northeast, and southwest of
China (Figure 3(a)). The distributions of soil diversity at the
soil suborder, great group, and subgroup levels had similar
spatial patterns with those at the order level but they have
been demonstrated to be less abundant in the northeast. The
spatial pattern of the number of taxonomic classes at lower



The Scientific World Journal 3

Table 2: Distribution and brief description of characteristics of the soil orders in China.

Order Distribution Characteristics

Alfisols Humid region Calcium carbonate leached well, acid or neutral, clay-enriched B
horizons

Semi-Alfisols Semihumid region Weak leaching, neutral to slight alkaline, calcium carbonate
illuviated, argillation of different degree

Pedocals Semiarid and arid regions Horizons with off-white lime
Aridisols Arid region Arid A horizons and any other subhorizons

Desert soils Most arid region Hydromica as major clay mineral, crust with vesicles and platy
horizon, horizon with rich gypsum and salt

Amorphic soils Azonal Week pedogenesis, characteristics of parent material

Semiaqueous soils Intrazonal Groundwater invasion or temporarily stagnant water, soil
humification surface horizon and rust horizon of oxidation-reduction

Aqueous soils Intrazonal Surface water or groundwater near the surface, crude humification or
peat surface layer, gley horizon

Alkaline-saline soils Intrazonal Soil property and profile change caused by soil salt or alkalization, no
crops

Anthrosols Nonzonal Characters caused by long period of cultivation

Alpine soils Plateau and alpine area Week humification, freezing-thawing morphology, low soil depth,
coarse soil texture, low mineral chemical decomposition

Ferralsols Warm-wet climate zone Desilication, Fe and Al enriched, bioaccumulation

Soil type level
Nonsoil
Family
Subgroup
Great group

Figure 1: Soil taxonomic level of the 1 : 1,000,000 soil map of China
[13].

hierarchical levels per grid was quite different (Figure 3(b)).
Grids with higher numbers of soil classes were located in
the northwest, the north, the southern part of the southwest,
and the northern part of the southeast. Areas with either
low or high temperature or rainfall had low pedodiversity, as
climate becomes the major limiting factor to soil formation
[18]. The soil diversity at high levels (subgroup and above)
was mainly a reflection of bioclimate (for zonal soils) and
hydrologic (for intrazonal soils) factors. As the GSCC takes

Figure 2: Location of soil profiles of China [15].

the local variation of soil-forming factors into account at
the soil family level, soil diversity was mainly a reflection of
the difference in parent material, topography, and hydrologic
conditions. However, due to the incomplete information at
the soil family level in the soil map of China some families
were absent from the maps of soil diversity distribution,
particularly in the south, northeast, and the northern part of
southwest (Figure 1), where the presence ofmore soil families
was expected due to the diversity of soil-forming factors in
these areas.

The distributions of soil diversity based on the soil
profiles were quite different from that based on the soil map
(Figure 3). This was due to the distinct sampling density of
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Figure 3: Soil orders (a) and soil map units at lower taxonomic levels (b) per grid in China based on soil map and soil orders (c) and soil
classes at lower taxonomic levels (d) per grid in China based on soil profiles. Each grid is 100 km × 100 km in area. (The taxonomic level of
the soil map is shown in Figure 1.)

the soil profiles in different areas. Most of the provinces had
fewer soil orders based on the soil profiles than based on
the soil map, which indicated that the taxonomic coverage of
the soil profiles was not good at the soil order level. On the
other hand, most provinces had more soil classes based on
the soil profiles than those based on the soil map, particularly

Tibet, which had a much more detailed soil profile database.
As a result, the current soil map did not represent all the
soil classes in the soil profiles and there should be more soil
classes. Due to the above analysis, the actual soil diversity in
China is expected to bemuch higher than the diversity shown
by the available data.
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Soil diversity was also analyzed by province (Table 3).
Gansu, Inner Mongolia, Qinghai, Shanxi, and Xinjiang had
soils belonging to 11 different orders. The first four provinces
are located in the transition zone of the semihumid to
semiarid and arid climates, while Xinjiang has a wide range
and vertical soil zones on the mountains. With the exception
of Ferralsols, all of the remaining soil orders existed in
these provinces because of their diversified soil-forming
conditions. On the contrary, the diversity of the soil orders
was not high in the tropic and subtropical provinces, where
only one kind of zonal soils (i.e., Ferralsols) existed. In
terms of the number of soil map units at the great group,
subgroup, or family levels, Hebei had the greatest number
(235), followed by Xinjiang (218), Inner Mongolia (207), and
Henan (168). For the number of soil taxa per 10,000 km2,
Hainan had the highest density (21.79), followed by Jiangsu
(13.9), Ningxia (12.76), and Taiwan (12.32), while Tibet (0.88)
and Xinjiang (1.33) had the lowest.

3.2. Land Use and Soil Diversity. There are 231 anthropogenic
soils on the soil map of China, which occupy approximately
12% of the nation’s total soil area. These anthropogenic soils
developed under long periods of cultivation [19], and their
properties are quite different from their natural counterparts.
As anthropogenic soils have already replaced the original
natural soils, they were excluded when assessing land-use
effects in the recent 3 decades on soil diversity.

Two types of land-use effects (i.e., construction and
cultivation) were assessed in this study. Soils become exposed
to big changes due to the intensive human disturbance.
They are not likely to remain the same as their natural
counterparts. Mankind can be as a soil forming factor, and it
may create new soils such as anthropogenic soils. However,
the original natural soils do not exist anymore even if the
pedodiversity increased, and this may cause threats to some
soils or even lead to soil extinction. Although construction
land occupies only 0.18million km2 (approximately 1.98%),
rapid urbanization in China was considered a great threat
to soil protection and food security [12]. Figure 4 shows
359 soils in the soil map which had 50% or more of their area
impacted by cultivation and construction, regardless of their
total extent. Overall, 52% of the profiles are highly impacted
by construction or cultivation.

At the soil order and great group levels, certain soils are
more heavily affected by construction and cultivation than
others as a result of uneven development of construction and
cultivation activities (Table 4). All of the anthropogenic soils
had high percentages of impacted area (approximately 60%or
more). With the exception of Anthrosols, the four soil orders
with the greatest areas of disturbance were: semiaqueous soils
(62%), semi-Alfisols (45%), Pedocal (24%), and Ferralsols
(20%). For natural soils at the great group level, the impact
of land use was not equal. Black soils, which are distributed
in the plains of northeast China, were most heavily disturbed
(80%) due to their high content of organic matter, which
benefits crop growth. Other soils that were highly devoted
to agricultural land include yellow-cinnamon soils (67%),
albic soils (52%), dark loessial soils (49%), purplish soils

Highly impacted
Endangered
Highly impacted

Figure 4: Soils that have 50% or more of their area impacted by
construction and cultivation (the taxonomic level of the soil map
is shown in Figure 1).

(45%), castano-cinnamon soils (44%), red clay soils (44%),
and cinnamon soils (42%). With the exception of cold brown
calcic soils, all of the soils in the Alpine soil order were
nearly undisturbed. Although amorphic soils are immature
soils, most great groups of this order were relatively heavily
disturbed (over 40% of their area).

3.3. Unique, Rare, and Rare-Unique Soils. “Soil endemism”
refers to soils occupying very small areas in a geographical
distribution [20]. Most soils existed in five or fewer provinces
(approximately 81% of the total), and only 71 soils appeared in
more than ten provinces. 302 soils were identified as unique
soils in China. Xinjiang has the greatest number of unique
soils (75), followed by Tibet (30), Hebei (29), Qinghai (22),
and Yunnan (22).

We found 332 rare or rare-unique soils, occupying 1.3% of
China’s land area. Figure 5 shows that the rare or rare-unique
soils were distributed mainly in the north, east, southwest,
and northwest of China. Table 4 shows the number of rare or
rare-unique soils in each province. Xinjiang had the greatest
number of rare or rare-unique soils (64), followed by Hebei
(54), Shanxi (27), Qinghai (26), and Tibet (24). In terms of
rare or rare-unique soil density, Hainan led the nation (3.6
soil cs per 10,000 km2), followed by Hebei (2.5), Shanxi (1.7),
Jiangsu (1.6), and Zhejiang (1.6).

3.4. Endangered Soils. A total of 88 endangered soils with
a total area of 19.2 thousand km2 were found in China,
occupying approximately 0.2% of China’s land area (Table 4,
Figure 6(a)). Most endangered soils were located in the north
of China. Hebei had the greatest number of endangered soils
(37), followed by Shanxi (19), Shandong (14), and Henan (11).
With respect to endangered soil density, these provinces also
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Table 3: (a) Soil diversity and rarity, by province, for China based on the 1,000,000 soil map of China [13]. (b) Number of endangered soils
caused by cultivation and construction.

(a)

Provincea
Number Ratio of

endangered soil
to rare soild

Number/10,000 km2

Order Map unitsb Rare plus
rare-unique Endangered Extinctc Map units Rare plus

rare-unique Endangered

Anhui 8 130 12 2 1 0.17 9.28 0.86 0.14
Fujian 6 48 1 0 0 0.00 3.96 0.08 0.00
Gansu 11 157 10 1 0 0.10 3.88 0.25 0.02
Guang-dong 6 68 3 1 0 0.33 3.83 0.17 0.06
Guangxi 6 75 10 2 1 0.20 3.17 0.42 0.08
Guizhou 5 51 1 0 0 0.00 2.90 0.06 0.00
Hainan 6 73 12 3 0 0.25 21.79 3.58 0.90
Hebei 8 235 54 37 6 0.69 10.92 2.51 2.04
Henan 8 168 23 11 5 0.48 10.14 1.39 0.66
Heilong-jiang 9 76 11 2 1 0.18 1.68 0.24 0.04
Hubei 6 96 5 1 0 0.20 5.17 0.27 0.05
Hunan 6 58 1 0 0 0.00 2.74 0.05 0.00
Jilin 9 92 12 6 1 0.50 4.82 0.63 0.31
Jiangsu 8 149 17 3 2 0.18 13.90 1.59 0.28
Jiangxi 5 67 4 0 0 0.00 4.01 0.24 0.00
Liaoning 8 101 9 3 0 0.33 6.97 0.62 0.21
Inner
Mongolia 11 207 20 9 0 0.45 1.80 0.17 0.08

Ningxia 10 66 6 0 0 0.00 12.76 1.16 0.00
Qinghai 11 130 26 2 0 0.08 1.81 0.36 0.03
Shandong 7 148 19 14 3 0.74 9.59 1.23 0.91
Shanxi 9 149 27 19 3 0.70 9.51 1.72 1.21
Shaanxi 11 133 11 0 0 0.00 6.46 0.53 0.00
Sichuan 8 114 10 2 0 0.20 2.35 0.21 0.04
Taiwan 6 44 4 1 0 0.25 12.32 1.12 0.28
Tibet 9 106 24 1 0 0.04 0.88 0.20 0.01
Xinjiang 11 218 64 3 0 0.05 1.33 0.39 0.02
Yunnan 9 148 22 1 0 0.05 3.87 0.57 0.03
Zhejiang 7 117 16 3 1 0.19 11.37 1.56 0.29
Chong-qing 5 43 1 0 0 0.00 5.21 0.12 0.00
aSome small administration districts were merged into adjacent provinces. Hong Kong and Macao were merged into Guangdong, Beijing and Tianjin were
merged into Hebei, and Shanghai was merged into Jiangsu.
bThe map units are at the great group, subgroup, or family levels.
cThe endangered soils in China and the percentage of their area that has been disturbed by cultivation and construction are given in Table 3(b).
dNumber of endangered soils can be bigger than the rare plus rare-unique soils because some endangered soils are not rare plus rare-unique soils.

(b)

Percent of disturbed area Cultivation/constructiona Construction (>20)b

50–60 21 1
60–70 19 0
70–80 13 0
80–90 18 1
90–100 17 4
Total 88 6
aNumber of endangered soils in China with percentage of land (as defined in column 1) devoted to combined cultivation and construction use.
bNumber of endangered soils in China with more than 20% land devoted to construction use.
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Table 4: Percentage of soil order and great group affected by development in China.

Order % Enc Great group % Enc

Cona Culb Total Cona Culb Total

Alfisols 1.49 18.21 19.70 6

Brown coniferous forest soils 0.04 0.21 0.25
Brown earths 0.00 0.00 0.00

Yellow-brown earths 0.37 16.82 17.20
Yellow-cinnamon soils 8.84 67.10 75.94

Brown earths 2.86 22.59 25.45 6
Dark-brown earths 0.43 10.15 10.58

Albic soils 2.74 51.74 54.48

Semi-Alfisols 4.94 39.62 44.57 24

Torrid red soils 1.70 28.97 30.67 2
Cinnamon soils 6.43 42.49 48.92 22

Gray-cinnamon soils 0.79 9.91 10.70
Black soils 5.37 74.76 80.12

Gray forest soils 0.18 4.66 4.84

Pedocal 1.67 22.79 24.45 23

Chernozems 2.34 33.42 35.75 3
Castanozems 1.21 15.28 16.49 12

Castano-cinnamon soils 2.85 43.56 46.42 8
Dark loessial soils 3.25 48.85 52.11

Aridisols 0.58 6.69 7.27 1 Brown Pedocals 0.38 3.12 3.50
Sierozems 1.73 26.68 28.41 1

Desert soils 0.30 2.00 2.30 1
Gray desert soils 1.22 10.46 11.69 1

Gray-brown desert soils 0.18 0.66 0.84
Brown desert soils 0.18 1.27 1.45

Amorphic soils 0.81 18.51 19.32 9

Cultivated loessial soils 1.44 41.22 42.66
Red clay soils 3.59 44.42 48.01
Alluvial soils 4.67 38.46 43.14 5

Takyr 0.50 2.48 2.98
Aeolian soils 0.31 3.75 4.06 1

Limestone soils 0.71 24.28 25.00
Volcanic soils 3.31 35.29 38.60
Purplish soils 0.87 45.23 46.10
Litho soils 0.30 2.96 3.26 1
Skeletol soils 1.21 18.45 19.66 2

Semi-Aqueous soils 8.31 53.54 61.85 7

Meadow soils 3.14 34.86 38.01 7
Lime concretion black soils 14.03 83.97 97.99
Mountain meadow soils 0.15 4.25 4.40
Shrubby meadow soils 0.34 7.54 7.89

Fluvo-aquic soils 13.00 70.41 83.41

Aqueous soils 0.72 12.20 12.92 8 Bog soils 0.72 12.21 12.94 8
Peat soils 0.60 11.93 12.54

Alkaline-saline soils 2.98 12.52 15.50 6

Saline soils 1.15 12.98 14.13 1
Desert solonchaks 0.12 2.65 2.77
Coastal solonchaks 25.42 32.51 57.93 5

Sulphate soils 13.09 13.55 26.64
Frigid plateau solonchaks 0.00 0.00 0.00

Solonetzs 1.90 26.50 28.40

Anthrosols 7.86 59.70 67.56
Paddy soils 7.91 59.51 67.42

Cumulated irrigated soils 7.82 63.91 71.74
Irrigated desert soils 5.92 59.68 65.59
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Table 4: Continued.

Order % Enc Great group % Enc

Cona Culb Total Cona Culb Total

Alpine soils 0.02 0.27 0.28

Felty soils 0.01 0.06 0.07
Dark felty soils 0.05 0.95 1.01
Frigid calcic soils 0.00 0.01 0.01
Cold calcic soils 0.04 0.79 0.84

Cold brown calcic soils 1.01 14.65 15.66
Frigid desert soils 0.00 0.00 0.00
Cold desert soils 0.00 0.00 0.00
Frigid frozen soils 0.00 0.01 0.02

Ferralsols 1.20 19.01 20.22 3

Humid-thermo ferralitic 3.51 29.58 33.10 1
Latosolic red earths 2.48 19.61 22.09 1

Red earths 1.00 17.78 18.78 1
Yellow earths 0.26 19.89 20.14

aLand for construction.
bLand for cultivation.
cNumber of endangered soils.
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soils per grid
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Figure 5: Rare plus rare-unique soils per grid in China (the
taxonomic level of the soil map is shown in Figure 1).

led the nation.These provinces are adjacent and located in the
North China Plain and the Loess Plateau. Although Xinjiang,
Qinghai, and Tibet had large numbers of rare or rare-unique
soils, the number of endangered soils in these provinces
was small because land-use activities are less intensive. The
endangered soils belonged to 10 soil orders and 19 soil
great groups (Table 4). More than half of the endangered
soils were in the Semi-Alfisols (24) and Pedocal (23) orders.
Cinnamon soils had the greatest number of endangered soils

(22), followed by castanozems (12), castano-cinnamon soils
(8), bog soils (8), and meadow soils (7). In China, 17 soils
might be considered “extinct” (90–100% land conversion)
(Table 3), whichwere located in the intensively disturbed area
of the north (Shanxi, Henan, Anhui, and Shandong). Most
of the conversion was caused by cultivation. Only 6 soils
had more than 20% of their area converted by construction
land use. Four provinces had a ratio of endangered soils
to rare soils that was greater than 0.5, that is, Shandong
(0.74), Shanxi (0.70), Hebei (0.69), and Jilin (0.50). High
ratios of endangered soils to rare soils indicate intensive
land disturbance. It is even worse in these places, as their
endemic soils (more importantly if they are China’s endemic
soils) are under pressure. According to the Harmonized
World Soil Database [21], 17 soils were unique in China (but
not endangered), which include Gelic Leptosols (14), Albic
Lixisols (1), Fimic Anthrosols (1), and Gypsic Solonetz (1),
based on FAO-90 (Food and Agriculture Organization of the
United Nations) soil classification [22]. However, the FAO-
90 classification, which has only 155 soil units, is not detailed
enough to determine all of the soil endemism.

Overall 133 soil profiles belonged to the endangered soils,
accounting for 1.5% of the total number of soil profiles
(Figures 4 and 6(b)). Approximately one quarter of the
endangered soil profiles were not occupied by cultivation or
construction yet, particularly for those on the Tibet Plateau.
The distributions of endangered soil profiles and soil map
units were quite different (Figure 6). This is partly because
the sampling of profiles is based mainly on the availability
of legacy data and not on an area-weighted method, and
partly because the soil map has missed some of the soils. The
analysis of the soil profiles can offer some complementary
information on endangered soils.

The soil map of China was compiled based on a survey
from 1979 to 1994 and almost all of the field survey took
place during the 1980s, and it reflects the state of soils in
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Figure 6: Endangered soils per grid based on soil map (a) and based on soil profiles (b) in China (the taxonomic level of the soil map is
shown in Figure 1).

Table 5: Land use stress on soil over time.

Number 1980sa 1995 2000 2005 Anyb Persistentc

Endangered soils 78 72 80 88 94 66
Extinct soils 16 14 17 17 23 10
aLate 1980s.
bSoils disturbed in any years.
cSoils disturbed all the time.

the 1980s. During the past 30 years, the stress on the soil
has changed over time (Table 5). The number of endangered
soils increased, while the number of extinct soils seemed to
be stable. 94 soils were identified as endangered during this
period. However, only 70% of endangered soils were always
disturbed by cultivation and construction. Other endangered
soils were either newly severely occupied by construction and
cultivation or occupied at once but were later changed into
other land categories, such as forest and grassland. The soils
that were once disturbed were not likely to resume, as the
current land use now may not likely be the same before the
soils were disturbed.

3.5. The Protection Status of Soils. Although the planning of
ecological functions has taken soil erosion and desertification
into account [23], soil diversity has not been considered as
a priority in soil conservation practices in countries around
the world. In China, many endangered soils (84% in area and
89% in number of soil profiles) are outside nature reserves
(Figure 7). Protection of such soils should be a high priority
in the creation of future nature reserves.

Profiles out
Profiles in
Endangered soils
Nature reserves

Figure 7: Endangered soils and nature reserves. The symbol of
endangered soils is emphasized. “Profiles in” are endangered soil
profiles in the nature reserves, and “profiles out” are endangered soil
profiles out of the nature reserves.

4. Discussion

In the past 300 years, as population growth led to increasing
amount of agriculture and construction land use in China,
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human impacts on the natural environment have become
more intensive and have been expanding [24]. Although
agricultural soils have been highly treasured by farmers in
China, there is a lack of recognition of soil diversity and why
natural soils as a whole, or specific natural soils individually,
are important to the society [4]. For the first time, through
this study, a clear knowledge on the rare and threatened
soils in China is obtained. Our findings will have significant
implications for future soil protection planning in China.

The soil extinction seemed to have stopped in southern
China (Figure 6) but was prevalent in northern China. How-
ever, the extinction may be underestimated in Hunan and
Hubei due to the lack of taxonomic information at the family
level. Anthropogenic soils, which have replaced their natural
soil counterparts under the GSCC classification system, may
imply that some soils have already been extinct. In this sense,
“extinction” had already happened in the most populated
regions of China. However, the GSCC does not reflect all
of the aspects of human impacts on soils, even for some
significant changes in soil properties. For example, the black
soil in northeast China has been cultivated intensively since
1949when the People’s Republic of Chinawas funded, and the
organic matter in these black soils has decreased dramatically
accompanied by noticeable soil erosion.However, none of the
four map units of black soil in the soil map was considered
endangered soils due to the effects of land use.

The list of endangered soils in this study was identified
by considering only the rarity and the land disturbance,
but the importance of soils in their economic, ecosystem,
scientific, and historical/cultural value is quite different [25]
and should be studied in the future. From a purely economic
perspective, the endangered soils in the amorphic soils,
alkaline-saline soils, desert soils, and Aridisols orders have
little economic value and thus may not need to be preserved.
However, the so-called “precautionary principle” [26] in
habitat conservation planning requires that the diversity of
natural soils be maintained because we lack the scientific
understanding of their full values and functions [4].

Different soils, with their unique physical and chemi-
cal properties and biological functions, are related to the
diversity of soil biota, which is an uprising field of scientific
research [27]. Almost all of the processes in the soils are
related to soil biota, which has the greatest number of species
in the terrestrial ecosystem. Pedodiversity was found to be
strongly correlated to biodiversity at the global level [28].
Many threatened and endangered plants have specific soil
property requirements, which can be used to predict rare
plant habitats [29]. The loss of a soil may change the whole
soil ecosystem and cause a loss of its corresponding soil
organisms [30]. Overall, the loss of some soils represents
a substantial loss of biodiversity below ground and above
ground in the corresponding biological communities [31].

The inherent uncertainty brought by the soil data is
greatly outweighed by the insights that the results provide,
and it is very likely that the assessment of endangered soils
in our study is an underestimate for several reasons as
discussed elsewhere [4]. The soil map of China that was used
in this study does not give information at the soil species
level; therefore the analysis omitted many endangered soils.

Furthermore, parts of the soil map were mapped at the soil
subgroup or great group level. This may be an important
reason for the few endangered soils that were found at
coarsely mapped areas, particularly in south China in this
study. Each map unit in the soil map of China has only one
soil class, and the purity of the soil map of China is less than
50% to 65% [32], which means that other soil classes in a
map unit were not presented in our analysis. In addition, the
soils that were disturbed once but not persistently are actually
gone, as their nature has already been altered (Table 5). We
do not have precise land-use data before the 1980s nor do we
have high temporal frequency land-use data to fully assess
land-use stress on the soils. All of the above factors combined
increase the level of underestimation of the land-use effects
on soil diversity in China.

Because of soil endemism [20], pedodiversity conserva-
tion should be considered an important aspect in interna-
tional cooperation. If a unique soil in a country disappears,
it will be a loss of soil diversity for the whole world. It
is difficult to determine China’s endemic soils due to the
lack of a detailed soil map of the world using the same
classification system [16]. The World Reference Base for Soil
Resources (WRB) [33] provides opportunities to compare
soils worldwide, although a truly universal classification
system does not yet exist [34]. At the working scale included
in this study, it is suggested to use enough qualifiers (4)
attached to the main groups that can provide enough details
to differentiate soils. This will require a large amount of
resources and well-coordinated international collaboration
[35]. In addition, a more comprehensive soil survey is needed
in order to have a clearer picture of the soil diversity at a finer
level of soil classification.

The loss of soil diversity caused by land-use change and
other changes, such as climate change, desertification, and
soil pollution, is not fully accounted for in this study. For
example, irrational and intensive land use on a fragile Karst
geoecological environment is causing serious soil erosion and
rocky desertification in southwest of China [36]; urban and
agriculture soils are suffering from heavy metal pollution
[37, 38], and global warming is thawing frozen soils on the
Tibetan Plateau [39].

5. Conclusions

Although there were some limitations due to the lack of
detailed data, this study was the first attempt to give some
insights about the effects of land use on pedodiversity at the
national scale. First, agriculture and construction land use
have significant influence on pedodiversity. Second, the dis-
tribution of endangered soils was uneven across the country.
Third, most of the endangered soils remain unprotected out
of natural reserves. More attention should be paid to soil
diversity in conservation activities.
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[7] J. J. Ibáñez, S. de-Alba, and J. Boixadera, “The pedodiversty
concept and its measurement: application to soil information
systems,” in European Land Information Systems for Agro-
Environmental Monitoring, D. King, R. J. A. Jones, and A. J.
Thomasson, Eds., pp. 181–195, EU-JRC, 1995.
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[10] J. J. Ibáñez, P. V. Krasilnikov, and A. Saldaña, “Archive and
refugia of soil organisms: applying a pedodiversity framework
for the conservation of biological and non-biological heritages,”
Journal of Applied Ecology, vol. 49, no. 6, pp. 1267–1277, 2012.

[11] X. Zhang, J. Chen, M. Tan, and Y. Sun, “Assessing the impact
of urban sprawl on soil resources of Nanjing city using satellite
images and digital soil databases,” Catena, vol. 69, no. 1, pp. 16–
30, 2007.

[12] J. Chen, “Rapid urbanization in China: a real challenge to soil
protection and food security,” Catena, vol. 69, no. 1, pp. 1–15,
2007.

[13] X. Shi, D. Yu, E. D. Warner et al., “Soil database of 1:1,000,000
digital soil survey and reference system of the Chinese Genetic
Soil Classification System,” Soil Survey Horizons, vol. 45, pp.
129–136, 2004.

[14] C. F. Xi, Soils of China, China Agriculture Press, Beijing, China,
1998, (Chinese).

[15] W. Shangguan, Y. Dai, B. Liu et al., “A China data set of soil
properties for land surface modeling,” Journal of Advances in
Modeling Earth Systems, vol. 5, no. 2, pp. 212–224, 2013.

[16] W. Shangguan, Y. Dai, Q. Duan, B. Liu, and H. Yuan, “A global
soil data set for earth system modeling,” Journal of Advances in
Modeling Earth Systems, vol. 6, no. 1, pp. 249–263, 2014.

[17] J. Liu, M. Liu, X. Deng, D. Zhuang, Z. Zhang, and D. Luo, “The
land use and land cover change database and its relative studies
in China,” Journal of Geographical Sciences, vol. 12, no. 3, pp.
275–282, 2002.

[18] B. Minasny, A. B. McBratney, and A. E. Hartemink, “Global
pedodiversity, taxonomic distance, and the world reference
base,” Geoderma, vol. 155, no. 3-4, pp. 132–139, 2010.

[19] J. M. Diamond, Guns, Germs, and Steel: The Fates of Human
Societies, Norton Company, New York, NY, USA, 1999.
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Pineapples (Ananas comosus (L.) Merr.) cultivation on drained peats could affect the release of carbon dioxide (CO
2
) into the

atmosphere and also the leaching of dissolved organic carbon (DOC). Carbon dioxide emission needs to be partitioned before
deciding onwhether cultivated peat is net sink or net source of carbon. Partitioning of CO

2
emission into root respiration,microbial

respiration, and oxidative peat decomposition was achieved using a lysimeter experiment with three treatments: peat soil cultivated
with pineapple, bare peat soil, and bare peat soil fumigated with chloroform. Drainage water leached from cultivated peat and bare
peat soil was also analyzed for DOC. On a yearly basis, CO

2
emissions were higher under bare peat (218.8 t CO

2
ha/yr) than under

bare peat treated with chloroform (205 t CO
2
ha/yr), and they were the lowest (179.6 t CO

2
ha/yr) under cultivated peat. Decreasing

CO
2
emissions under pineapple were attributed to the positive effects of photosynthesis and soil autotrophic activities. An average

235.7mg/L loss of DOC under bare peat suggests rapid decline of peat organic carbon through heterotrophic respiration and peat
decomposition. Soil CO

2
emission depended on moderate temperature fluctuations, but it was not affected by soil moisture.

1. Introduction

Tropical peat soils are generally defined as soils formed by
the accumulation of partially decayed woody plant materials
under waterlogged condition. Tropical peatlands cover 27.1
million hectares in Southeast Asia [1] and about 2.6 million
hectares in Malaysia [2]. Peats of the tropics are increas-
ingly being cultivated. Although they store large amount of
organic carbon, peat soils drained for agriculture in particular
accelerate their decomposition rates. Rapid decomposition of
peats leads to increase in CO

2
release into the atmosphere

[3, 4]. Carbon dioxidemay be emitted from peatland through
burning by wildfires, microbial respiration, root respiration,
and physical oxidation [5, 6]. Carbon dioxide emissions are
related to water table depth [7], soil temperature [8, 9], ferti-
lization [10], land use type [11], and peat type [12]. Moreover,

carbon in the form of DOC is lost through leaching due to
microbial metabolism [13]. Carbon losses through emission
and leachingmay shift the peatland carbon balance from sink
to source [14].

In Malaysia, approximately 600,000 hectares of peatland
are cultivated with oil palm, pineapple, rubber, and sago
[15]. Presently, there is scarce information on soil CO

2
emis-

sion from pineapple cultivation on drained peat soils. The
understanding of the contribution of pineapple cultivation on
peats to the greenhouse gas emission is important, as 90% of
pineapples are grown on peat soils ofMalaysia [16]. Although
attempts have been made to measure CO

2
emission from

cultivated tropical peats, such studies are limited to a few
measurements. The recent measurements only account for
total soil CO

2
emission as they do not partition soil respira-

tion into root respiration,microbial respiration, and oxidative
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peat decomposition [10, 17]. With the growing concern about
the effects of greenhouse gases on the environmental quality
coupled with the need to achieve sustainable agriculture, it
is essential to partition CO

2
emission before deciding on

whether cultivated or degraded soils are net sinks or net
sources of atmospheric greenhouse gases [5]. Accounting for
CO
2
emission from cultivated peats is needed to evaluate

future rates of increase in atmospheric greenhouse gases and
their effect on the global environmental change processes
[18, 19].

Based on the above rationale, the general objective of this
study was to quantify CO

2
emission and also carbon loss

from a drained tropical peat grown with pineapple. The first
specific objective was to partition soil CO

2
emission from a

cultivated peat into root respiration, microbial respiration,
and oxidative peat decomposition.The second specific objec-
tive was to estimate DOC in water drained from lysimeters
with peat soil. The third specific objective was to assess the
effects of soil temperature and soil moisture on soil CO

2

emission.
In this study, it was hypothesized that microbial respira-

tion and peat decomposition will cause higher loss of CO
2

and DOC from the bare peat soil than from the peat soil
cultivated with pineapple. This hypothesis is based on the
assumption that CO

2
emission of drained and uncultivated

peats is mainly controlled by heterotrophic respiration. How-
ever, CO

2
andDOC release in the presence of root respiration

(cultivated peats) is expected to be lower as both processes
are regulated by autotrophic respiration and photosynthesis.
Information obtained from partitioning respiration compo-
nents could be used to control CO

2
and DOC losses from

drained tropical peats that are cultivated with pineapples and
other related crops.

2. Materials and Methods

2.1. Site Description. The study was carried out at the Malay-
sian Agricultural Research and Development Institute
(MARDI) Peat Research Station at Saratok, Sarawak, Malay-
sia. The research station has a total area of 387 hectares
located on a logged-over forest with a flat topography of 5
to 6m above mean sea level. Based on the Von Post Scale
of H7 to H9, the peat soil is classified as well decomposed
dark brown to almost dark coloured sapric peat with a strong
smell. The thickness of the peat soil ranges from 0.5 to 3.0m.

The mean temperature of the peat area ranges from 22.1
to 31.7∘C. The relative humidity of the area ranges from 61
to 98%. The annual mean rainfall of the area is 3749mm. In
the wet season (November to January), the monthly rainfall
is more than 400mm whereas in the dry season, particularly
in July, the mean rainfall is 189mm.

2.2. Soil Chemical and Physical Analysis. Before setting up
the lysimeter experiment, peat samples were collected at a
peat excavation site (0.5 hectares) located at MARDI Peat
Research Station. The experimental area was planted with
Moris pineapple from 2004 to 2005, after which it was aban-
doned to lie fallow for six years. Samplings were performed at

depths of 0–20 cm, 20–40 cm, and 40–, 60 cm systematically
in 12 points located over a 20m× 12.5m grid.The soil samples
were analyzed for pH, conductivity, ammonium-N, nitrate-N,
organic carbon, total nitrogen, and cation exchange capacity
(CEC). Soil pH and conductivity were measured based on a
1 : 5 soil to water suspension [20]. Ammonium-N and nitrate-
N were determined using the steam distillation method [21].
Soil organic carbon was determined using the Walkley and
Black method [22] whereas total nitrogen was determined
using the Kjeldahl method [23]. Cation exchange capacity
was determined using the Harada and Inoko method [24].
Bulk density was determined using the coremethod [25], and
soil water holding capacity was determined using themethod
of Dugan et al. [26].

2.3. Characteristics of the Lysimeters. Twelve cylindrical field
lysimeters made from high density polyethylene, measuring
1.43m in diameter and 1.58m in height, were set up in April
2012 tomimic the natural condition of drained tropical peats.
The size of the lysimeters used in this study was designed to
ensure satisfactory growth anddevelopment of the pineapples
for sixteen months. The twelve lysimeters were used for
three peat soil treatments (Section 2.4). The lysimeters were
equipped with water spillage opening which was attached to
clear tubes mounted on the outside of the vessel to regulate
and monitor water level.

Each lysimeter was filled with peat soil up to 120 cm
depth. Water loss from the soil was replenished by showering
each lysimeter with 34.5 litres of rainwater. The amount of
rainwater added was based on the volume of the fabricated
lysimeter and the mean annual rainfall at Saratok, Sarawak,
Malaysia. The lysimeters with the peat soil were left in the
open for five months to ensure that the peat soil had settled
before beginning this study. The length of this initial phase
was based on weekly determination of the peat subsidence.
The equilibrium state was achieved in September 2012 before
carrying out the CO

2
measurement. Water table of the

peat was maintained at 50 to 60 cm from the soil surface
throughout the duration of the experiment.

2.4. Peat Soil Treatments. The three treatments involved in
this lysimeter experiment were peat soil cultivated with pine-
apple (A), bare peat soil (B), and bare peat soil treated with
chloroform (C). Each treatment had four replications. The
treatments were arranged in completely randomized design.

Treatment A represents total amount of CO
2
emitted

from root respiration,microbial respiration, and peat decom-
position. Three Moris pineapple suckers were planted in the
lysimeters at a distance of 30 cm. Treatment B represents CO

2

emitted by microbial respiration and peat decomposition.
Weed sprouting on the soil surface was controlled when
necessary. Treatment C represents CO

2
emitted by oxidative

peat decomposition. For this treatment, concentrated chloro-
form was applied evenly on the peat soil surface to eliminate
microbial respiration, and 64.6 litres of concentrated chlo-
roform was used. This volume was based on the peat soil’s
water holding capacity. After the chloroform application,
the soil was covered with cling film and canvas to produce
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Table 1: Physical and chemical properties of a drained peat soil sampled at different depths.

Variable Mean (0 to 10 cm) Results per soil depth (cm) Reported standard range
0 to 20 cm 20 to 40 cm 40 to 60 cm

Physical properties
Bulk density (g/cm3) 0.14 0.09–0.12 [31]
Water holding capacity (%) 40.2 275–322 [31]
Moisture (%) 80.9c 84.9b 88.8a 90–95 [32]

Chemical properties
pH 3.8a ± 0.1 3.9a ± 0.1 3.9a ± 0.1 3.0–4.5 [31]
Conductivity (𝜇S/cm) 178.5a ± 4.6 175.4a ± 4.3 172.7a ± 2.4 <200 [33]

Cation exchange capacity (cmol
(+)
/kg) 146.4a ± 20.1 137.6a ± 13.7 175.6a ± 34.9 200 [31]

145 [33]

Total organic carbon (%) 40.0a ± 0.8 39.8a ± 1.4 36.5a ± 1.1 12–60 [31]
20.4–38.4 [34]

Total nitrogen (%) 1.33a ± 0.03 1.18b ± 0.04 1.12b ± 0.03 1.10–1.67 [32]
Ammonium-Nitrogen (mg/L) 138.5a ± 16.2 100.0b ± 4.2 94.8b ± 7.7 n.a.
Nitrate-Nitrogen (mg/L) 72.0a ± 5.4 48.8b ± 6.3 65.8ab ± 3.0 n.a.
Values (mean ± standard error) with different letters across the column are significantly different at 𝑃 ≤ 0.05.
(Note: n.a.: not available).

a vacuum-like condition in the lysimeters to minimize chlo-
roform volatilization. The soil microbial population before
and after the chloroform application was determined using
the culture method. With this method, bacteria, fungi, and
actinomycetes were enumerated as colony forming units
(CFU) per gram of fresh soil on nutrient agar, Rose Ben-
gal, and actinomycetes isolation agar, respectively [27]. The
concentrated chloroform was used to fumigate the peat soil
one week before the soil CO

2
measurement was commenced

(optimum time interval achieved for the biocidal effect on soil
microorganisms).

2.5. Soil CO
2
Emission Measurements. Carbon dioxide emis-

sions from the field lysimeters were measured using the
closed chamber method [28]. Extracted gas samples from the
chamber were analyzed for CO

2
using gas chromatography

(Agilent 7890A) equippedwith thermal conductivity detector
(TCD). The CO

2
results were based on the measured CO

2

from treatments A, B, and C in the wet and dry seasons.
The values were averaged and converted into units of t/ha/yr.
The gas flux was calculated from the increase in the chamber
concentration over time using the chamber volume and soil
area covered, using the following equation [28–30]:

Flux = [
𝑑 (CO

2
)

𝑑𝑡
] ×
𝑃𝑉

𝐴𝑅𝑇
, (1)

where 𝑑(CO
2
)/(𝑑𝑡) is the evolution rate of CO

2
within the

chamber headspace at a given time after putting the chamber
into the soil, 𝑃 is the atmospheric pressure, 𝑉 is the volume
headspace gas within the chamber, 𝐴 is the area of soil
enclosed by the chamber, 𝑅 is the gas constant, and 𝑇 is the
air temperature.

The gas fluxwasmeasured in the earlymorning (2.40 a.m.
to 5.55 a.m.), morning (7.15 a.m. to 10.30 a.m.), mid-morning
to afternoon (10.35 a.m. to 1.50 p.m.), afternoon (1.55 p.m.

to 5.10 p.m.), evening (8.00 p.m. to 11.15 p.m.), and night
(11.20 p.m. to 2.35 a.m.) to obtain a 24 hour CO

2
emission.

The flux measurements were carried out in September 2012,
November 2012, and January 2013 to represent the concen-
trations of CO

2
in the wet season whereas April 2013 and

July 2013 flux measurements represent the concentrations of
CO
2
in the dry season. Soil temperature and moisture were

measured using Eijkelkamp IP68 and ML3 sensors, respec-
tively. Rainfall, temperature, and air humidity data were also
recorded using a portable weather station (WatchDog 2900)
installed at the experimental site.

2.6.Measurement of DOC. Water draining through the open-
ings of the lysimeters of treatments A and B was collected
for determinations of DOC concentration.Thewater samples
were chilled at 10∘C before being analyzed. The samples were
filtered to pass a 0.45 𝜇m cellulose nitrate membrane filter
and the contents of DOCwere determined using total carbon
analyzer (Shimadzu TOC). The DOC from treatment C was
not measured because of the high residual chloroform in the
peat water.

2.7. Statistical Analysis. Treatment effects were tested using
analysis of variance (ANOVA) and means of treatments were
compared using Duncan’s New Multiple Range Test at 𝑃 ≤
0.05. The relationships between gas flux, soil temperature,
and soil moisture were analyzed using Pearson correlation
analysis.The statistical software used for this analysis was the
Statistical Analysis System (SAS) Version 9.3.

3. Results and Discussion

3.1. Peat Physical Properties. Results of peat soil properties
are compared with the previously reported ranges (Table 1)
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for tropical peats in Southeast Asia [31] and Malaysia [31–
33]. The bulk density of the sampled peat soil is within the
reported range [31] whereas the water holding capacity and
moisture content of the soil are lower than the reported
range [31, 32]. The bulk density at 10 cm ranged from 0.09 to
0.18 g/cm3, which is typical of a sapric peat. The bulk density
was determined at 10 cm due to the saturated condition
of the excavation site. The water holding capacity of the
peat (40.2%) was below the reported range [31] because the
water holding capacity determination was based on oven-dry
weight method [31]. The increasing moisture content with
increasing peat soil depth is related to the high water table
at the excavation site during soil sampling. However, the
soil moisture is lower than the reported range [32]. Removal
of trees and debris after land clearing may have accelerated
oxidative peat decomposition and therefore soil moisture
content is lower.

3.2. Peat Chemical Properties. Values of pH, conductivity,
CEC, total organic carbon, and total nitrogen of the peat
soil studied here are within the reported range [31–34] for
the peat soil at MARDI Peat Research Station (Table 1). The
soil chemical properties showedno significant differencewith
depth except for total nitrogen, ammonium-N, and nitrate-
N. The pH of the peat soil was low, suggesting a need for
liming before being cultivated. The low conductivity of the
peat soil also indicates that the soil is not saline as the
research station is drained by two large tidal rivers (Sebelak
River and Nyabor River). However, intrusion of salt water
at the station is prevented by a tidal gate constructed at
the main outlet drain leading to Nyabor River. The CEC of
the peat soil is high because of lignin-derivatives formed
during decomposition. Ion exchange in peats relates to
carboxyl and phenolic radicals of humic substances and
hemicelluloses [31]. However, the CEC obtained is higher
than the reported range [33]. This may be attributed to the
past liming activities at the excavation site as this area was
cultivated with pineapples from 2004 to 2005. The total
organic carbon of the soil is within the reported range [31,
34]. The high organic carbon content can be associated with
the botanical origin (woody) of the sapric peat used in this
study [31, 32]. The total nitrogen of the soil was high and it
was mostly in organic form. The total nitrogen ranged from
1.1 to 1.3%. Ammonium-N ranged from 94.8 to 138.5mg/L
whereas nitrate-N ranged from 48.8 to 72.0mg/L at the
three soil depths. Total nitrogen, ammonium-N, and nitrate-
N contents decreased with increasing soil depth (from 0–
20 cm to 20–40 cm depths) because decomposition of peats
generally decreases (low oxidation with increasing water
content) down the soil profile [31].

3.3. Soil CO
2
Emission. TheCO

2
emissions under treatments

A, B, and C varied in the wet and dry seasons (Figure 1). In
the wet season, the CO

2
emission under treatment A was

significantly lower than under treatments B and C. However,
in the dry season, the CO

2
emission under treatment C was

significantly lower than under treatments A and B. The CO
2
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Figure 1: Carbon dioxide emission (wet and dry seasons) from
peat soil cultivated with pineapple, bare peat soil, and chloroform
fumigated peat soil. (Error bars represent standard error and soil
mean fluxes with different letters are significantly different at 𝑃 ≤
0.05.)

emission under treatment A was affected by root develop-
ment and growth of the pineapple plants. Differences in day
and night temperatures in the wet and dry seasons (Table 2)
may have also impeded photosynthetic activity of the pineap-
ple plants [35]. Furthermore, heterotrophic respiration and
decomposition of root exudates in the rhizosphere [5, 36]may
have contributed to the CO

2
emission under treatment A.

The CO
2
emission under treatment B is related to the

microbial population of the peat soil and the availability of
adequate substrate for microbial metabolism, but not to plant
root activities [5, 12]. The CO

2
emission under treatment

B was also regulated by moderate temperature fluctuation
(Table 2), which is in agreement with previous studies in
peat soils [9, 12]. The effect of soil temperature on CO

2

emission from peat soils has been also recently studied by
Jauhiainen et al. [8] and Paz-Ferreiro et al. [37], showing that
the rate of organic material decomposition increased with
increasing temperature of peat soils.

The CO
2
emission under treatment C was mainly due

to oxidative peat decomposition (shrinkage and consolida-
tion) as the fumigant (chloroform) used inhibited microbial
respiration. Bacteria and actinomycetes populations before
and after fumigation were statistically similar. Fungi were not
detected in this present study.These findings are in agreement
with most previous findings, which demonstrate that chloro-
form can effectively kill (94% to 99%) microorganisms [38–
42]. The effectiveness of the fumigation is supported by the
decrease in themean soil microbial biomass carbon (Table 3).
This result also corroborates previous work by Zelles et al.
[43] who reported 80% reduction in microbial biomass
carbon after fumigating a soil with chloroform. The fact that
the subsidence rates of the peat soil in treatments A, B, and
C were statistically similar suggests that the chloroform used



The Scientific World Journal 5

Table 2: Day and night temperatures of the experimental site (Saratok, Malaysia).

Variable Wet season Dry season
September 2012 November 2012 January 2013 April 2013 July 2013

Mean day time temperature (∘C) 26.7 29.2 29.6 26.3 27.0
Mean night time temperature (∘C) 23.6 24.9 24.5 24.6 24.7
Mean day and night time temperature differences (∘C) 3.1 4.3 5.1 1.7 2.3

Mean soil temperature (∘C)
Early morning 29.8a 30.0bc 28.2bc 30.1a 28.7b

Morning 30.8a 32.1ab 29.8a 30.5a 29.5b

Mid-morning to afternoon 30.9a 32.8a 30.7a 30.5a 30.6b

Afternoon 29.7a 31.1abc 30.5a 29.3ab 32.6a

Evening 29.5a 30.1bc 29.4ab 28.7ab 29.2b

Night 29.0a 29.2c 27.9c 27.7b 28.7b

Mean values with different letters within the same column are significantly different at 𝑃 ≤ 0.05.

Table 3: Effect of fumigating drained peat soil with chloroform on
soil microbial biomass carbon.

Monitoring cycle
Mean soil microbial biomass

carbon
(𝜇gC/g soil)

Initial before chloroform
application 94.7a

September 2012 29.6f

November 2012 73.4b

January 2013 56.0d

April 2013 67.2c

July 2013 46.0e

Mean values with different letters are significantly different at 𝑃 ≤ 0.05.

did not affect CO
2
emission due to oxidative peat decom-

position. This observation corroborates that of Toyota et al.
[40] who also found no significant effect of chloroform
fumigation on soil bulk density and compaction. The higher
CO
2
emission under treatment C in the wet season was

due to the decomposition of dead microorganisms [42]. In
contrast, the decrease in the CO

2
emission under treatment

C in the dry season was because of the adaptation of the
microorganisms towards the biocidal effect of chloroform.
Again, it must be stressed that the CO

2
emission was mainly

because of oxidative peat decomposition [1, 6]. The oxidative
peat decomposition (shrinkage and consolidation)was due to
the loss ofwater in the aerobic layer of the peat.Oxidative peat
decomposition is a continuous process and it takes several
years to achieve the equilibrium state of peat subsidence.

The CO
2
emission was also affected by time of sampling

(Figure 2). In the wet season, the CO
2
emission decreased

from morning to mid-morning to afternoon followed by an
increase in the evening. In the dry season, the CO

2
emission

decreased from the early morning to mid-morning to after-
noon followed by an increase in the evening and night.These
observations are consistent with the significant negative
correlation between soil CO

2
emission and soil temperature

(Table 4). These findings also suggest that the CO
2
emission

increased with decreasing temperature. Although the CO
2
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Figure 2: Carbon dioxide emission (at different times of the day and
different seasons) from peat soil cultivated with pineapple. (Error
bars represent standard error and soil mean fluxes with different
letters are significantly different at 𝑃 ≤ 0.05.)

emission was negatively correlated with soil temperature,
the overall data (wet and dry seasons) showed no correla-
tion between CO

2
emission and soil temperature (Table 4).

This indicates that although soil temperature regulates soil
CO
2
emission, the differences in the CO

2
emissions under

treatments A, B, and C across time rather depends on the
moderate fluctuation in soil temperature (0.2 and 1.6∘C) of
the tropics. There was no correlation between CO

2
emission

and soil moisture (Table 4) because the water table in the
lysimeters was maintained at 50 and 60 cm. This finding
is further supported by the fact that the soil moisture was
not significantly affected by time of sampling (Table 5). In a
related study, Kechavarzi et al. [12] found that soil moisture
had no effect on CO

2
emission in humified peat surface

but higher soil moisture which constrained oxygen diffusion
affected soil respiration.
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Table 4: The relationship between soil CO2 emission, soil temperature, and soil moisture in dry and wet seasons.

Weather season Monitoring period Variable Soil temperature Soil moisture

Wet season
September 2012 𝑟 = 0.2253

𝑃 = 0.1464
𝑟 = 0.1955
𝑃 = 0.2091

November 2012 𝑟 = −0.5169
𝑃 = 0.0001

𝑟 = 0.1127
𝑃 = 0.4264

January 2013 Soil CO2 emission
𝑟 = −0.4829
𝑃 = 0.0004

𝑟 = 0.2290
𝑃 = 0.1135

Dry season April 2013 𝑟 = −0.7431
𝑃 = 0.0001

𝑟 = −0.0776
𝑃 = 0.5558

July 2013 𝑟 = −0.5992
𝑃 = 0.0001

𝑟 = −0.2299
𝑃 = 0.0854

Pooling data throughout the wet and dry seasons 𝑟 = −0.1119
𝑃 = 0.0710

𝑟 = 0.1027
𝑃 = 0.0980

Note: top values represent Pearson’s correlation coefficient (𝑟) while bottom values represent probability level at 0.05 (𝑛 = 72 for each monitoring period, 𝑛 =
360 for pooling data throughout wet and dry seasons).

Table 5: Soil moisture during CO2 measurement at different times of the day in dry and wet seasons.

Time
Wet season Dry season

September 2012 November 2012 January 2013 April 2013 July 2013
Mean soil moisture (%)

Early morning 77.7a 76.7a 77.7a 77.3a 75.1a

Morning 80.4a 77.4a 78.7a 77.9a 75.5a

Mid-morning to afternoon 77.2a 78.3a 78.3a 78.0a 75.1a

Afternoon 76.2a 79.7a 77.5a 77.5a 76.7a

Evening 78.5a 77.6a 77.0a 78.4a 73.6a

Night 76.3a 77.9a 76.3a 78.1a 76.1a

Mean values with same letter within the same column are not significantly different at 𝑃 ≥ 0.05.

In summary, the CO
2
emission was estimated at about

218.8 t CO
2
ha/yr under bare peat soil (B), followed by 205 t

CO
2
ha/yr under bare peat soil treated with chloroform

(C), and 179.6 t CO
2
ha/yr under peat soil cultivated with

pineapple (A). The higher CO
2
emission from treatment B

suggests that it is controlled by heterotrophic respiration
whereas the lower CO

2
emission from treatment A suggests

that it is regulated by autotrophic respiration (through pho-
tosynthetic activity and respiration in the rhizosphere). The
CO
2
emission in this study was higher than that reported by

Jauhiainen et al. [8], who found that microbial respiration
contributed with 80 t CO

2
ha/yr whereas root respiration

contributed with 21% of the total respiration. The CO
2

emission rate reported in this study is not consistent with that
of Jauhiainen et al. [8] because the present study was carried
out on sapric peat whereas that reported by Jauhiainen et al.
[8] was on fibric to hemic peat.

3.4. Dissolved Organic Carbon. TheDOCunder the bare peat
soil (B) (235.7mg/L) was significantly higher than under peat
soil cultivated with pineapple (A) (194.6mg/L) (Figure 3)
because of the greater decomposition of organic substrate by
heterotrophs. One of the byproducts of heterotrophs is DOC
[13].The lower DOC under treatment A is related to the con-
sumption of carbon, nitrogen, and root exudates by microbes
at the rhizosphere [5, 44]. The DOC under treatment B is
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Figure 3: Dissolved organic carbon (DOC) leaching losses under
peat soil cultivated with pineapple and bare peat soil. (Error bars
represent standard error, and mean DOC with different letters are
significantly different at 𝑃 ≤ 0.05.)

in accordance with the results of our field monitoring as the
mean CO

2
under treatment B (218.8 t CO

2
ha/yr) was higher

than under treatment A (179.6 t CO
2
ha/yr).

The DOC was statistically similar irrespective of the
monitoring period (Figure 4). This result was expected as
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Figure 4: Dissolved organic carbon from peat soil cultivated with
pineapple in the wet and dry seasons. (Error bars represent standard
error and mean DOC are not significantly different at 𝑃 ≥ 0.05.)

the peat water table was controlled to fluctuate between
50 and 60 cm in the lysimeters, so as to minimize oxygen
availability for carbon decomposition in the aerobic zone.
Furthermore, the restriction of soil water movement in the
lysimeter may have contributed to the similarity of the DOC
content. This finding is also consistent with the fact that
wet and dry seasons have no significant effect on DOC
production in drained peats.

The higher DOC in this study than the initial concentra-
tion (64.3mg/L) suggests that draining peat soils accelerates
their chemical oxidation. This buttresses the fact that carbon
is not only lost as CO

2
but also lost through DOC. Loss of

DOC is an important indicator for carbon release, because
when it is leached from the peat soils into rivers it poses
environmental pollution risk. This is because DOC can react
with chlorine to form trihalomethane and haloacetic acids.
Although these chemicals are carcinogenic, they are not
completely removed from treated water [45, 46].

4. Conclusion

Peat soils drained for agriculture released 218.8 t CO
2
ha/yr

under bare conditions, followed by bare peat soil treated
with chloroform (205 t CO

2
ha/yr), and peat soil cultivated

with pineapple (179.6 t CO
2
ha/yr). The lower CO

2
emission

from the peat soil cultivated with pineapple was due to
the regulation by pineapple photosynthetic activity, het-
erotrophic respiration, and decomposition of root exudates
at the rhizosphere whereas the CO

2
emission from the bare

peat fumigated with chloroformwas mainly due to shrinkage
and consolidation of the soil. Soil CO

2
emission was neither

affected by soil temperature nor by soilmoisture but the emis-
sion seemed to be controlled by moderate soil temperature
fluctuation in the wet and dry seasons. Draining peat soil
affected leaching ofDOC.An average 235.7mg/L loss ofDOC
under bare conditions, arisen principally from microbial
respiration and oxidative peat decomposition, suggests rapid
decline of peat organic matter through heterotrophic micro-
bial activities. Identification of beneficial microorganisms

that reduce peat decompositionmay help tominimize carbon
dioxide emission from cultivated peats. Further research is
needed to assess partitioning of soil CO

2
emission at the

rhizosphere, as CO
2
emission from drained peats seems to

be influenced by heterotrophic and autotrophic respiration
processes.
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Land use change alters the structure and composition ofmicrobial communities. However, the links between environmental factors
andmicrobial functions are notwell understood.Herewe interrogated the functional structure of soilmicrobial communities across
different land uses. In a multivariate regression tree analysis of soil physicochemical properties and genes detected by functional
microarrays, the main factor that explained the different microbial community functional structures was C :N ratio. C : N ratio
showed a significant positive correlation with clay and soil pH. Fields with low C :N ratio had an overrepresentation of genes for
carbon degradation, carbon fixation, metal reductase, and organic remediation categories, while fields with high C :N ratio had
an overrepresentation of genes encoding dissimilatory sulfate reductase, methane oxidation, nitrification, and nitrogen fixation.
The most abundant genes related to carbon degradation comprised bacterial and fungal cellulases; bacterial and fungal chitinases;
fungal laccases; and bacterial, fungal, and oomycete polygalacturonases. The high number of genes related to organic remediation
was probably driven by high phosphate content, while the high number of genes for nitrification was probably explained by high
total nitrogen content.The functional gene diversity found in different soils did not group the sites accordingly to landmanagement.
Rather, the soil factors, C : N ratio, phosphate, and total N, were the main factors driving the differences in functional genes across
the fields examined.

1. Introduction

Nutrient cycling within terrestrial ecosystems is mostly per-
formed via the activities of soil-borne microorganisms [1].
With the advent of molecular biological methods, consid-
erable amount of knowledge has been accumulated, con-
cerning the diversity and distribution of microorganisms in
soil environments [2–4]. Most of the studies related to the
impact of land use change on microbes have focused on the
phylogenetic composition of the soil microbial community.
With respect to microbial functions in soils, most studies
have traditionally been based on enzyme activity screening,
with relatively little attention paid to functional marker gene
screening [5]. The use of functional gene markers to monitor
the presence and activity of genes responsible for key steps in
terrestrial nutrient cycles may provide a much more directed

approach to the analysis of the nutrient cycling properties of
terrestrial ecosystems.

A large amount of knowledge is becoming available con-
cerning the microbial enzymes responsible for the key steps
of the major nutrient cycles in soil (i.e., carbon, nitrogen,
sulphur, etc.). Recent studies have revealed a great diversity
within the genes encoding these key enzymatic processes [6–
10], providing an expanding database representing the known
diversity of genes encoding key enzymatic steps involved
in nutrient cycling. Microarray technologies have made it
possible to represent the diversity of key enzyme functions
as an array of probes, which can be interrogated with DNA
or RNA extracted from the environment [11–13]. In this way,
the total metagenome of an environmental sample can be
examined for the presence, diversity, and activity of genes
critical to the major nutrient cycles. Coupling such data with
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nutrient flux measurements, enzyme activities, and other
measures of soil quality (including phylogenetic microar-
ray data) could potentially provide a quantum advance in
our understanding of nutrient cycling in soil systems [14].
Although sequence databases are becoming rather extensive,
we clearly have yet to detect the full expanse of the diversity of
key enzyme functions, and such microarray-based analyses
still necessarily fail to cover all gene families that may be
critical to nutrient cycling. Thus, as our knowledge of gene
diversity increases, so too will our ability to design probes
to monitor a broader range of genes and activities, and such
functional microarrays will continue to improve and become
more complete as research progresses.

Anthropogenic perturbations (e.g., pollution, fertilizer
deposition, and habitat destruction) are known to influence
soil nutrient cycles, but little is known about the mecha-
nistic aspects of such disturbances. This lack of knowledge
inhibits our ability to assess the extent to which human
activities disturb terrestrial nutrient cycling potential and
thwarts efforts to predict future anthropogenic impacts.
Before the influence of such perturbations can be established
or predicted, one must characterize the natural variation and
normal operating range with respect to the diversity and
expression of key genes related to nutrient cycle functions.
To establish such normal operating boundaries, the dynamics
of the gene diversity and expression must be monitored
across relevant spatial and temporal scales and in response to
natural and imposed variability. Although this still remains
technically challenging, with hurdles related to limits of
signal detection and reproducibility [15, 16], functional
microarray platforms provide a powerful, high throughput,
tool for the detailed assessment of microbial nutrient cycling
activities.

In the current study, we exploited the functional structure
of microbial communities in soils under different land uses.
First, we determined the soil parameters of each field. Next,
we tracked themicrobial functional communities across land
uses. Lastly, we identified links between soil parameters and
microbial functions. The main questions addressed in this
study were how does the microbial community functional
structure vary with different soil managements and what are
the main drivers that are related to this variation. In order
to answer these questions, we used functional gene arrays
(FGA), focussing on crucial steps of key nutrient cycles (C,
N, P, and S) across eight fields representing five generally
representative forms of land use (conventional arable field,
organic arable field, pasture, natural grassland, and pine
forest) in The Netherlands. To our knowledge, this is one of
few studies to apply functional microarray technique across a
range of different land managements. In addition, this study
is one of the first to include a suite of soil measurements
to explore the environmental factors driving soil microbial
functions under different land uses.

2. Material and Methods

2.1. Experimental Design, Sampling, and Soil Analyses. Eight
fields subjected to five generally representative forms of

land management in The Netherlands (pine forest, natural
grasslands, pasture, conventional arable field, and organic
arable field) were sampled (Figure S1, Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2014/216071)
in May 2007; see Table 1. The eight fields were selected
from a previous study [17] on soil factors driving microbial
community composition in 26 fields across The Netherlands
under different land management. In each field, a central
point was selected, and subsequently four sampling points
at 20m of the central point were chosen so as to obtain five
samples per field (A, B, C, D, and E). Each sample (A, B, C,
D, and E) was comprised of five subsamples (A1, A2, A3, A4,
A5; B1, B2, B3, B4, B5, etc) from soil cores (8 cm diameter
× 20 cm deep) taken randomly within a two-meter radius
of each of the five sample points A, B, C, D, and E. Soil
samples were sieved through a 4mmmesh to remove stones,
roots, and plant materials. Equal amounts of each of the five
subsamples of a given sampling point were pooled, thereby
yielding a replication of five composite samples per field. Each
composite sample was divided into two parts. One part was
stored at −80∘C for DNA extraction and the other part kept
at 4∘C for physical and chemical analysis. For physical and
chemical analysis, equal amounts of each of the five replicates
per field were pooled.

Physicochemical characterization was performed by
BLGG (Bedrijfslaboratorium voor Grond en Gewasonder-
zoek, Wageningen, The Netherlands, http://blgg.agroxpertus
.nl/). Soil pH was measured in a 1 : 2.5 soil/water suspension,
and soil moisture was determined gravimetrically (g/100 g).
Soil organic matter content (% OM) was determined by loss
on ignition (LOI) analysis. Soil texture was determined using
a Bouyoucos densimeter after shaking the soil vigorously
with NaOH 1M as dispersant. Soil CaCO

3
was determined

a by Scheibler’s method. Phosphate (P) was determined as
the amount extracted from a soil after addition of water at a
shaking ratio of 1 : 60, a procedure typically used to determine
the soil fertility status of arable fields inThe Netherlands. Cr,
Cu, Hg, As, Ni, Cd, Pb, and Zn were extracted by Mehlich 1
and determined by atomic absorption spectrometry.

2.2. DNA Extraction, Amplification, Labelling, and Hybridiza-
tion. DNA extractions were performed separately on each
of the five replicates per field using the MoBio Power Soil
Extraction kit (MoBio, Carlsbad, CA, USA) with bead-beat-
ing (RestchMM301, RetschGmbH,Germany) at 5.5m s−1 for
10min. Total DNA concentration was quantified on a ND-
1000 spectrophotometer (Nanodrop Technology, Wilming-
ton, DE, USA).

The DNAs from replicates of each sample were pooled.
Because the amount of DNA extracted was in most cases
insufficient for direct labeling and hybridization, 30 ng of
DNA per sample was amplified by whole community rolling
cycle amplification (WCRCA) using a TempliPhi kit (GE
Healthcare, Piscataway, NJ). We used the GeoChip func-
tionalmicroarray platform, which containsmore than 24,000
oligonucleotide (50-mer) probes targeting targeted approxi-
mately 10,000 genes involved in nitrogen, carbon, sulfur and
phosphorus transformations and cycling, metal reduction
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Table 2: Total number and percentage of functional genes unique and overlapping in samples of different land uses.

% of genes 25F 19F 16F 13F 10F 8F 4F 1F
25F 13 (6.9) 132 (19.7) 136 (23.8) 145 (14.5) 119 (31.4) 61 (20.4) 123 (22.1) 72 (27.6)
19F 113 (18.4) 300 (36.0) 429 (37.6) 214 (30.1) 107 (15.7) 264 (31.3) 109 (16.7)
16F 72 (13.8) 381 (34.8) 206 (33.0) 110 (18.9) 251 (33.0) 116 (21.1)
13F 319 (33.4) 254 (25.1) 133 (13.3) 328 (29.3) 120 (12.2)
10F 16 (5.1) 100 (26.0) 186 (30.1) 94 (25.9)
8F 16 (9.2) 96 (16.8) 59 (22.7)
4F 97 (19.7) 120 (23.1)
1F 4 (2.7)
Total number of genes 187 614 520 956 311 173 493 146
Italic numbers represent unique genes in each soil sample.
The remaining numbers represent the numbers of genes and their percentage (in parenthesis) overlapping between two samples.

and resistance and organic xenobiotic degradation [18].
The number of technical replicates for microarray hybridiza-
tion was four for samples of fields 1F, 4F, 10F, 13F, 16F,
19F, and 25F and three for field 8F. The amplified DNAs
were labelled with a Cy5 fluorescent dye, purified, and then
hybridized to the GeoChip functional array (FGA II) [18]
in a Tecan hybridization station (Durham, NC) at 42∘C for
10 hours. Arrays were washed, dried, and scanned using a
ScanArray 5000. The signal intensity for each probe was
determined digitally by Imagene software (Biodiscovery Inc.,
Los Angeles, CA).

2.3. Microarray Data Processing and Analysis. The data pro-
cessing was according toHe et al. [18]. Each array was cleaned
by deleting flag 1.3 and SNR < 2 and normalized by mean of
all spots in the same slide. The final table of all intensities of
all samples were obtained by removing the outline spotsmore
than 2 sigma, themaximal ratio between spots was 3 if certain
genes had only 2 spots in the array, the spots with final spot
numbers was 0.51 times less than the original number and the
minimal spots number for a gene was 2.

2.4. Statistical Analysis. Pearson correlations were calculated
between soil factors (total C, total N, C :N ratio, organic
matter, soil pH, CaCO

3
, Cr, Cu, P, Zn, soil texture, and soil

moisture) using the “multtest” package in R (version 2.6.0,
The R Foundation for Statistical Computing). 𝑃 values were
corrected for multiple testing, using the false discovery rate
controlling procedure [19]. The probe intensities and soil
physicochemical factorswere used formultivariate regression
tree (MRT) analysis by using the “mvpart” package in R, and
the distance matrix was based on Bray-Curtis built by the
function “gdist.”

Microbial community functional structure was related to
soil factors using canonical correspondence analyses (CCA)
in Canoco 4.5 for Windows [20]. Probe intensities were used
as “species” data, while soil data was included in the analysis
as “environmental” variables. Variables having the most
significant influence on the microbial community structure
were chosen by forward selection with a 𝑃 < 0.01 baseline.
The variables selected this way were then included in a
model whose significance was tested with 999 permutations.

Gene functional category and land fields were added as extra
variables but not involved in the calculations.

3. Results and Discussion

3.1. Soil Properties. In general, the pasture field 19F was very
different from the other fields with highest cadmium, clay,
chromium, copper, mercury, nickel, organic matter, silt, total
carbon, total nitrogen, and zinc contents (Table 1). The pine
forest 4F had higherC :N ratio, sand, and total C contents and
lower cadmium, clay, chromium, pH, phosphate, and zinc
contents than the other sites (Table 1).The highest percentage
of CaCO

3
was found in organic arable field 13F. The soil

moisture at the time of sampling varied among fields. The
moisture contents of 19F and 25F fields were the highest,
while moisture contents of 10F and 1F fields were the lowest
(Table 1).

The correlation analyses showed significant correlation
between several soil factors. Soil pHwas negatively correlated
with C :N ratio. C : N ratio was negatively correlated with silt
and chromium and positively correlated with sand. Total N
was positively correlated with total C, organic matter, clay,
chromium, and zinc and negatively correlated with sand.
Chromium and zinc were positively correlated (Table S1).

3.2. Microarray Analyses. A total of 1405 genes across all
samples were detected. The pasture field 1F had the lowest
numbers of genes (146) detected by the GeoChip followed by
conventional arable field 8F (173 genes) and natural grassland
field 25F (Table 2). The organic arable field 13F had the
highest number of genes detected (956). The pasture field 1F
with lower functional gene number had high overlap with
communities of natural grassland 25F (27.6%) and organic
arable field 10F (25.9%) (Table 2). The shared genes between
two or more field-soils varied from 12.2 to 37.6%, and the
numbers of unique genes identified in only one soil were
relative very small, varying from 2.7 to 19.7%, except for
organic arable field 13F (33.4%) (Table 2). Although there
were large differences in the number of genes detected in
each field, fields with similar soil characteristics, such as high
total nitrogen in 1F, 25F, and 10F and low phosphate content
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Figure 1: Percentage of gene categories given in the GeoChip
present in soils from different land uses: pasture (1F, 19F), conven-
tional arable field (8F, 16F), organic arable field (10F, 13F), forest (4F),
and natural grassland (25F). CDEG: carbon degradation; CFIX:
carbon fixation; DSR: dissimilatory sulfate reductase; MET: metal
reductase; Methane ox: methane oxidation NFIX: nitrogen fixation;
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diation.

(Figure 2) in 13F and 19F showed themost overlap in detected
genes.

In general, there were differences in microbial commu-
nity functional structure among the study sites (Figure 1).The
percentage of genes related to carbon degradation (17%) was
highest in organic arable fields (10F) and lowest in natural
grassland 25F.This low representation of carbon degradation
genes in field 25F is somewhat expected, as this particular
field represents a typical Dutch “Blauwgrasland” soil type,
which is often inundated and therefore exposed to anaer-
obic conditions. Indeed, soil water content impacts oxygen
diffusion what higher moisture content leads to decrease in
organic matter decomposition due to low oxygen supply [21].
Genes detected for carbon fixation were generally similar
across the soils examined, except for 10F and 1F fields, which
both had a lower percentage of genes from this category.
Interestingly, these two fields had the lowest soil moisture
contents. Dissimilatory sulfate reductase genes were highest
(5-6%) in soils from filed 4F, 8F, and 10F. Pine forest field 4F
and conventional arable field 8F had higher percentages (6-
7%) of genes of methane oxidation. The conventional arable
field 8F had highest number of genes of nitrogen fixation
(4%), while fields 16F and 1F had highest gene numbers for
organic remediation (44%) (Figure 1).

In amultivariate regression tree (MRT) analysis, combin-
ing the measured soil factors (pH, total N, total C, C :N ratio,
organicmatter, phosphate, clay, silt, sand, CaCO

3
, Cd, Cr, Cu,

Ni, Pb, Zn, As, and Hg) and the intensities of the 1405 genes

detected by the GeoChip, the main factor that explained the
microbial community functional structure differences in the
eight fieldswasC :N ratio (Figure 2). C : N ratio differentiated
the fields into two main groups: (a) fields 16F (conventional
arable field), 19F (pasture), and 13F (organic arable field) with
C :N ratio lower than 11.15 and (b) fields 10F (organic arable
field), 4F (pine forest), 25F (natural grassland), 1F (pasture),
and 8F (conventional arable field) with C :N ratio higher than
11.15. The clustering of the three fields 13F, 16F, and 19F with
C :N ratio lower than 11.16 also corresponds to less sand in the
soil texture and higher soil pH as compared to the other fields,
as C : N was significantly positively correlated with sand and
soil pH.

Themain differences between the two clusters A/B (fields
16F, 13F, and 19F) and C/D (fields 1F, 4F, 10F, 25F, and 8F) were
that fields with C :N ratios lower than 11 had more genes for
carbon degradation (CDEG), carbon fixation (CFIX), metal
reductase (MET), and organic remediation (ORG) categories
than the fields with C :N ratio higher than 11. C : N ratio
is known to have a large influence on decomposition rates
[22]. Fields 16F, 13F, and 19F had the lowest C :N ratios. It is
expected that soils with lower C :N ratios will contain more
easily decomposable organic matters as compared to soils
with high C :N ratios [23]. Our results are consistent with
this expectation, with higher numbers of carbon degradation
genes in those sites with lowest C :N ratios. In addition, CO

2

is released into the environment during the organic material
decomposition, and this may explain the high numbers of
microbial carbon fixation genes [24] in fields 16F, 13F, and
19F. On the other hand, fields with a C :N ratio higher than
11 showed more genes from categories dissimilatory sulfate
reductase (DSR), methane oxidation, nitrification (NIT), and
nitrogen fixation (NFIX) than fields with C :N lower than 11
(Figure 2).

Among fields with C :N ratio lower than 11, field 16F
had the highest number of genes of the organic remediation
(ORG) category. This may be related to the high amount of
phosphate in this soil—that is, greater than 107mg/kg soil
as calculated in MRT analysis and illustrated in the CCA
plot (Figure 3). On the other hand, the high percentage of
genes for CDEG and MET in fields 13F and 19F appeared to
be explained by lower phosphate concentrations (less than
107mg/kg; Figure 2). The higher phosphate contents in fields
13F, 16F, 19F and 16F may be related to the high clay content
of these soils, as it is well known that phosphate availability
strongly depends on clay quantity and quality [25].

The genes detected within the ORG category in 16F are
related to a range of degradation activities (Table S2). In
fact, phosphate has been shown to be an important nutrient
factor required by bacterial biofilter for maximum methane
elimination [26]. The field 16F is a conventional arable field
that has been intensively cultivated with different crops. It has
therefore been subjected to high inputs of inorganic fertilizers
such as nitrogen, phosphate, and potassium. Phosphate was
negatively correlated with total C and total C was positively
correlated with organic matter content. In other words, the
fields 13F and 19F had higher total carbon, higher organic
matter and lower phosphate than field 16F, and these prop-
erties seem to be favourable for genes involved in carbon
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degradation (CDEG) and metal reductase (MET) activities
(Figures 2 and 3). The CDEG genes overrepresented in
samples 13F and 16Fwere related to bacterial and fungal cellu-
lases; bacterial and fungal chitinases; fungal laccases; and bac-
terial, fungal, and oomycete polygalacturonases (Table S3).
The MET genes overrepresented in these same fields 13F and
19F were genes encoding reductases of aluminium, arsen-
ic, cadmium, chromium, cobalt, copper, cytochrome, lead,
mercury, nickel, tellurium, and vanadium (Table S3), and
some soil chemicals, that is, cadmium, chromium, copper,
mercury, and nickel, were indeed highest in the pasture field
19F (Table 1).

Fields with a C :N ratio higher than 11 (1F, 4F, 10F, and
25F) had relatively high percentages of genes of nitrification
(NIT), and high levels of total nitrogen (i.e., >1302mg/kg)
appeared to explain this result. The field 8F had the highest
numbers of genes from categories for dissimilatory sulfate
reductase, methane oxidation, and nitrogen fixation, and this
pattern was explained by total N levels lower than 1302mg/kg
soil (Figure 2). The higher percentage of nitrogen fixation
genes in field 8F than fields 1F, 4F, 10F, and 25F can be
explained by the presence of nitrogen-fixing bacteria in this
particular soil, probably related to the growth of legumes
(beans) at this site. The nitrification-related genes abundant
in fields 1F, 4F, 10F, and 25F were ureases, amoA, pmoA, and
ghd. The DSR genes abundant in 8F were dsrA and dsrB;

the methanol-oxidation category was dominated by pmoA
andmmoA from methanotrophs and nitrogen fixation genes
categorized as nifH from nitrogen-fixing bacteria (Table S4).

The nitrification genes found in fields 1F, 4F, 10F, and
25F were similar to uncultured ammonia-oxidizing 𝛽-Prot-
eobacteria amoA genes. Ureases (E.C. 3.5.1.5) are complex
metalloenzymes that catalyze the hydrolysis of urea to ammo-
nia and carbon dioxide. This enzyme allows many soil bacte-
ria to use urea as nitrogen source, and we detected several
ureases in nitrogen-fixing bacteria such as Mesorhizobium
loti, Bradyrhizobium japonicus, Rhodopseudomonas palustris,
Rhodobacter sphaeroides, Rhodobacter (𝛼-Proteobacteria),
Chromobacterium violaceum (𝛽-Proteobacteria), and Nostoc
(Cyanobacteria) (Table S4). Urease is also an important
virulence factor that improves survival of pathogenic bacteria
in harsh conditions within the host and causes direct damage
to the host due to ammonium, CO

2
, or alkali production

(for reviews see [27, 28]), and in our study we found
ureases similar to those of plant pathogens such Pseu-
domonas syringae, Klebsiella aerogenes, (𝛾-Proteobacteria),
Mycobacterium (Actinobacteria), and Brucella melitensis (𝛼-
Proteobacteria) (Table S4).

Fields 4F and 25F had distinct soil properties or condi-
tions that would be expected to impact numerous microbial
processes.However, we foundno evidence for a sharp distinc-
tion in the functional gene repertoires of these communities.
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Field 4F was extremely acidic which distinguishes it from
other natural and cultivated soils. In fact, in a previous study
on microbial community composition across 26 fields under
different land uses including the eight fields here studied,
Kuramae et al. [17] found that field 4F had the most dis-
tinct microbial community composition. This difference was
linked to low pH and high C :N ratio. However, in the present
study, 4F and 25F have similar microbial function profiles,
despite the differences in soil pH, C :N ratio, and moisture.
Thus, it appears to be that soil microbial composition is
more sensitive to changes in soil pH than the functional
capability of the community.This may be due to the function
redundancy present in soil communities. In addition, the soil
factors that drive microbial composition are not the same as
those driving microbial potential function structures.

4. Conclusion

The soil-borne microbial functional structure in the different
fields in The Netherlands did not group the sites accordingly
to land management. Although the number of fields exam-
ined here was limited to eight, the breadth of our study was
sufficient to assess the differences in microbial functional
genes in different systems of soil management, and specific
soil factors could be identified that explained the differences
observed in functional gene composition of the different soils
examined.
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Landscape evolution is driven by abiotic, biotic, and anthropic factors. The interactions among these factors and their influence
at different scales create a complex dynamic. Landscapes have been shown to exhibit numerous scaling laws, from Horton’s laws
to more sophisticated scaling of heights in topography and river network topology. This scaling and multiscaling analysis has the
potential to characterise the landscape in terms of the statistical signature of the measure selected. The study zone is a matrix
obtained from a digital elevation model (DEM) (map 10 × 10m, and height 1m) that corresponds to homogeneous region with
respect to soil characteristics and climatology known as “Monte El Pardo” although the water level of a reservoir and the topography
play amain role on its organization and evolution.We have investigated whether themultifractal analysis of a DEM shows common
features that can be used to reveal the underlying patterns and information associated with the landscape of the DEMmapping and
studied the influence of the water level of the reservoir on the applied analysis. The results show that the use of the multifractal
approach with mean absolute gradient data is a useful tool for analysing the topography represented by the DEM.

1. Introduction

Each landscape unit is defined by primary physiographic
characteristics. In the landscape, several abiotic and biotic
factors, as well as anthropic factors, interact to generate a
characteristic dynamic over time. The focus of this study is
an alluvial surface of arkose resulting from the erosion of
the granite of the Sierra del Guadarrama produced by the
factors cited above. These factors, along with their interac-
tions at different scales, produce a strong modelling effect
through erosion.The universal equation of hydraulic erosion
presented byWischmeyer and Smith (1978) [1] can be used to
evaluate the intensity of this process.Thismodel incorporates
abiotic factors such as soil type, soil erodibility as a function
of composition and structure, topographic factors described
by the slope and its length, rain erosivity as function of rain
volume, and precipitation intensity. In addition, the vegeta-
tion cover produces a biotic effect. In certain cases, anthropic

factors, such as soil management and conservation, dominate
the evolution of the landscape.

A digital elevation model (DEM) provides the informa-
tion basis used for many geographic applications, for exam-
ple, topographic studies, geomorphologic studies, and land-
scape analysis with geographic information systems (GIS).
The ability of a DEM to represent the earth’s surface depends
on the surface roughness and the resolution used [2, 3]. The
information in each DEM pixel depends on the scale used
and is characterised by two variables, the resolution and the
extension of the area studied [4]. DEMs can vary in resolution
and accuracy according to the method used to produce the
model [5, 6], although there are statistical characteristics that
remain constant or highly similar over a broad range of scales
[7]. Based on this property, several techniques have been
applied to characterise DEMs through multiscale analysis [8]
directly related to fractal geometry. In this way, the complex-
ity of natural landscapes can be revealed [9, 10].
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In the general mathematical framework of fractal geom-
etry, many analytical methods have been developed. For
example, textural homogeneity has been characterised using
the fractal dimension [11]. The fractal dimension has also
been used as a spatial measure for describing the complexity
of remote sensing imagery [12]. Changes in image complexity
have been detected through the spectral range of hyperspec-
tral images affecting the fractal dimension [13], dependence
of fractal dimension on the spectral bands of Landsat TM
imagery De Cola [14], Lam [15], and other authors [16].
The use of multifractal/wavelet techniques is becoming more
widespread in the analysis of remote sensing images [2, 17]; it
is not as popular in DEM analysis, although there are several
studies characterising soil surface microrelief [18].

Motivated by the fractal geometry of sets [19, 20], the
development of multifractal (MF) theory, introduced in the
context of turbulence, has been applied in many areas such as
earthquake distribution analysis [21], soil pore characterisa-
tion [22, 23], image analysis [24], and remote sensing [25–
35]. Research into relationships between landscape pattern
and process has been influenced by the introduction of
fractal geometry and the advent of fractal analysis [36].
With the increasing availability of high-resolution digital
elevation data from increasingly larger areas, together with
advances in geocomputation and geomorphometry, fractals
have become of increasing interest for local-level environ-
mental applications [37].

The acquisition of remotely sensed multiple spectral
images is thus a unique source of data for determining the
scale-invariant characteristics of the radiant fields related to
many factors such as the chemical composition of soil and
bedrock, their moisture content, and their surface tempera-
ture [28–30, 38–42]. In theMF scheme used, the digital eleva-
tion data are considered to represent a singular measure. The
analysis then proceeds through an MF spectrum, which
gives either geometrical or probabilistic information about
the height distribution having the same singularity. Gagnon
et al. [43] demonstrated on purely statistical grounds that
monofractals are not sufficient to describe topography and
that multifractals are needed. A profound review on how this
topic has advanced can be found in Gagnon et al. [44].

There are scientific debates over what is fractal. However,
a surface does not need to be multifractal to admit a multi-
fractal analysis (MFA). The most important issues are
whether MFA is a reliable method for determining fractal
parameters and how the results of the MFA are to be
interpreted in a given context [35].Wewant to remark that the
approach does not depend on the assumption that topogra-
phy is fractal. This observation leads us to the general aim
of the paper, which is to use MFA to characterise the infor-
mation contained in DEM based on the original elevation
data and on the absolute gradient. At the same time, we have
investigated how themap information is affected by analysing
the area under differing conditions, that is, for various water
levels in the reservoir.

2. Materials and Methods

2.1. Site Description. The study area is represented by a 1024 ×
1024 data matrix obtained from a DEM with a resolution

of 10 × 10m at each point and a height resolution of 1m,
which correspond with a region known as “Monte de El
Pardo” a property of Spanish national heritage (patrimonio
nacional Español) of 15,820Ha located at a short distance
from Madrid city with altitude ranging from 576 to 900m
and UTM coordinates Huse 30, Hemisphere Northern, 𝑋:
444312.312 to 434542.312 and𝑌: 4494542.408 to 4484312.408.
Manzanares River goes through this area from north to south
as it can be observed in Figure 1(a). In the southern area,
a reservoir is foundwith a capacity of 43 hm3, with an altitude
ranging from 576m to 632mwhen it is at the highest capacity
as it is represented in Figure 1(b). In the middle of the reser-
voir, the minimum altitude of this area is achieved. Geologic
characteristics of the area correspond to arkose deposits
coming from granite and gneisses erosion, basis of the Sierra
de Guadarrama. Several smooth slopes and a river network
very few branched can be found with a surface ravaging. The
potential vegetation is mainly of a Mediterranean occidental
forest; Q. ilex L. is the climax specie with several shrub
heliophilous vegetation and herbaceous (Gen. Cistus). There
are some Q. suber L. isolated. Actually, this forest has been
kept for hunting use.

The criteria of the selection of the study area were to
delimit a homogeneous area with respect to soil characteris-
tics and climatology, and then the topographic factor acquires
amain role. Regarding vegetation cover,Mediterranean forest
is present with some areas influenced by pasture character-
istics as a consequence of historical use for hunting and a
minimum soil management. With regard to anthropic fac-
tors, these have beenmuch less than in the surrounding areas
which have been cultivated, producing a high reduction in
the original trees and shrubs of the area. However, in 1973, the
construction of the reservoir on Manzanares River modified
the water level equilibrium of some local streams at the same
time than the main river in this area. A direct consequence
was an alteration of the dynamic processes that shape this
landscape.

2.2. Multifractal DEM Analysis. A multifractal analysis is
basically the measurement of a statistic distribution and
therefore gives useful information on a self-similar behaviour
[45].

A monofractal object can be measured by counting the
number 𝑁 of 𝛿 size boxes needed to cover the object. The
measure depends on the box size as

𝑁(𝛿) ∝ 𝛿
−𝐷
0 , (1)

where

𝐷
0
= lim
𝛿→0

log𝑁(𝛿)
log (1/𝛿)

(2)

is the fractal dimension.𝐷
0
is calculated from slope of a log-

log plot.
There are several methods for implementing multifractal

analysis; in this section, the selected moment method is
explained [46]. This method uses mainly three functions:
𝜏(𝑞), known as the mass exponent function, 𝛼, the coarse
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Figure 1: Visualization of DEM (1024 × 1024 data points) at the area studied (a) and the localization of the reservoir in the map at different
filling levels (b) from emptiness (576m) to full capacity (630m).

Hölder exponent, and 𝑓(𝛼), multifractal spectrum. A mea-
sure (or field), defined in two-dimensional data grid embed-
ding space (𝑛×𝑛data points) andwith values based on altitude
(from 576 till 900 meters in this case), cannot be considered
as a geometrical set and therefore cannot be characterized by
a single fractal dimension.

Applying a nonoverlapping covering by boxes in an “up-
scaling” partitioning process, we obtain the partition function
𝜒(𝑞, 𝛿) [47] defined as

𝜒 (𝑞, 𝛿) =

𝑁(𝛿)

∑
𝑖=1

𝜇
𝑞

𝑖
(𝛿) =

𝑁(𝛿)

∑
𝑖=1

𝑚
𝑞

𝑖
, (3)

where 𝑚 is the mass of the measure, 𝑞 is the statistical
moments order, 𝛿 is the length size of the box, and𝑁(𝛿) is the
number of boxes in which 𝑚

𝑖
> 0. Based on this, the mass

exponent function (𝜏(𝑞)) shows the moments of the measure
scales with the box size,

𝜏 (𝑞) = lim
𝛿→0

log ⟨𝜒 (𝑞, 𝛿)⟩
log (𝛿)

= lim
𝛿→0

log ⟨∑𝑁(𝛿)
𝑖=1

𝑚
𝑞

𝑖
⟩

log (𝛿)
, (4)

where ⟨ ⟩ represents statistical moment of the measure 𝜇
𝑖
(𝛿)

defined on a group of nonoverlapping boxes of the same size
partitioning the area studied. This method is known as the
method of moments [48].

The singularity index (𝛼) can be determined by the
Legendre transformation of the 𝜏(𝑞) curve [46] as

𝛼 (𝑞) =
𝑑𝜏 (𝑞)

𝑑𝑞
. (5)

The number of cells of size 𝛿 with the same 𝛼, 𝑁
𝛼
(𝛿), is

related to the cell size as 𝑁
𝛼
(𝛿) ∝ 𝛿−𝑓(𝛼), where𝑓(𝛼) is a

scaling exponent of the cells with common 𝛼. Parameter𝑓(𝛼)
can be calculated as

𝑓 (𝛼) = 𝑞𝛼 (𝑞) − 𝜏 (𝑞) . (6)
Multifractal spectrum (MFS), that is, a graph of 𝛼 versus

𝑓(𝛼), quantitatively characterizes variability of the measure
studied with asymmetry to the right and left indicating
domination of small and large values, respectively. The width
of the MF spectrum indicates overall variability [23, 49].

Schertzer and Lovejoy [7, 50] proposed a multifractal
model based on the codimension 𝑐(𝛾). In this model, the
scale ratio 𝜆 (𝜆 = 𝑛/𝛿) is used instead of 𝛿 itself being 𝑛
the maximum length size considered (in this case is 1024
pixels). The measure or field (𝜇

𝜆
) is characterized by its

probability distribution or by the corresponding law for
statistical moments [50]:

Pr (𝜇
𝜆
≥ 𝜆
𝛾
) ∝ 𝜆

−𝐶(𝛾)
,

⟨𝜇
𝑞

𝜆
⟩ ∝ 𝜆

𝐾(𝑞)
,

(7)

where ⟨ ⟩ represents the mathematical expectation of the
statisticalmoment, 𝑐(𝛾) is termed the codimension of a subset
with field order greater than 𝛾, and 𝐾(𝑞) is the moment
scaling function. The relations between 𝐾(𝑞), 𝑐(𝛾), and 𝛾
were derived as [7]

𝐾(𝑞) = max
𝛾
(𝑞𝛾 − 𝑐 (𝛾)) ,

𝑐 (𝛾) = max
𝑞
(𝑞𝛾 − 𝐾 (𝑞)) .

(8)
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The characteristics of both functions have been discussed
in detail by Schertzer and Lovejoy [7] who proposed a univer-
sal model for fitting 𝑐(𝛾) based on three parameters: 𝐻, 𝐶

1
,

and 𝐴. From a statistical point of view,𝐻 defines the scaling
on the mean field, 𝐶

1
measures the mean homogeneity of the

field or measure the sparseness of the field, and 𝐴 expresses
the deviation from themean of the field values or the “degree”
of multifractality.

In the case that 𝐻 = 0 the case studied is a conservative
multifractal field, otherwise (𝐻 > 0) is not and then the
analysis applying (4)–(6) to the originalmeasure is insensitive
to all the singularities below a critical value so that the ranges
of 𝛼 and 𝑓(𝛼) are highly restricted.

In addition, the relationships between their model and
the multifractal formalism based on 𝜏(𝑞), 𝛼, and 𝑓(𝛼) are the
following equations [43]:

𝜏 (𝑞) = (𝑞 − 1) 𝐸 − 𝐾 (𝑞) , (9a)

or

𝐾(𝑞) = (𝑞 − 1) 𝐸 − 𝜏 (𝑞) , (9b)

𝑓 (𝛼) = 𝐸 − 𝑐 (𝛾) ,

𝛼 = 𝐸 − 𝛾,
(10)

where 𝐸 is the Euclidean dimension where the measure is
embedded.

According to numerous analyses of remote sensing
images, the value of 𝐻 is typically around 0.1-0.2 depending
on the site and resolution [16, 29, 30, 33, 40, 43]. If 0 < 𝐻 < 1,
then taking the absolute gradients (𝜇), instead of the original
measure (𝑚) of the field, is enough to be able to calculate the
full range of singularities. It is therefore important to estimate
𝐻; in order to do this, a structure function method has been
used [51], and based on a bilog plot of the correlation function
(𝑀
2
(𝛿)) and 𝛿, this value was obtained as follows:

𝑀
2
(𝛿) ≡ ⟨

Δ𝑚𝛿 (𝑥, 𝑦)

2

⟩ , (11)
Δ𝑚𝛿 (𝑥, 𝑦)



≈

𝑚 (𝑥, 𝑦)

− ((𝑚 (𝑥 + 𝛿, 𝑦) + 𝑚 (𝑥, 𝑦 + 𝛿)

+𝑚 (𝑥 − 𝛿, 𝑦) + 𝑚 (𝑥, 𝑦 − 𝛿)) × (4)
−1
)

,

(12)

where𝑚 refers to the original height value at the point (𝑥, 𝑦)
in the DEM.

Then, the original measure was replaced by 𝜇(𝑥, 𝑦) =
|Δ𝑚
1
(𝑥, 𝑦)| and, based on this, absolute gradient Hölder

exponents and MFS were calculated for each case based on
(4)–(6), then 𝐾(𝑞) was estimated based on (9b).

3. Results and Discussion

3.1. Fractal Dimension at Different Threshold Height. First, a
preliminary fractal analysis was performed to study how

1.0
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Figure 2: Box-counting dimension (𝐷
0
) including points with an

altitude less or equal to 𝑥-axis value with the water reservoir empty.
The blue arrow points out𝐷

0
value when the reservoir is full.

a change in the altitude threshold would affect the fractal
dimension (𝐷

0
). The intuitive notion of the 𝐷

0
of a set of

points is that the number of disjoint boxes of size 𝛿 (𝑁(𝛿))
needed to completely cover the set varies according to (1).
Several altitude thresholds (altitude maxima) were applied to
DEMdata to extract the𝐷

0
of the set of pointswith an altitude

equal or less than a certain value. An increasing 𝐷
0
function

was obtained by increasing the altitude maximum (see
Figure 2).

As the threshold increased, the value of𝐷
0
approached 2

as expected (see Figure 2). However, the function describing
this tendency exhibits an inflection point if the maximum
altitude considered is the height of the reservoir at its maxi-
mum capacity. As the threshold value increases from 630m
to 675m, the spatial distribution of altitude in the area
presents a different pattern from that observed for lower
threshold values. The pattern continues to change with
further increases in the threshold until 700m is used as the
maximum altitude.

3.2. Multifractal Spectrum of the Altitudes. The altitude fre-
quencies for different water levels of the reservoir are shown
in Figure 3(a). The only difference among these frequency
distributions is the pattern of the lower values. As the water
level increases, the minimum altitude increases along with its
frequency. We will apply an MFA to each case in which the
frequency and the position of the altitude values have a
quantitative influence.

The original measure (altitude) was analysed by first
calculating the mass exponent function (𝜏(𝑞)) for reservoir
water levels of 576, 600, 610, 620, and 630m. All of them show
highly similar 𝜏(𝑞) behaviour, with a high degree of linearity
expressing a lowmultifractal tendency (Figure 4(a)).The null
value for 𝜏 (𝑞 = 1) confirms the conservative character of the
measure.

The MF spectra for the five water levels analysed show
that the differences among the five spectra with respect to
altitude and frequency amplitude are almost null (seeTable 1).
The value of the Hölder exponent at the box dimension (𝛼

0
)
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Figure 3: Frequencies distribution, with the water reservoir at different filling levels of (a) altitudes and (b) absolute gradient (frequency in
logarithmic scale).
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Figure 4: (a) Mass exponent function (𝜏(𝑞) versus 𝑞) and (b) multifractal spectrum (𝑓(𝛼) versus 𝛼) based on the original measure (altitude).
Each colour represents the water reservoir at different filling levels.

Table 1: Parameters extracted from the multifractal spectrum based on the original measure (altitude) with the water reservoir at different
filling levels. Holder exponent at 𝑞 = −5 (𝛼max), 𝑞 = 0 (𝛼0), 𝑞 = 1 (𝛼1), 𝑞 = +5 (𝛼min), and 𝛼max − 𝛼min (Δ𝛼). Multifractal value at 𝛼max
(𝑓(𝛼max)), 𝛼min (𝑓(𝛼min)), and 𝑓(𝛼max) −𝑓(𝛼min) (Δ𝑓).

𝛼min 𝛼
0

𝛼
1

𝛼max Δ𝛼 𝑓(𝛼min) 𝑓(𝛼max) Δ𝑓

El Pardo 576 1.995 2.001 1.999 2.005 0.010 1.986 1.989 0.003
El Pardo 600 1.995 2.001 1.999 2.005 0.010 1.986 1.989 0.003
El Pardo 610 1.995 2.000 1.999 2.005 0.010 1.986 1.990 0.004
El Pardo 620 1.994 2.001 1.999 2.006 0.012 1.983 1.989 0.006
El Pardo 630 1.995 2.001 2.000 2.004 0.009 1.987 1.991 0.004
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High: 26,5

Low: 0

576m

(a)

High: 6,5

Low: 0

630m

(b)

Figure 5: Absolute gradient, |Δ𝑚
𝛿
(𝑥, 𝑦)| ≈ |𝑚(𝑥, 𝑦) − (𝑚(𝑥 + 𝛿, 𝑦) + 𝑚(𝑥, 𝑦 + 𝛿) + 𝑚(𝑥 − 𝛿, 𝑦) + 𝑚(𝑥, 𝑦 − 𝛿))/4|, where 𝑚 refers to the

original altitude value at the point (𝑥, 𝑦) in DEM and 𝛿 = 1. (a) With the water reservoir empty (minimum altitude 576m). (b) With the
water reservoir full (minimum altitude 630m).

is approximately 2 and 𝛼
1
is 1.999 and constant in all cases.

In contrast, the differences between𝑓(𝛼min) and 𝑓(𝛼max) are
approximately +0.004, indicating a stronger scaling at high
values than at low values, with very tight symmetry in the
spectrum (see Figure 4(b)). As the water level of the reservoir
increases from 576m to 610m, the multifractal parameters
are very similar (Table 1), changing slightly for water levels of
610m and 620m.

3.3. Multifractal Spectrum of the Absolute Gradient. The same
type of analysis was applied after the data were transformed
(see (12)) to an absolute gradient. The results of this trans-
formation for the cases of an empty reservoir and a reservoir
at maximum capacity are illustrated in Figures 5(a) and 5(b).
A comparison of this figure with Figure 1(a) highlights the
differences between the results of the analysis for the original
measure and the transformed data. In the analysis of the
absolute gradient, the points showing the greatest differences
from the points surrounding them (edges) are the higher
values. In contrast, the lower values of the absolute gradient
show almost no differences from the surrounding points
(darker colour in Figure 5).

These differences are even more pronounced if the fre-
quencies of the absolute gradient are plotted for each case
study (see Figure 3(b)).Thedistributions for the different case
studies are similar. However, the cases considered show a
pattern as the water level increases. As the water level of the
reservoir increases to 630m, the distribution becomes steep-
est. This tendency is a result of the increase in the area of the
reservoir as the reservoir is filled. This process increases the
frequency of 0 and 1 values of the absolute gradient.When the
water level of the reservoir is 630m, the distribution shows its
greatest slope for absolute gradient values less than or equal
to 5m. The frequencies are lower ranging from 5 to 11m. For
values greater than 11m, the behaviour for the water level of

630m is similar to that for the other water levels. Although
the differences shown in Figure 3(b) appear to be minimal,
they have implications for the MFA, as we will show below.

The nonlinearity observed in 𝜏(𝑞) (Figure 6(a)) implies
a scale dependence of the dimensionless moments and,
therefore, a pronounced MF character versus the behaviour
shown in theMFA of the original measure (Figure 4(a)).This
richness in multiscaling behaviour is shown in Figure 5. The
spatial distribution of the mean absolute gradient displays a
more complex pattern, highlighting the points with a greater
number of rough edges. At the next step, the MF spectrum
shows different amplitudes for the different water levels of the
reservoir (Figure 6(b)). This behaviour is clear from Table 2.

The value of the Hölder exponent at the box dimension
(𝛼
0
) is slightly greater than 2. 𝛼

1
ranges from 1.93 to 1.98, with

a tendency to increase as the water level increases.The values
of altitude and frequency amplitude for the five cases studied
are higher andmore significant than in theMF analysis of the
originalmeasure (compare Tables 1 and 2). In general,Δ𝛼 and
Δ𝑓 increase with the filling of the reservoir. However, there
are exceptions to this pattern. At El Pardo 620, Δ𝛼 shows a
decrease to 1.218, and there is a singular value of −0.840 at El
Pardo 610.

The general increase in Δ𝛼 implies an increase in overall
variability in space. As it is clear from Figure 5, the highest
values are concentrated around the limits of the reservoir
when the reservoir is empty. This tendency no longer holds
when the reservoir is full, as a more complex structure with
higher spatial variability develops. The differences in 𝑓(𝛼min)
and 𝑓(𝛼max) are all negative, indicating a stronger scaling at
low values than at high values, with no pattern of symmetry
in the spectrum (see Figure 6(b)).

If we transform the multifractal spectrum into a moment
scaling function (𝐾(𝑞)), we obtain a clear picture of the dif-
ference between the case of the full reservoir (El Pardo 630)
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Figure 6: (a) Mass exponent function (𝜏(𝑞) versus 𝑞) and (b) multifractal spectrum (𝑓(𝛼) versus 𝛼) based on absolute gradient. Each colour
represents the water reservoir at different filling levels.

Table 2: Parameters extracted from the multifractal spectrum based on the average absolute differences of altitudes with the water reservoir
at different filling levels. Holder exponent at 𝑞 = −5 (𝛼max), 𝑞 = 0 (𝛼0), 𝑞 = 1 (𝛼1), 𝑞 = +5 (𝛼min), and 𝛼max − 𝛼min (Δ𝛼). Multifractal value at
𝛼max (𝑓(𝛼max)), 𝛼min (𝑓(𝛼min)), and 𝑓(𝛼max) −𝑓(𝛼min) (Δ𝑓).

𝛼min 𝛼
0

𝛼
1

𝛼max Δ𝛼 𝑓(𝛼min) 𝑓(𝛼max) Δ𝑓

El Pardo 576 1,539 2,094 1,930 3,213 1,674 1,033 0,357 −0,676
El Pardo 600 1,539 2,098 1,932 3,226 1,687 1,033 0,409 −0,624
El Pardo 610 1,509 2,092 1,950 3,580 2,071 0,098 0,938 −0,840
El Pardo 620 1,527 2,045 1,960 2,745 1,218 0,873 0,528 −0,345
El Pardo 630 1,294 2,124 1,980 3,645 2,351 0,744 0,186 −0,558

and the other water levels (see Figure 7). In all of the cases
studied, the moment scaling functions are the same for 𝑞 ≤ 1.
The differences are found for 𝑞 > 1.

4. Conclusions

Thegoal of this study was to examine themultiscale statistical
properties of the altitude and the absolute gradient in an area
of homogeneous soil. In this area, the topography and the
reservoir constructed on the river played a main role. Such
characterisation is related to the spatial organisation of the
landscape and could shed light on its evolution.

Several clear results have emerged from this analysis.
First, topographic altitude exhibits a weak multiscale statisti-
cal structure and a negligible deviation from scale invariance
or monoscaling when a multifractal spectrum is obtained.
Second, if the original measure (altitude) is replaced by the
mean absolute gradient (or mean absolute difference), the
multiscale analysis reveals a higher degree of multifractality,
allowing a more informative analysis of the influence of the
water level of the reservoir.

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4 5
q

El Pardo 576m
El Pardo 600m
El Pardo 610m

El Pardo 620m
El Pardo 630m

K
(q
)

−0.5

Figure 7: Moment scaling function (𝑘(𝑞) versus 𝑞) based on the
absolute gradient. Each colour represents the water reservoir at
different filling levels.
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By addressing the issues of structure and scale, the multi-
fractal formalism, unlike classical geomorphometrical tools,
provides scale-invariant attributes for characterising topog-
raphy and landscapes. The results of this study show that
the use of the multifractal approach with mean absolute gra-
dient data is a useful tool for analysing the topography
represented by the digital elevation model.
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The combination of isotope trace technique and SOC fractionation allows a better understanding of SOC dynamics. A five-year
tillage experiment consisting of no-tillage (NT) and mouldboard plough (MP) was used to study the changes in particle-size SOC
fractions and corresponding 𝛿13C natural abundance to assess SOC turnover in the 0–20 cm layer of black soils under tillage
practices. Compared to the initial level, total SOC tended to be stratified but showed a slight increase in the entire plough layer
under short-term NT. MP had no significant impacts on SOC at any depth. Because of significant increases in coarse particulate
organic carbon (POC) and decreases in fine POC, total POC did not remarkably decrease under NT andMP. A distinct increase in
silt plus clay OC occurred in NT plots, but not in MP plots. However, the 𝛿13C abundances of both coarse and fine POC increased,
while those of silt plus clay OC remained almost the same under NT. The C derived from C

3
plants was mainly associated with

fine particles and much less with coarse particles. These results suggested that short-term NT and MP preferentially enhanced the
turnover of POC, which was considerably faster than that of silt plus clay OC.

1. Introduction

In the past few years physical fractionation has played an
important role in studying soil organic carbon (SOC) pool
and its turnover under different land uses and management
systems [1]. The stable C isotope trace technique is increas-
ingly used to study the dynamics of SOC and the influences of
agricultural managements on SOC turnover [2, 3]. However,
SOC dynamics is so complex that it is hard to tell how SOC
pool responds to changes in land uses and soil managements
if only total SOC is measured. Thus, a combination of stable
C isotope trace technique and SOC fractionation can be
used to explore the mechanism of C dynamics and quantify
the accumulation of newly added SOC in different SOC
fractions [4]. Piao et al. [5] found that in forest soils, the
𝛿
13C values of SOC in light fractions were significantly lower

than in heavy fractions, indicating that crop residues were
first incorporated into the light fractions. The SOC in the
light fraction or coarse particles was labile and sensitive to

changes of soil managements [5, 6]. However, Magid et al.
[7] found that labile SOC fractions were distributed in all-
sized or all-density particles. Yonekura et al. [8] also found
that when forest was converted to grassland, all soil organic
matter fractions in the surface layer exhibited fast turnover
based on natural abundance of 𝛿13C.

Long-term intensive agricultural management could
greatly reduce SOC level [9]. Also, it is well documented
that conservation tillage could enhanceCprotection, increase
SOC levels [10–13], and convert agricultural soils from C
sources to C sinks, thereby removing significant amounts
of CO

2
from the atmosphere [14]. However, the effect of

conservation tillage on SOC storage is sometimes contradic-
tory [15, 16], especially for short-term (≤10 years) effect of
conservation tillage. It varies with soil conditions, such as soil
texture, climate, and biomass return, as well as management
itself, and is difficult to be generalized [10, 17]. Hence, the
studies on short-term impacts of tillage systems on SOC have
to be verified in different soil conditions.
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Northeast China is an important agriculture region,
mainly due to the production of soybean and maize. Black
soil (Typic Hapludoll, US Soil Taxonomy) dominates this
region andmainly occurs in Liaoning, Jilin, andHeilongjiang
provinces. Since 1940s and 1950s, large-scale cultivation and
improper management have resulted in a significant decline
of soil fertility, and present SOC content is less than one-
half of the initial content before cultivation [18]. Hence, it is
essential to find out an appropriate tillage system which can
enhance the SOC level, while maintaining or improving local
crop production. The objectives of this study were to analyze
the dynamics of particle-size SOC fractions and to explore
SOC turnover using 𝛿13C natural abundances under short-
term tillage practices in black soils of Northeast China.

2. Materials and Methods

2.1. Study Site. The tillage study was started in the fall of 2011
at the Experimental Station (44∘ 12N, 125∘ 33 E) ofNortheast
Institute of Geography and Agroecology, Chinese Academy
of Sciences, in Dehui, Jilin Province, China. The study site
is located in the North Temperate Zone with a continental
monsoon climate. Mean annual temperature is 4.4∘C, and
mean annual precipitation is 520.3mm, with more than 70%
occurring from June to August [18]. The soil was classified
as a black soil, following the Chinese Soil Classification
System, equivalent to a TypicHapludoll in the Soil Taxonomy.
This soil was clay loam textured, with an average of 36%
clay, 24% silt, and 40% sand. Before the experiment started,
the soil bulk density was 1.24–1.38 g cm−3. The total SOC
and nitrogen (N) contents were 15.5 g kg−1 and 1.31 g kg−1,
respectively. The slope of the experimental plots is less than
1∘. The land had been used for continuous corn production
under conventional tillage for many years (≥20 years) prior
to 2001 [19].

2.2. Tillage Experiment. A tillage experiment, consisting of
two treatments, mouldboard plough (MP) and no tillage
(NT), was established in a randomized complete block design
with four replicates. Each tillage plot was split into two
subplots (5.2m × 20m) which were under corn-soybean
rotation with both crops present each year. The MP included
fallmouldboard ploughing (about 20 cmdeep) after corn har-
vest, spring disking (7.5 to 10 cm deep), and field cultivation.
The NT soils had no soil disturbance except for crop planting
using a KINZE-3000 NT planter (Williamsburg, Iowa). All
the crop residues were returned to the soil surface. Each
year, 100 kg ha−1N was applied to corn as starter fertilizer
and 50 kg ha−1N as top dressing at the V-6 growth stage,
respectively. In addition, 45.5 kg ha−1 P and 78 kg ha−1 Kwere
also added to corn as starter fertilizers. For soybean, all fertil-
izers were applied as starter fertilizer, including 40 kg ha−1N,
60 kg ha−1 P, and 80 kg ha−1 K. The starter fertilizers for all
plots were applied concurrently during the planting phase.

2.3. Soil Sampling and Measurements. Composite soil sam-
ples (7 subsamples per plot) were collected down to a depth of

20 cm after harvest (corn phase) in 2001 and 2006. The sam-
ples were taken using a hand auger (2.64 cm diameter) which
allowed separation of each soil core into three segments (0–5,
5–10, and 10–20 cm) without soil compaction. Soil samples
were gently broken and air-dried. Visibly identifiable crop
residues were manually removed for SOC and SOC fractions
measurements.

The silt plus clay (<20𝜇m) SOC was measured as
described by Liang et al. [20]. 25 g dry soil was placed in
a 250mL beaker and 125mL distilled water was added. The
soil suspension was mixed and allowed to settle at room
temperature overnight. Then, the suspension was dispersed
for 10minwith an ultrasonic probe (JY92 and 24 kHz, Xinzhi,
Ningbo) with an energy input of 480 JmL−1. The dispersed
soil suspension was transferred to a 1 L glass cylinder, and the
cylinder was capped and shaken end over end to thoroughly
homogenize the soil water suspension. Silt plus clay fraction
and clay fraction were collected by siphoning the suspension
based on Stokes’ law.The collected solid fractions were oven-
dried at 60∘C and then ground for SOC analysis. Silt OC
content was calculated by the silt plus clayOCminus clayOC.

Soil particulate organic carbon (POC, 53–2000𝜇m) was
measured according to the method of Carter et al. [21]. 20 g
soil sample passing through 2mm sieve was put into a plastic
vial and 100mL 5 g L−1 sodium hexametaphosphate solution
was added.The sample was shaken for 2 h for dispersion.The
dispersed suspension was passed through a set of 250 and
53 𝜇m sieves from top to bottom. Distilled water was used to
rinse soil particles on the sieves. Soil fractions retained on the
sieves were collected and oven-dried at 60∘Cand then ground
for SOC analysis. The POC in the >250𝜇m size was defined
as coarse POC, and POC in the 53–250𝜇msize was fine POC.

All soil samples were free of carbonate, and hence SOC
content was assumed to be equal to total C content. The total
SOCand SOC fractionswere determined using a FlashEA1112
elemental analyzer (ThermoFinnigan, Italy). Soil subsamples
of 20–40mg and plant samples (including natural plant and
corn residues) were ground and passed through a 100-mesh
sieve and then were used to measure the 𝛿13C abundances
of SOC by an isotope ration mass spectrograph (MAT252,
Finnigan, USA).

2.4. Data Analysis. The proportion of C derived from corn
was calculated using [22]

𝑓 =
(𝛿 − 𝛿

0
)

(𝛿
1
− 𝛿
0
)
, (1)

where 𝑓 stands for the proportion of corn-derived C in the
sample, 𝛿 for the measured 𝛿13C values in corn fields, 𝛿

0
for

the 𝛿13C of the corresponding sample from corn field as C
3

reference soil, and 𝛿
1
for the 𝛿13C values of corn plant (about

−12‰).
Turnover time of SOC was calculated according to [22]

𝑇 =
1

𝑘
=
− (𝑡 − 𝑡

0
)

ln (𝐶
𝑡
/𝐶
𝑡0
)
, (2)

where 𝑘 stands for the rate constant of the first-order decay, 𝑡
for the year of sampling (2006), 𝑡

0
for the year of vegetation
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Figure 1: Particulate organic carbon (POC) in 0–20 cm layer of black soil under no tillage (NT) and mouldboard plough (MP). Bars indicate
standard error. Different lowercase letters above the column indicate significant differences at 𝑃 = 0.05.

change, 𝐶
𝑡
for the remaining proportion of C

3
–C at the time

of sampling (%), and 𝐶
𝑡0
for the proportion of C

3
–C at 𝑡

0

(100%).
Least significant difference (LSD) between means was

calculated to examine the effects of tillage practices on SOC
in each fraction.The procedure was performed using SAS 9.1
(SAS Institute, Cary, NC, USA). Statistical significance was
determined at 𝑃 < 0.05.

3. Results and Discussion

3.1. Total and Particle-Size Soil Organic Carbon under NT and
MP. Five-year NT resulted in no substantial changes (1.2%)
in total SOC in top 0–20 cm soil compared to the initial level.
However, there were significant increases (9.9%) in total SOC

at 0–5 cm depth (𝑃 < 0.05), despite a lack of noticeable
differences at 5–20 cm depths after 5-year NT. MP had no
significant effects on total SOC contents in the entire plough
layer (𝑃 > 0.05). This difference was likely not a result from
the difference in biomass inputs [23], but rather it resulted
from retention of carbon from crop residue on the soil surface
of theNTplotswhereas it was incorporated into the soil in the
MP plots.

Over five years, NT and MP significantly affected both
fine and coarse POC (𝑃 < 0.05, Figures 1(a) and 1(b)). Due
to significant and opposite influences of tillage treatments
on fine and coarse POC, total POC contents had no distinct
changes (Figure 1(c)). There were significant increases in
coarse POC under NT and MP (𝑃 < 0.05) which could be
attributed to the annual input of organic materials. The NT
decreased fine POC, which was different from the result of
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Figure 2: Soil organic carbon in <20𝜇m particles of the 0–20 cm layer under tillage practices.

Pikul et al. [24]. We considered that our experimental study
was conducted for a short period (only five years) which was
not sufficient for crop residue decomposition and subsequent
C association with finer soil particles. Collectively, these
results suggested that SOC in coarse particle was more
sensitive to the conversion of tillage systems.

Under NT and MP treatments, silt plus clay OC and clay
OC in the plough layers both showed an increasing trend
over the five-year period (Figures 2(a) and 2(b)). Compared
to data in 2001, the NT treatment significantly increased 7.9%
and 39.7% SOC in these two size fractions (𝑃 < 0.05).
These results indicated that short-termNT decreased silt OC,
whereas clayOCplayed an important role in the total increase
in silt plus clay OC.The reason was that the retention of crop
residues above the soil surface and no disturbance under NT
reduced the loss of silt plus clay OC. The MP only increased
silt plus clayOCby 4.5% (𝑃 > 0.05). Similar toNTplots, there
were significant increases in clayOC in theMPplots by 30.0%
on average (𝑃 < 0.05). However, the concurrent decrease in
silt OC and the increase in clay OC suggested that SOC in
each fraction probably was translocated by splash erosion of
rainfall or was transferred between fine and coarse particles
[25].The increase in silt plus clay OC underMPmight be due
to the breakdown of macroaggregates into microaggregates
by tillage practice and incorporation of crop residues into
soils which increased the input of organic materials. Also,
undecomposed crop residues to some extent prevented soil
from splash erosion. Hence, there were increases in silt plus
clay OC in MP plots, but the increases were less than those
in NT plots under greater protection of crop residues on the
surface.

3.2. 𝛿13C Abundances in Organic Carbon Fractions under
NT and MP. At 0–20 cm depths the 𝛿13C abundances

(−19.9‰ and −21.1‰) of SOC in both fine and coarse
fractions were lower than those of corn plants (−12.0‰)
(Table 1). This was because the study site was conducted
under corn-soybean rotation system; soybean residues (C

3
)

were returned into soils in addition to corn residues (C
4
).

Neither NT nor MP significantly affected the 𝛿13C values of
SOC fractions (Table 1). Gregorich and Janzen [26] reported
that the changes in 𝛿13C values of SOC with depths could
approximately reflect the characters of SOC decomposition.
In the present study, the 𝛿13C values of SOC in each size
fraction decreased with depths under NT andMP treatments
(Table 1), which could be related to the decreasing input of
C
4
plants from top to subsurface soils. Average 𝛿13C values of

POC in the coarse and fine fractions in 0–20 cm layers were
−20.3‰ and −19.4‰ in the NT plots, respectively, slightly
greater than that of silt plus clayOC (−21.0‰). Similar results
were found in MP plots.

Factors affecting the 𝛿13C values include plant (plant
types and water use efficiency of plant), soil (total SOC,
SOC fractions, soil depths, and soil moisture), landform, and
fertilization [27]. In this study, soil was the primary factor
affecting 𝛿13C values at the experimental site because of the
same plant, landform, and fertilization. In NT plots higher
soil moisture [28, 29] resulted in lower 𝛿13C values of SOC in
each fraction than inMPplots. It was due to the return of crop
residues each year. Certainly the inputs and decomposition
of organic materials were different between the NT and MP
plots. Without fall ploughing, crop residues returned to the
field significantly increased SOC concentration at 0–5 cm
depth under NT [19]. We therefore hypothesized that in our
present study 𝛿13C values of SOC in each fraction under NT
were lower than under MP. However, the experimental result
was not exactly consistent with the above hypothesis. Neither
NT nor MP practice significantly affected 𝛿13C values of
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Table 1: 𝛿13C abundances, C3–C and C4–C fractions in the plough layer of Black soil under no tillage (NT) and mouldboard plough (MP) in
2006.

Treatments 𝛿13C (‰) 𝑓 (%) 1 − 𝑓 (%) C4–C (g kg−1) C3–C (g kg−1)
0–10 cm

Coarse POC NT −19.8 32.2 67.8 0.48 0.83
MP −20.2 32.1 67.9 0.27 0.58

Fine POC NT −19.3 40.8 59.2 0.32 0.47
MP −19.2 41.2 58.8 0.43 0.60

Silt plus clay OC NT −21.1 27.4 72.6 4.00 10.6
MP −21.1 27.2 72.8 4.10 11.0

10–20 cm

Coarse POC NT −20.8 25.3 74.7 0.10 0.29
MP −20.7 25.8 74.2 0.12 0.34

Fine POC NT −19.5 30.4 69.6 0.14 0.33
MP −19.8 27.3 72.7 0.26 0.63

Silt plus clay OC NT −21.1 16.1 83.9 2.34 12.1
MP −21.1 17.1 82.9 2.54 12.4

SOC fractions, despite the existence of differences (Table 1).
In 0–20 cm layers, the 𝛿13C values of coarse and fine POC
were both slightly greater in NT plots (−20.3‰ and −19.4‰)
than in MP plots (−20.5‰ and −19.5‰), whereas the 𝛿13C
values of silt plus clay OC were almost the same under two
tillage treatments. Above results might be due to other soil
conditions. Walley et al. [30] reported that NT increased
soil water supplement and water use efficiency of plants.
The higher the water use efficiency is, the higher the 𝛿13C
values are [31]. In our case, crops with higher abundances
of 𝛿13C were returned and then increased soil 𝛿13C values.
Thus, the 𝛿13C values of coarse and fine POC at 0–20 cm
depth were greater under NT than under MP. Additionally,
the interactions among relevant factors might affect the 𝛿13C
values. Collectively, the above results suggested that short-
term impacts of tillage practices on SOC were shown in the
coarse fractions, with no substantial changes in fine particles.

3.3. Plant Sources of Soil Organic Carbon under NT and MP.
In NT soils C

3
–C and C

4
–C concentrations in coarse POC

fraction significantly decreased (𝑃 < 0.05), and the former
was greater than the latter (Table 1). The C

3
–C and C

4
–C

concentrations in fine POC showed the same variation trend,
though the changes were not significant (𝑃 > 0.05). In MP
soils, C

3
–C and C

4
–C concentrations of POC in the fine and

coarse fractions had no noticeable decreases at two depths.
These different effects were attributed to the enrichment of
organic materials on soil surface under NT treatment in
contrast to the incorporation of returned crop residues into
soils and thus even distribution of organic materials inputs in
plough layers under MP.

There were no significant differences in C
3
–C and C

4
–C

concentrations in each SOC fraction between theNT andMP
treatments (𝑃 > 0.05) (Table 1). The NT only increased C

3
–

C and C
4
–C concentrations in coarse POC at 0–10 cm depth.

In other SOC fractions, both C
3
–C and C

4
–C concentrations

were lower in NT soils than in MP soils, which could

be attributed to the stratification of SOC in soil profiles
under NT. In addition, the result indicated that the sensitive
response of SOC to tillage conversion could be shown in the
coarse fraction. There were no significant differences in the
proportions of C

3
–C and C

4
–C between the NT and MP

treatments (𝑃 > 0.05, Table 1). Short-term NT practice thus
could not significantly affect the C source of SOC fractions,
even POC. Regardless of the tillage practices (NT andMP), C
derived fromC

3
plants wasmainly distributed in the fine-size

fractions (Table 1). That is, the turnover of SOC was faster in
the coarse-size fraction than in fine-size fraction, which is in
agreement with studies of Yonekura et al. [8] and Yamashita
et al. [22].

3.4. Turnover Rates of Soil Organic Carbon under NT andMP.
The silt plus clay OC represented not only the majority of the
total SOC, but also the SOC fractionwith the longest apparent
turnover time under NT and MP practices (Figure 3). The
turnover time of POC in the NT and MP soils was more
than 200 years, far longer than the results previously reported
by Cambardella and Elliott [32] that the turnover time of
POC ranged from 5 to 20 years in cultivated grassland soils.
The reason might be that after cultivation of virgin black
soils, soybean (C

3
crop) residues provided an extra source

of organic matter input in addition to corn-derived C (C
4

crop). It might also be due to a certain amount of black C in
POC [33]. The mean turnover time indicated faster turnover
of SOC in coarse fraction than that in fine fraction. We
suggested that short-term NT did not significantly affect the
turnover time of SOC. The turnover time of SOC was even
longer in MP plots because of the incorporation of returned
crop residues into soils.

4. Conclusions

Five years of no tillage tended to stratify total SOC concentra-
tion in the plough layer (0–20 cm) on the studied clay loam
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–C in different fractions and the mean turnover time of C under tillage practices.

soil of Northeast China. Soil management using no tillage
on this fine-textured and poor-drained black soil might not
sequester more SOC than conventional tillage. No tillage had
great impacts on fine and coarse POC, though the total POC
did not significantly increase. Compared with mouldboard
plough, no tillage remarkably increased silt plus clay OC in
the plough layer. Both no tillage and mouldboard plough
did not significantly affect 𝛿13C value in each SOC fraction,
despite the occurrence of certain changes. The 𝛿13C values of
coarse and fine POC under no tillage treatment were greater
than those under mouldboard plough, but there were almost
no changes in 𝛿13C values of silt plus clay OC between these
two treatments. Thus, the short-term impact of no tillage
was firstly shown in the coarse-size fractions (POC). The
distribution of C

3
–C mainly in fine particles (silt plus clay)

indicated that the turnover of SOC in coarse-size fractionwas
faster under tillage practices. Further study is needed to verify
the long-term effects of tillage practices on SOC turnover and
distribution in different size fractions.
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Microsprinkler irrigation is a potential method to alleviate soil salinization. After conducting a homogeneous, highly saline, clayey,
and coastal soil from the Bohai Gulf in northern China in a column experiment, the results show that the depth of the wetting front
increased as the water amount applied increased, low-salinity and low-SAR enlarged after irrigation and water redistribution, and
the soil pH increased with an increase in irrigation amount.We concluded that a water amount of 207mm could be used to reclaim
the coastal saline soil in northern China.

1. Introduction

Thecoastal land surrounding BohaiGulf in northernChina is
a resource constrained by population growth, rapid industri-
alization, and agricultural production [1–3]. The soils devel-
oped from highly saline coastal mud flats consist of highly
saline upper and lower soil horizons, with salinity similar
to that of seawater [4]. The shallow groundwater system is
also saline, with an electrical conductivity (ECe) between
4.9 and 20.5 dS/m [3, 5]. In addition, strong evaporation
increases the rise of salts through the soil profile to the
surface. These costal soils are characterized by heavy texture,
high content of exchangeable sodium, poor structure, and
low water permeability. As a result, the soil does not support
vegetation, except for salt resistant halophytes. Therefore,
urgent measures are required to alleviate soil salinization and
to enable utilization of the saline land.

Several methods have been used to reclaim coastal saline
soils including ponding irrigation, chemical amendment,
biological reduction, and the replacement of the entire sur-
face soil with nonsaline soil [4, 6–9]. However, thesemethods
are not practical for the coastal land of Bohai Gulf due to
the scarcity of freshwater resources and to the low hydraulic
conductivities of the soil near saturation. Moreover, when

saturated soil conditions persist, growth and production may
be inhibited [10, 11]. Chemical amelioration is costly, and
developing countries only provide marginal assistance to
local farmers for soil amendments. Biological methods for
the reduction of salts cannot ameliorate coastal saline soils
for long periods of time, and this would be also the case
if the entire soil surface would be replaced with a higher
quality soil [12–14]. Therefore, there is a need for usable,
cheap, and simple methods for combating soil salinization
and reclaiming saline land.

Efficient irrigationmethods such as drip irrigation, sprin-
kler irrigation, and microsprinkler irrigation allow precise
quantification and positioning of water and chemicals within
the soil profile. These methods are considered advantageous
due to their high water-use efficiency and their ability to
displace salt under unsaturated flow conditions. We have
conducted several studies on the efficiency of different drip-
irrigation rates for reclaiming coastal saline soils, and we
succeeded in the design of adequate reclamation [3, 15].

Sprinkler irrigation, which has some similitude to natural
rainfall, has been used to ameliorate saline soils under
continuously unsaturated conditions [16, 17]. Nonetheless,
the kinetic energy of sprinkler droplets can impact the soil
surface, destroy soil aggregates, decrease infiltration rate, and

Hindawi Publishing Corporation
e Scientific World Journal
Volume 2014, Article ID 279895, 9 pages
http://dx.doi.org/10.1155/2014/279895

http://dx.doi.org/10.1155/2014/279895


2 The Scientific World Journal

promote leaching. These effects are exacerbated by longer
irrigation times and higher irrigation rates [18].

Microsprinkler irrigation has been demonstrated as ben-
eficial for tree and vine crops, because it can promote growth,
improve yields, decrease water, and decrease energy use com-
pared to sprinkler or flood irrigation systems, and protects
plants from adverse climatic conditionsmuchmore than drip
irrigation [19]. Microsprinkler irrigation has been examined
with a focus on water-use efficiency, crop growth, and system
layout, but no studies have focused on the depth distributions
of the soil water content (𝜃) and salinity. Drip irrigation is
now considered a potential effective method to reclaim the
coastal saline soils, but whether microsprinkler irrigation
can more efficiently displace salt and more accurately deliver
water volumes still remain open questions.

Based on the above rationale, the objectives of this re-
search were to determine the depth distributions of soil water
content (𝜃), electrical conductivity (ECe), sodium adsorption
ratio (SAR), and pHof saturated soil extracts after application
of different water amounts from microsprinklers.

2. Materials and Methods

2.1. Study Site, Soil Sampling, and Preparation. Soil sam-
ples were collected from the Caofeidian Development Zone
(39∘12 N; 118∘31 E) in Tangshan Bay Eco-city, east of Hebei
province and west of Bohai Gulf.The region has a semihumid
marine climate, with amean annual temperature of 11.4∘Cand
a mean annual precipitation of 554.9mm, with 74% of the
precipitation occurring between June and September. Bulk
density, ECe, and pH of the initial soil for each soil layer are
shown in Table 1. The average ECe and pH were 29.6 dS/m
and 7.4, respectively. In addition to the highECe, the saturated
hydraulic conductivity of the soil (0.0025mm/d)was very low
in fields irrigated with nonsaline water due to soil dispersion
and clogging of soil pores.

Soil samples were collected from the A-horizon and were
air-dried, crushed, passed through a 2mm sieve, and char-
acterized for general properties. The ECe, SAR, and pH of
the homogenous soils were 27.8 dS/m, 59.7 (mmol/L)0.5, and
7.6, respectively. The study soil was classified as a Solonchak
and it was silt loam textured, with 0.49% of particles less than
0.002mm, 45.14% of particles between 0.002 and 0.02mm,
and 54.37% of particles larger than 0.02mm.

2.2. Laboratory Experiment. Columns to contain the soil
were made of acrylic glass with a diameter and height of
110mm and 600mm, respectively, and drainage holes at their
base for percolating water (Figure 1(a)). Each soil columnwas
filled with air-dried saline soil to attain 1.5 g/cm3, the bulk
density of the original soil at the experimental site.The initial
soil water content of the experimental columns was 4 gr/100.
The soil in the columns was homogeneous and assumed
to have vertical water flow throughout the experiment. To
reduce the impact of airflow and evaporation, the experiment
was conducted in laboratory conditions.

The columns were irrigated using fresh water with an
ECe of 0.4 dS/m and a pH of 8.6 via a small plastic
swivel microsprinkler (RC-40, Luckrain Irrigation Company,

Table 1: Bulk density, electrical conductivity of saturated paste
extracts (ECe), and pH of the initial soil profile sampled at Caofeid-
ian Eco-city, Hebei, China.

Depth (cm) Bulk density (g/cm3) ECe (dS/m) pH
0–10 1.32 30.6 7.2
10–20 1.51 29.4 7.3
20–30 1.58 28.8 7.6
30–40 1.71 28.6 7.7
40–60 1.62 28.9 7.5
60–80 1.79 29.6 7.3
80–100 1.62 30.9 7.1
100–120 1.62 30.1 7.1
Average 1.60 29.6 7.4

Beijing, China) with a single nozzle, a height of 65 cm, and
a wetting radius of 2.5m. The nozzle operating pressure was
maintained at 0.2MPa using a hydraulic-pressure control
valve. The soil columns were all arranged 2mm apart in a
concentric circle with a 2m radius, and the microsprinkler
was positioned at the center (Figure 1(b)). When a column
received the designated quantity of water, it was covered
immediately with plastic film. Five water amounts (55, 128,
185, 207, and 223mm) were applied, and each irrigation treat-
ment was repeated three times. The mean air temperature
during irrigation was 25∘C, and each treatment was irrigated
at a rate of 1.2mm/h.

2.3. Measurements of Irrigation Dose and Soil Properties

2.3.1. Irrigation Amounts. The amount of water delivered
by the microsprinkler was measured using a conical flask
positioned at the same distance from the microsprinkler as
the soil columns (Figure 1(c)). After each irrigation event,
the quantity of water in each triangular flask was evaluated
according to the following:

IA = 𝑚2 − 𝑚1
𝜌
𝑤
× 𝜋 × 𝑟2

× 10, (1)

where IA is the irrigation amount (mm); 𝑚
1
and 𝑚

1
are

the quantities of water in the conical flask before and after
irrigation was finished, respectively (g); 𝜌

𝑤
is the water

density (g/cm3); and 𝑟 is the inlet radius of the triangular flask
(cm).

2.3.2. Soil Water Content and Salinity. Soil samples for each
treatment were extracted vertically from the soil columnwith
an auger (3.0 cm diameter and 100 cm height). Samples were
taken during the redistribution period at 0, 24, and 48 h
after application of the prescribed water amount was finished
(Figure 1(c)). The distance between adjacent vertical samples
was set to 1.7 cm (Figure 1(d)). After a full vertical sample was
obtained for each period, plastic cloth was placed over the
hole to avoid a dehydrating influence of successive samplings.
The sample depthswere 0–5, 5–10, 10–15, 15–20, 20–25, 25–30,
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Figure 1: Sketch of the experimental setup showing the location ofmicrosprinkler, soil columns, andmeasuring glasses, with details of bottom
holes and sampling location within a column.

30–35, 35–40, 40–45, 45–50, 50–55, and 55–60 cm.The water
content (𝜃) was determined by oven-drying on a subsample.

For each sampling depth, the remaining soil samples were
air-dried and sieved through a 2mm sieve. A saturated soil
paste was prepared via centrifugation (4000 rpm, 20min)
for chemical analysis. The soil ECe, soluble cations (Na+,
Ca2+, and Mg2+), and pH were determined in extracts of the
saturated soil, and the results were determined using a con-
ductivity meter (DDS-11, REX, Shanghai), inductively cou-
pled plasma optical-emission spectrometer (Optima 5300DV,
PerkinElmer,U.S.A), and a pHmeter (PHS-3C, REX), respec-
tively. The SAR of the saturated paste extract was calculated
using the following:

SAR =
[Na+]

([Ca2+] + [Mg2+])0.5
(2)

where the concentration of each cation is in mmol/L.
The average 𝜃, ECe, SAR, and pH of the wet zone were

calculated as the weighted mean.

2.3.3. Statistical Analysis. Statistical analyses, including a
one-way analysis of variance (ANOVA), were conducted to

compare and rank the treatment means at the 5% probability
level for 𝜃, ECe, pH, and periods of soil water redistribution.
Statistical analyses were performed using SPSS Version 16.0.

3. Results and Discussion

3.1. Wetting Front. When the irrigation time increased from
47 h to 189 h, the irrigation amount increased from 55mm
to 223mm. This corresponded to a vertical wetting front,
just after irrigation has been completed (at 0 h), of 15–20,
40–45, 55–60, 55–60, and 55–60 cm, for each successive
irrigation amount.These results showed that as the irrigation
amount increased, also the depth of the wetting front at
0 h increased (Table 2). Moreover, the vertical wetting front
was not significantly different among 0, 24, and 48 h since
irrigation has ceased.

3.2. Soil Water Content (𝜃). The depth distributions of 𝜃 at
0, 24, and 48 h since irrigation has finished under different
irrigation amounts are presented in Figure 2. It is generally
accepted that during infiltration 𝜃 will decrease with increas-
ing soil depth and a relativelymoist region forms in the upper
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Table 2: Period of irrigation and depth of the wetting front at 0, 24, and 48 h during redistribution for each irrigation amount.

Irrigation amounts (mm) Irrigation hours (h) Depth of the wetting front (cm)
0 h of water redistribution 24 h of water redistribution 48 h of water redistribution

55 47 15–20 15–20 15–20
128 108 40–45 45–50 45–50
185 156 55–60 55–60 55–60
207 175 55–60 55–60 55–60
223 189 55–60 55–60 55–60
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Figure 2:The depth distributions of soil water content at 0 hour (a), 24 hours (b), and 48 hours (c) during water redistribution under different
water amounts applied.
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layer, where in turn a saturated zone and a transmission zone
may be recognized. In our experiment, only a small amount of
soil watermoved toward the deep layer of the soil column, due
to the low hydraulic conductivity of the heavy textured soil
studied. Therefore, just after irrigation (0 h), 𝜃 was greater at
0–20 cmdepth than at 20–40 and 40–60 cm for all the studied
treatments.

For all the treatments, the water content (𝜃) at the wet
upper layer (involving saturation and transmission zones)
was uniform and approached the maximum 𝜃 content. The
maximum 𝜃 values for the irrigation amounts of 55, 128, 185,
207, and 223mmwere 28.3%, 26.9%, 28.8%, 31.1%, and 31.0%,
respectively, and were measured at depths of 5–10, 10–15, 10–
15, 20–25, and 25–30 cm, respectively. Therefore, as the total
irrigation amount was the highest, the depth of the wet zone
increased. Furthermore, the average 𝜃 value of the wet zone
showed a trend to increase as the irrigation amount increased.
For example, the average 𝜃 in the wet zone increased from
22.8% (55mm) to 29.4% (223mm), and the vertical extent
of this zone also increased, which is in accordance with the
results of Troiano et al. [20].

As expected, during the redistribution of soil moisture,
the matric potential of the soil water showed a trend to
approach equilibrium, and consequently the depth differ-
ences in 𝜃 decreased. Compared to the results obtained at 0 h,
the water content (𝜃) measured at each depth decreased at
24 h and 48 h after irrigation has ceased. The mean 𝜃 values
of the wet zones decreased by 10.9%, 19.0%, 13.5%, 5.9%,
and 5.9% for the irrigation amount of 55, 128, 185, 207, and
223mm, respectively. Overall, the observed reduction in 𝜃
decreased with an increase in irrigation amount. During soil-
water redistribution events, the air in the soil pore space was
replaced by water.

3.3. Soil Salinity

3.3.1. Depth Distributions of ECe. A consequence of the
lateral and vertical movement of water, and the line-source
nature of microsprinkler irrigation, is that salts and water
are moving toward the subsoil forming a desalinized region
at the saturated and transmission zones, and subsequently
salts can accumulate near to the wetting front. The profiles of
the ECe at 0, 24, and 48 h during water redistribution under
different irrigation doses are shown in Figure 3. At 0 h, just
after irrigation has ceased, as the irrigation amount increased,
also the depth of the layer with low salinity (ECe < 4 dS/m)
increased; this layer extended at 0–5, 0–10, 0–20, 0–20, and 0–
25 cm for irrigation amounts of 55, 128, 185, 207, and 223mm,
respectively. Besides, the maximum ECe value of the column
was significantly higher than the initial value, going up to
38.5, 38.6, 38.7, 30.2, and 32.1 dS/m for irrigation amounts
of 55, 128, 185, 207, and 223mm, respectively. Furthermore,
the maximum ECe was observed at a depth of 15–20, 35–
40, 50–55, 50–55, and 50–55 cm, for the successive irrigation
doses applied. Thus, as the irrigation amount increased, the
thickness of the desalinized upper layer increased, while the
salt concentration reached a maximum at the middle and
lower layers of the column.

During the water redistribution phase, at 48 h, for the
irrigation amount of 55mm, the average ECe decreased as
water redistribution progressed, and a 33.8% reduction in
ECe was measured at 0–20 cm depth at the 48 h sampling,
during water redistribution. Reductions of average ECe for
the other four irrigation amounts were not significant, but
the desalinization rate of the irrigation amount of 55mmwas
significantly lower than those of the other treatments.

3.3.2. Relationship between the Average ECe Value and Irriga-
tion Amount. The relationships between average ECe values
in the wetting zone, at successive times during redistribution,
and the irrigation amount (IA) can be expressed by the
following equation:

average ECe
0

= −0.0005(IA)2 + 0.0614 (IA) + 20.489 𝑅2 = 0.8853,

average ECe
24

= −0.0006(IA)2 + 0.101 (IA) + 15.99 𝑅2 = 0.9614,

average ECe
48

= −0.0005(IA)2 + 0.1103 (IA) + 13.838 𝑅2 = 0.9216.

(3)

The above relationships show that during redistribution,
ECe and irrigation dose could be fitted by parabolic equations
with high𝑅2 values (Figure 4). Compared to the initial results
0 h after water redistribution, the average ECe values for the
wetting zones of irrigation amounts of 55, 128, 185, 207, and
223mm were decreased by 17.6%, 31.9%, 32.8%, 52.4%, and
63.7%, respectively. When the irrigation amount increased
from 55 to 223mm, the average soil ECe in the wet zone
decreased by 55.9% (from 22.9 to 10.1 dS/m).

As the irrigation amount decreased, the average ECe at
a depth of 0–20 cm increased by 17.6%, 81.1%, 91.6%, 92.3%,
and 94.4%, compared to the initial ECe value. All of the
salts were leached down to deeper levels in each irrigation
amount, especially for irrigation amounts of 207 and 223mm.
However, the observed differences in the profiles of soil
moisture and ECe values among the irrigation amounts
of 207 and 223mm were low during water redistribution.
Therefore, a significant change in the average ECe value
was not observed as the irrigation amount increased from
207mm to 223mm. Meanwhile, the ANOVA results showed
that the average ECe for all of the irrigation amounts were
significant (𝑃 < 0.05).

3.4. Depth Distribution of SAR. The sodium adsorption ratio,
SAR, is well known to be related to soil dispensability. In
practice, SAR and electrical conductivity values of irrigation
water allow assessment of its potential to promote soil
dispersion. The depth distributions of SAR at 0 h after water
application had ceased under the different irrigation amounts
are shown in Figure 5. The observed changes in the SAR
with successive irrigation doses were similar to those of the
ECe values. At the end of the experiment, the SAR of all
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Figure 3: The depth distributions of ECe at 0 hour (a), 24 hours (b), and 48 hours (c) during water redistribution under different water
amounts applied.

the treatments increased gradually with an increase in the soil
depth.

As the irrigation amount increased, the depth of the
highest SAR also increased. For the irrigation amounts of
55, 128, 185, 207, and 223mm, the zone with the maximum
SAR was located at a depth of 10–15, 35–40, 50–55, 50–55,
and 55–60 cm, and the corresponding SAR was 387.2, 481.0,
532.6, 489.8, and 450.3 (mmol/L)0.5, respectively. However,
except for the irrigation amount of 55mm, a low SAR
zone (SAR < 15mmol/L)0.5 was observed at a depth of 0–
5 cm. For the other four irrigation amounts, a low SAR

zone also was observed at a depth of 0–10 cm. Meanwhile,
as the irrigation amount increased, the SAR value of each
depth increased, the amplitude of variation increased, and
the depth increased, except for the irrigation amounts of
207 and 223mm. The average soil SAR in the entire profile
changed as the experiment progressed. For the irrigation
amount of 55mm, the average soil SAR at a depth of 0–
20 cm increased by 272.1%, while that of the other irrigation
amounts decreased. A significant reduction in the soil SAR
occurred at a depth of 0–20 cm for the irrigation amounts
of 128, 185, 207, and 223mm. Compared to the initial levels,
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the SAR at 0–20 cm was decreased by 61.3%, 70.4%, 79.2%,
and 79.3%, respectively. However, the average SAR at 20–40
and 40–60 cm increased, and the greatest increase occurred
at a depth of 40–60 cm. At this depth, the observed increase
was more than two times greater than that of the initial value
for all four irrigation amounts.

3.5. Depth Distribution of Soil pH. The depth distributions
of pH at 0 h, 24 h, and 48 h during water redistribution are
shown in Figures 6(a), 6(b), and 6(c), respectively. Changes
in the soil pH associated to salt leaching were determined
in each irrigation amount. Due to changes in the ECe depth
distributions, the profiles of the soil pH in the experimental
column changed concomitantly, but the amplitude of its
variation was small. For all five irrigation amounts, high soil
pH zones were primarily observed in the 0–10 cm layer at the
end of irrigation.Moreover, the pHvalues of profiles obtained
for irrigation amounts of 207 and 223mm were higher than
those for 55, 128, and 185mm.Compared to the initial soil pH,
the average pH values of the entire wet zone for the irrigation
amounts of 55, 128, 185, 207, and 223mm were increased
by 2.9%, 6.2%, 5.7%, 6.3%, and 6.5%, respectively. Thus, as
the irrigation amount increased, the average soil pH also
increased, and the irrigation amount of 55mm significantly
differed from each of the other four irrigation amounts.

During soil water redistribution, the layer with high
soil pH expanded for each water dose, but the observed
differences among successive sampling times in the period
of water redistribution were minor. These results indicated
that the irrigation amount played an important role in the
salt concentration of the soil but had a weaker effect on the
average soil pH.

The study focused on the influence of irrigation amounts
with microsprinkler irrigation on water, salt, and pH profiles
in a coastal saline soil under laboratory conditions.Therefore
the outcome of the experiment performed may be affected
by some uncertainties. To adapt to the local conditions in
northern China, further studies in field should be considered.

4. Conclusions

The irrigation amount, which ranged from 55 to 223mm,
had a significant effect on the depth distributions of 𝜃,
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Figure 5: The depth distributions of SAR at 0 hour, just after
irrigation has finished, under different water amounts applied.

ECe, and SAR but had a relatively minor impact on the
depth distributions of pH. Due to the characteristics of the
studied soil, mainly the high clay content and low hydraulic
conductivity, significant differences between the periods of
water redistribution were not observed.

The differences among the depth distributions of 𝜃 were
significant for the irrigation amounts of 55, 128, and 185, but
not for those of 207 and 223mm.

Except for the irrigation amount of 55mm, salt was
leached from the soil, and the low salinity zone enlarged as the
irrigation amount increased. Parabolic relationship between
the average ECe of the wetting front and the irrigation
amounts was observed at 0, 24, and 48 h during water
redistribution. Moreover, the reduction in the average ECe
ranged from 17.6% for the irrigation amount of 55mm to
63.7% for the 223mm treatment.

The depth distributions of the SAR were similar to those
of the ECe, but the observed reduction was smaller than that
of the ECe.

Taking all of the above factors into consideration, irri-
gation amounts of 207mm for 50–60 cm soil depth under
microsprinkler irrigation appear to be the best option to
reclaim highly saline coastal land surrounding Bohai Gulf in
northern China.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This study was supported by the National High Technology
R&D Program of China (Grant nos. 2013 BAC02B02 and



8 The Scientific World Journal

60

40

20

0
7.0 7.5 8.0 8.5 9.0

So
il 

de
pt

h 
(c

m
)

pH

55mm
128mm
185mm

207mm
223mm

0h

(a)

60

40

20

0
7.0 7.5 8.0 8.5 9.0

So
il 

de
pt

h 
(c

m
)

pH

24h

55mm
128mm
185mm

207mm
223mm

(b)

60

40

20

0
7.0 7.5 8.0 8.5 9.0

So
il 

de
pt

h 
(c

m
)

pH

48h

55mm
128mm
185mm

207mm
223mm

(c)

Figure 6:The depth distributions of pH at 0 hour (a), 24 hour (b), and 48 hours (c) during water redistribution under different water amounts
applied.

2013BAC02B01), the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions (1033000001),
the Research Foundation for Advanced Talents of Jiangsu
University (1281440009), the Knowledge Innovation Pro-
gram of the Chinese Academy of Sciences (Grant no. KZCX
2-YW-359), and the Action Plan for Development ofWestern
China of Chinese Academy of Sciences (Grant no. KZCX 2-
XB3-16).

References

[1] Z. Shi, Y. Li, R. C. Wang, and F. Makeschine, “Assessment of
temporal and spatial variability of soil salinity in a coastal saline
field,” Environmental Geology, vol. 48, no. 2, pp. 171–178, 2005.

[2] X. Wang, Q. Zhao, Y. Hu et al., “An alternative water source and
combined agronomic practices for cotton irrigation in coastal
saline soils,” Irrigation Science, vol. 30, no. 3, pp. 221–232, 2012.



The Scientific World Journal 9

[3] J. Sun, Y. Kang, S. Wan, W. Hu, S. Jiang, and T. Zhang, “Soil
salinity management with drip irrigation and its effects on
soil hydraulic properties in north China coastal saline soils,”
Agricultural Water Management, vol. 115, pp. 10–19, 2012.

[4] Z. Q. Wang, S. Q. Zhu, R. P. Yu et al., China Saline and Sodic
Soils, Science Press, Beijing, China, 1993, edited by P.L. Chen.

[5] M. He, K. Sakurai, G. Q. Wang, Z. H. Chen, Y. Shu, and J. J. Xu,
“Physico-chemical characteristics of the soils developed from
alluvial deposits on Chongming Island in Shanghai, China,” Soil
Science and Plant Nutrition, vol. 49, no. 2, pp. 223–229, 2003.

[6] H. R. Khan, I. U. Ahmed, and H. P. Blume, “Effects of gypsum
andZn on uptake ratios of Na, K and growth-yield of rice grown
on a coastal saline soil,” Zeitschrift fur Pflanzenernahrung und
Bodenkunde, vol. 159, no. 4, pp. 351–356, 1996.

[7] Z. Shi, M. X. Huang, and Y. Li, “Physico-chemical properties
and laboratory hyperspectral reflectance of coastal saline soil in
Shangyu City of Zhejiang Province, China,” Pedosphere, vol. 13,
no. 3, pp. 193–198, 2003.

[8] M. Singh, A. K. Bhattacharya, T. V. R. Nair, and A. K. Singh,
“Ammonium losses through subsurface drainage effluent from
rice fields of coastal saline sodic clay soils,”Water, Air, and Soil
Pollution, vol. 127, no. 1–4, pp. 1–14, 2001.

[9] A. Datta, J. B. Yeluripati, D. R. Nayak, K. R.Mahata, S. C. Santra,
and T. K. Adhya, “Seasonal variation of methane flux from
coastal saline rice field with the application of different organic
manures,” Atmospheric Environment, vol. 66, pp. 114–122, 2013.

[10] F. S. Davies and D. Wilcox, “Waterlogging of containerized
rabbiteye blueberries in Florida,” Journal of the American Society
for Horticultural Science, vol. 109, pp. 520–524, 1984.

[11] D. R. Bryla and R. G. Linderman, “Implications of irrigation
method and amount of water application on Phytophthora
and Pythium infection and severity of root rot in highbush
blueberry,” HortScience, vol. 42, no. 6, pp. 1463–1467, 2007.

[12] A. Kumar and I. P. Abrol, “Studies on the reclaiming effect of
Karnal-grass andpara-grass grown in a highly sodic soil,” Indian
Journal of Agricultural Sciences, vol. 54, pp. 189–193, 1984.

[13] N. Ahmad, R. H. Qureshi, and M. Qadir, “Amelioration of a
calcareous saline-sodic soil by gypsum and forage plants,” Land
Degradation & Rehabilitation, vol. 2, no. 4, pp. 277–284, 1990.

[14] T. Zhang, Y. Kang, and S. Wan, “Shallow sand-filled niches
beneath drip emitters made reclamation of an impermeable
saline-sodic soil possible while cropping with Lycium barbarum
L.,” Agricultural Water Management, vol. 119, pp. 54–64, 2013.

[15] J. X. Sun, Y. H. Kang, and S. Q. Wan, “Effects of an imbedded
gravel-sand layer on reclamation of coastal saline soils under
drip irrigation and on plant growth,” Agricultural Water Man-
agement, vol. 123, pp. 12–19, 2013.

[16] D. Nielsen, J.W. Biggar, and J. N. Luthin, “Desalinization of soils
under controlled unsaturated flow conditions,” in Proceedings of
the 6th International Congress on Irrigation and Drainage, pp.
15–19, New Delhi, India, 1966.

[17] J. D. Oster, L. S. Willardson, and G. J. Hoffman, “Sprinkling and
ponding techniques for reclaiming saline soils,” Transactions of
the American Society of Agricultural Engineers, vol. 16, no. 1, pp.
89–91, 1973.

[18] S. Zeqiang, Research on the Effect of Sprinkler Irrigation on Soil
Structure and the Characteristic of Water and Nitrogen Distri-
bution, Graduate University of Chinese Academy of Sciences
Press, Beijing, China, 2006.

[19] D. Reich, R. Godin, and I. Broner, Micro-Sprinkler Irrigation
for Orchards, Colorado State University Extension, Crop Series,
Irrigation, 2009, http://www.ext.colostate.edu/.

[20] I. Troiano, C. Garretson, C. Krauter, J. Brownell, and J. Huston,
“Brownell influence of amount and method of irrigation water

application on leaching of atraziue,” Hournal of Environmental
Quality, vol. 22, pp. 290–298, 1993.



Research Article
The Effects of Rape Residue Mulching on Net Global
Warming Potential and Greenhouse Gas Intensity from
No-Tillage Paddy Fields

Zhi-Sheng Zhang,1,2 Cou-Gui Cao,1,2 Li-Jin Guo,1,2 and Cheng-Fang Li1,2

1 College of Plant Science and Technology, Huazhong Agricultural University, No. 1 Shizishan Street, Hongshan District,
Wuhan, Hubei 430070, China

2 Key Laboratory of Crop Ecophysiology and Farming System in the Middle Reaches of the Yangtze River,
No. 1 Shizishan Street, Hongshan District, Wuhan, Hubei 430070, China

Correspondence should be addressed to Cheng-Fang Li; lichengfang@126.com

Received 11 April 2014; Revised 29 June 2014; Accepted 5 July 2014; Published 22 July 2014

Academic Editor: Antonio Paz González
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A field experiment was conducted to provide a complete greenhouse gas (GHG) accounting for global warming potential (GWP),
net GWP, and greenhouse gas intensity (GHGI) from no-tillage (NT) paddy fields with different amounts of oilseed rape residue
mulch (0, 3000, 4000, and 6000 kg drymatter (DM) ha−1) during a rice-growing season after 3 years of oilseed rape-rice cultivation.
Residue mulching treatments showed significantly more organic carbon (C) density for the 0–20 cm soil layer at harvesting than
no residue treatment. During a rice-growing season, residue mulching treatments sequestered significantly more organic C from
687 kgC ha−1 season−1 to 1654 kgC ha−1 season−1 than no residue treatment. Residuemulching significantly increased emissions of
CO
2
and N

2
O but decreased CH

4
emissions. Residue mulching treatments significantly increased GWP by 9–30% but significantly

decreased net GWP by 33–71% and GHGI by 35–72% relative to no residue treatment. These results suggest that agricultural
economic viability and GHGmitigation can be achieved simultaneously by residue mulching on NT paddy fields in central China.

1. Introduction

China is the largest rice-producing country in the world,
with a gross sown area of 29.6 million ha in 2009 [1]. CH

4

emissions from Chinese rice fields during the 2000 rice-
growing season have been estimated to be 7.4 Tg, constituting
approximately 29%of globalCH

4
emissions from rice cultiva-

tion [2]. AnnualN
2
Oemissions from rice fields inChina have

been estimated to be 91 Gg nitrogen (N), of which 50 Gg N is
emitted during rice-growing seasons [3]. Furthermore, mean
soil CO

2
fluxes from paddy fields of subtropical China have

been estimated to be 178.5–259.9mgm−2 h−1 [4], which are
far more than mean fluxes of N

2
O (6.0–74.3 𝜇gm−2 h−1) [5]

and CH
4
from paddy fields in China (0.5–32.3mgm−2 h−1)

[6]. In this way, mitigating GHG emissions from paddy fields
in China is an important means of addressing the issue of
climate change and developing sustainable agriculture.

China produces approximately 750 million tons of crop
residues annually [1]. Farmers generally burn crop residues in
their fields to reduce the time and expense of handling them,
causing environmental pollution. For this reason, farmers are
encouraged to return residues to their fields after harvesting,
to stop burning them, and to improve the sustainability of
agriculture. The soil C pool depends on the balance between
C input and output. The use of crop residues can increase C
input to soil and so improve soil C sequestration. However,
this undoubtedly provides readily available C and N sub-
strates, thus increasingGHGemissions [7]. Increases inGWP
caused by increased GHG emissions from the use of crop
residue application may significantly offset the mitigation
benefits of soil C sequestration [8]. Effective measurement of
crop residue returns and the resulting mitigation of climatic
impacts requires a complete perspective of the impacts of
returning crop residues onGHG emissions and soil C seques-
tration [9].
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GWP is a simplified index based on radiative properties
introduced to assess the potential impacts of GHG emissions
on the climate system [10]. To estimate GWP, CO

2
is typically

regarded as the reference gas, and an increase or decrease in
CH
4
and N

2
O emissions is converted into CO

2
equivalents

through their GWP. A positive GWP represents a net source
of CO

2
equivalents, and a negative value indicates a net

sink of atmospheric GHGs. Net GWP reflects a complete
understanding of agriculture’s impact on radiative forcing
and is calculated by the balance between SOC storage and
N
2
O and CH

4
emissions [10, 11]. In addition, GHGI relating

agricultural practices to GWP is calculated by dividing GWP
by crop yield. A positive GHGI value indicates a net source
of CO

2
equivalents per kilogram of yield, whereas a negative

value indicates a net sink of GHG in soil [9]. Although the
effects of crop residue incorporation on GWP, net GWP,
or GHGI from paddy fields or uplands have been reported
[10, 11], little information is available on the effects of crop
residue mulching on NT rice fields on GWP, net GWP, and
GHGI.

NT rice cultivation has drawn increasing amounts of
interest in China due to saving time and labor and pre-
venting the soil erosion [12]. Central China is one of the
country’s major rice-producing regions, comprising 28% of
the total area of cultivated rice in China [13]. Recently,
NT practices have become increasingly popular in this
region. This inevitably increases the amount of crop residue.
So, the establishment of a government policy favors these
crop residues returned to the field. However, crop residue
mulching on the soil surface of NT rice fields may have dif-
ferent effects on GHG emissions than residue incorporation.
Moreover, although a great amount of field measurements
have focused on the effects of crop residue returning on
GWP, or net GWPs or GHGI from paddy fields based on
CO
2
, CH
4
, and N

2
O flux data [14–16], to our knowledge, a

few simultaneously investigated the effects of crop residue
returning on these three indices from paddy fields, especially
from NT paddy fields. In this way, the present study aims
to (1) quantify GHG emissions under different oilseed rape
residue mulching regimens in central China during the 2010
rice-growing season and (2) assess GWP, net GWP, and
GHGI.

2. Materials and Methods

2.1. Site Description. This field trial was established in an
experimental farm (Zhonggui Village, 29∘55N, 115∘30 E,
Wuxue City, Hubei, China), which belongs to Extend Service
Center of Agricultural Technology of Wuxue Agricultural
Bureau, Hubei. This experimental area has a humid mid-
subtropical monsoon climate with an average annual temper-
ature of 16.8∘Cand amean annual precipitation of 1360.6mm.
For the 5 years prior to study initiation, most of the rainfall
occurred between April and August. The soil in the exper-
imental site is clay loam and is classified as anthrosol [17].
The main soil properties (0–20 cm depth) in the site sampled
in October 2006 are as follows: pH (extracted by H

2
O;

soil : water = 1.0 : 2.5), 6.58; organic C, 17.9 g kg−1; total N,

2.21 g kg−1; NO
3

−–N, 3.78mg kg−1; NH
4

+–N, 13.15mg kg−1;
total P, 0.53 g kg−1; and soil bulk density, 1.26 g cm−3.

2.2. Experimental Design. The experiment was designed as
a randomized complete block with three replicates (45m2)
and was established in October 2006, three years before the
study began. The variety of mid-season rice planted was
Liangyoupeijiu (Oryza sativa L.). The experimental site was
cultivated with a rape-rice rotation for 30 years prior to
October 2006, where rice was transplanted with conventional
tillage (soil is commonly tilled to a 10 cm depth by hand
and then moldboard plowed to a depth of 20 cm by animal
power) fromMay to October each year and rape was planted
with conventional tillage from October to May the following
year.The experiment included four treatments: (1) no oilseed
rape residue mulching (0 RRM), (2) 3000 kgDMha−1 oilseed
rape residue mulching (3000 RRM), (3) 4000 kgDMha−1
oilseed rape residue mulching (4000 RRM), and (4) 6000 kg
DMkg ha−1 oilseed rape residue mulching (6000 RRM) on
the surface of the soil in NT rice fields. For the treatment of
0 RRM, oilseed rape residues were removed and not returned
to the field. In the residue mulching treatments, dried oilseed
rape residues were chopped to approximately 5–7 cm in
length according to local conventional practice.TheC/N ratio
of the oilseed rape residue was 48.5.

Preemergent herbicides (20% paraquat) were used to
control weeds on June 3, 2010. The experimental samples
were then submerged. No soil disturbances appeared in any
of the plots immediately after oilseed rape was harvested.
Rice seeds were sown manually at a rate of 22.5 kg ha−1
on June 6, 2010 and harvested on October 17, 2010. Dried
oilseed rape residues were mulched immediately on the rice
fields on June 11, 2010. Commercial inorganic N-phosphorus-
(P-) potassium (K) fertilizer (15% N, 15% P

2
O
5
, and 15%

K
2
O), urea (46% N), single superphosphate (16% P

2
O
5
),

and potassium chloride (60% K
2
O) were used to supply

210 kgNha−1, 135 kg P
2
O
5
ha−1, and 240 kgK

2
Oha−1 during

the rice-growing season. N fertilizers were supplied at a rate
of 84 kgNha−1 in the form of basal fertilizers immediately
before crop residues were applied.The remainingN fertilizers
were split into two doses of 63 kgNha−1 on June 26 and July
21, 2010. P and K fertilizers were only used as basal fertilizers
immediately after seeding. The plots were regularly irrigated
based on local conventional irrigation-drainage practices
during rice-growing seasons. Air temperature data in the
experimental site were collected from the weather station in
Wuxue city.

2.3. Soil Sampling and Analysis of SOC and Bulk Density.
Paddy soil samples (0–20 cm depth) were collected to deter-
mine total organic C using a soil sampler with a diameter of
5 cm at five random positions in each plot 1 day before the
preemergent herbicides were applied and immediately after
rice was harvested. Total organic C in the 0–20 cm soil layer
was determined by dichromate oxidation and titration with
ferrous ammonium sulfate [18]. Soil bulk density for the 0–
20 cm soil layer was determined by the method of Bao [18].
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Soil samples were collected to measure bulk density using
metallic cores (5.3 cm in diameter and 20 cm tall) with three
replicates per plot. SOC density (kgC ha−1) for the 0–20 cm
soil layer was computed from the SOC concentration and
the soil bulk density described by Lu et al. [19]. SOC
sequestered during a rice-growing season can be calculated
as the differences of SOC density between the end and
beginning of the experiment.

2.4. Measurement of Rice Grain Yields. The rice grains har-
vested in 2010 were measured at three random positions in
each plot using a 1m × 1m frame. Rice grains were weighed
and adjusted to have 14% moisture content.

2.5. Measurement of CO
2
, CH
4
, and N

2
O. In this study, soil

CO
2
fluxes from paddy fields were monitored with a Li-6400

portable photosynthesis analyzer (LI-CORBiosciences, U.S.).
Soil fluxes were measured over the course of 2 h between
9:00 and 11:00 (a representative time of day in this region,
according to Lou et al. [20]). Soil CO

2
fluxes were measured

at the same time as CH
4
and N

2
O fluxes. Soil CO

2
flux

was determined every 20 s for 180 s. Three measurements
were performed for each plot on each sampling day. The
soil CO

2
flux value considered in this study was the average

of three individual measurements and is here expressed as
mgm−2 h−1.

Fluxes measurements of CH
4
and N

2
O from all plots

were conducted simultaneously by closed steel cylinders with
a diameter of 58 cm and a height of 110 cm [21]. Each steel
cylinder covered four hills of rice. Two permanent base rings
were placed below the water level to create a seal in each plot.
The steel cylinders were placed temporarily on these rings to
measure gas fluxes.The installed equipment on the chambers
was detailed by Li et al. [21]. The gases in the chamber
were then drawn with a syringe and immediately transferred
into a 25mL vacuum glass container. Four gas samples were
taken using 25mL plastic syringes at intervals of 0, 8, 16, and
24min after closing the chambers. The CH

4
and N

2
O fluxes

were measured between 9:00 and 11:00 am. The gas samples
were collected 1 day after oilseed rape residue mulching
was conducted until rice harvesting. The gas samples were
collected 20 times during the rice-growing seasons based on
climate conditions and N fertilization.

The concentrations of CH
4
andN

2
Owere analyzed with a

gas chromatograph meter equipped with an electron capture
detector for N

2
O analysis and a flame ionization detector

for CH
4
analysis, following the method described by Li et

al. [21]. The CH
4
and N

2
O fluxes were calculated based on

changes in their concentrations throughout the sampling
period, being estimated as the slope of linear regression
between concentration and time [21].

Seasonal total GHG emissions were calculated for each
plot by linearly interpolating gas emissions during the sam-
pling days based on the assumption that the measured fluxes
represented the average daily fluxes [21].

2.6. GWP, Net GWP, and GHGI. In the present study, CO
2

emission was based only on soil flux measured between

rows of rice plants. Moreover, CO
2
emissions and con-

sumption resulting fromplant respiration andphotosynthesis
were not considered during the calculation of GWP. Under
conventional rice-growing conditions, CO

2
emissions and

consumption caused by plant respiration and photosynthesis
are balanced [14]. In this way, CO

2
emissions from rice

respiration are not considered when computing GWP from
agriculture. Consequently, the GWPs (kg CO

2
equivalents

ha−1) of different treatments were calculated using

GWP = CO
2
+ CH

4
× 25 +N

2
O × 298. (1)

Based on a 100-year time frame, the GWP coefficients of
CH
4
and N

2
O are 25 and 298, respectively, when the GWP

value of CO
2
is assumed to be 1 [22].

Soil CO
2
is released by the decomposition of crop residues

and soil organic C. It is affected by changes in agricultural
management. Changes in soil organic C are the product of
soil C sequestration and soil CO

2
emissions. In this way, CO

2

flux from soil is inherently accounted for in changes in soil
organic C [23]. Robertson et al. [10] and Shang et al. [11]
suggested that changes in soil organic C should be measured,
thus accounting for the GWP of soil. Here, net GWP was
calculated using [11]

Net GWP = CH
4
× 25 +N

2
O × 298 − ΔTOCD × 44

12
. (2)

Thereafter, GHGI (kgCO
2
equivalents kg−1 grain yield)

was calculated by dividing net GWP by rice grain yield using
[9, 11]

GHGI = Net GWP
grain yield

. (3)

2.7. Data Analysis. SPSS 16.0 analytical software package
(SPSS Inc., USA) was used for all statistical analyses. A
one-way ANOVA of SPSS 16.0 was used to determine the
effects of residue mulching on total organic C, organic C
density, organic C sequestration, GHG emissions, GWP,
and GHGI. Individual means were compared based on the
least significant difference test. Only the means that were
statistically different at 𝑃 ≤ 0.05 were considered different.

3. Results and Discussion

3.1. Total Organic C and Organic C Sequestration. Return-
ing crop residues to the field is highly recommended as
a means of increasing soil organic C concentration and
storage in rice-based cropping systems [24]. Table 1 shows
that residue mulching had significant effects on total organic
C and organic C sequestration from NT paddy fields.
Total organic C concentration and density at harvesting
exhibited a tendency to increase as the amount of mulch
used increased. Residue mulching treatments significantly
increased total organic C concentrations at harvesting by
1.50 g kg−1 to 2.96 g kg−1, equivalent to organic C density of
3780 g kg−1 to 7459 g kg−1. During a rice-growing season, the
treatments of 3000 RRM, 4000RRM, and 6000RRM signif-
icantly sequestered more organic C than no residue treat-
ment, by 687 kgC ha−1 season−1, 1257 kgC ha−1 season−1,
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Table 1: Differences in soil total organic C (g kg−1), organic C density (kgC ha−1), and sequestered organic C (kgC ha−1 season−1) during a
rice-growing season from NT paddy fields under different residue mulching treatments.

Treatments
Total organic C

concentrations before
direct seeding

Total organic C
concentrations at

harvesting

Organic C density
before direct seeding

Organic C density at
harvesting

Sequestered
organic C

0RRM 18.4 ± 0.5c 18.5 ± 0.5d 46166c 46645c 479d

3000 RRM 19.5 ± 0.6b 20.0 ± 0.5c 49259b 50425b 1166c

4000 RRM 20.2 ± 0.7a 20.9 ± 1.76b 51008a 52744ab 1736b

6000 RRM 20.4 ± 1.1a 21.5 ± 0.9a 51476a 54104a 2629a

Different letters in a column mean significant differences at the 5% level. Values are the means ± SD, 𝑛 = 3.

and 1654 kgC ha−1 season−1, respectively.The positive effects
of residue mulching on soil organic C concentration and
sequestration reflect considerable C supplementation to soil
under these regimens. Similarly, a study performed in India
showed that, in a single rice-growing season, the use of rice
straw in a site that had been cultivated for 4 years significantly
increased soil organic C concentration and sequestration
[15]. The soil organic C sequestration caused by residue
mulching in an NT rice system is attributed to the fact that
the soil was flooded for 4 months and to the high biomass
production of rice (Table 3). When the concentration of O

2

under submerged conditions is very low, even the moderate
oxygen demands of microbial activity go unmet if large
pores are filled with water, decreasing decomposition rates
[15]. Sahrawat [25] found that flooded rice soil exhibited
better accumulation of organic matter than aerobic soil
because of incomplete decomposition of organic materials
and decreased humification of organic matter under flooded
conditions.

In the present study, soil organic C sequestration
increased as the amount of mulching increased (Table 1),
indicating that long-term cultivation of crop leads to deficits
in soil organic C in central China. In this way, short-term
residue application was found to promote accumulation of
soil organic C.

3.2. Rice Grain Yield. In general, long-term application
of organic residues and with chemical NPK fertilizers
can increase crop yields of rice-based cropping systems
because of improved soil fertility [26]. In the present study,
residue mulching was found to have no significant effect
on rice yields during a 4-year field experiment (Table 3).
N fertilizers were applied at a rate of 210 kgNha−1 during
the rice-growing season. This is, on average, 28% higher
than the recommended rates for Chinese cereal production
(150−180 kgNha−1, Zhu and Chen [27]).Therefore, although
residue mulching improved soil fertility, high N input could
satisfy theN demands of rice, weakening the effects of residue
mulching on rice yields [28]. Similarly, during a 3-year field
experiment in Jiangsu province, China, Ma et al. [29] found
no significant difference in rice grain yields between plots
treated with residue and untreated plots. However, Ge et
al. [30] found maize straw to have positive effects on rice
yields during a 3-year field experiment. Further study on the
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Figure 1: Changes in mean weekly air temperature during the rice-
growing season.

short-term effects of crop residue application on rice yields is
necessary.

3.3. GHG Emissions. The seasonal changes in soil CO
2
, CH
4
,

and N
2
O fluxes fromNT paddy fields under different residue

mulching treatments during the 2010 rice-growing season
are shown in Figure 2. During the rice-growing season, the
fluxes ranged from 70.9mgm−2 d−1 to 401.1mgm−2 h−1 for
CO
2
, from −7.38mgm−2 h−1 to 41.4mgm−2 h−1 for CH

4
,

and from −5.76𝜇gm−2 h−1 to 58.2𝜇gm−2 h−1 for N
2
O from

no residue mulching treatment. Moreover, the fluxes varied
from 129.6mgm−2 d−1 to 1066.6mgm−2 h−1 for CO

2
, from

−11.6mgm−2 h−1 to 9.42mgm−2 h−1 for CH
4
, and from

−15.2 𝜇gm−2 h−1 to 162.5 𝜇gm−2 h−1 for N
2
O from residue

mulching treatments. In addition, peaks in soil CO
2
and

CH
4
fluxes were found during the tillering stage and several

peaks in N
2
O fluxes were observed immediately after N

fertilization. The peaks in soil CO
2
fluxes could be attributed

to the increased availability of substrates from root exudation
or microbial decomposition of leftover plant residues during
this stage [21]. Moreover, high total CH

4
and CO

2
fluxes

during this period could be related to high air temperature
(Figure 1). The mean weekly air temperature ranged from
19.7∘C to 32.5∘C during the rice-growing season, and the
air temperature ranged from 20∘C to 33∘C from mid-June
to September (Figure 1). High air temperature is beneficial
to CH

4
and CO

2
production. Increase in N

2
O fluxes could

be attributed to increased substrate availability from N
fertilization [31].
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Figure 2: Changes in soil CO
2
(a), CH

4
(b), and N

2
O (c) fluxes from NT paddy fields under different residue mulching treatments during

the rice-growing season. The vertical bars are standard deviations of the mean, 𝑛 = 3.

In the present study, residuemulching significantly affect-
ed seasonal total CO

2
emissions, in which the treatments of

3000 RRM, 4000RRM, and 6000RRM showed more total
seasonal CO

2
emissions than untreated control, by 73%,

136%, and 186%, respectively (Table 2). Soil CO
2
fluxes are

caused by complex interactions between climate and several
biological, chemical, and physical properties of the soil [32].
Applying crop residues to cropland affects soil organicCpool,
soil nutrients, and microbial environments and activities,
thus influencing CO

2
emissions [33]. Significant positive

effects of residue mulching on soil CO
2
emissions from

NT paddy fields (Figure 2 and Table 3) indicate increased
microbial activities resulting from high amounts of easily
dissolved organic C from the decomposition of oilseed rape
residues [34]. This expectation was confirmed in a previous,
related study [35].This previous study showed that CO

2
emis-

sions from soil amended with rice straw were significantly
related to dissolved organic C (𝑟 = 0.95) and microbial
biomass C (𝑟 = 0.94). In a field study conducted on a
paddy sandy clay loam soil in eastern India, Bhattacharyya
et al. [15] showed that soil treated with rice straw and green
manure could produce more CO

2
emissions than untreated

soil. Bhattacharyya et al. [15] also found total organic C
and microbial biomass C to be closely correlated with soil
CO
2
emissions. Similar results have been observed by other

researchers [14, 20, 34].The average depth of thewater layer in
the present study was approximately 4-5 cm during the rice-
growing season. In this way, the top of the mulched oilseed

rape residue was exposed to the atmosphere, leading to the
oxidation of a substantial amount of CO

2
produced by oilseed

rape residue.
In this study, residue mulching had significant inhibiting

effects on seasonal total CH
4
emissions and the treatments

of 3000 RRM, 4000 RRM, and 6000RRM decreased total
seasonal total CH

4
emissions by 34%, 52%, and 75% com-

pared with untreated control, respectively (Table 2). Previous
studies have indicated that crop residue treatment does
not only provide readily bioavailable organic C for CH

4

production but also stimulates soil reduction and creates a
strict reductive condition for CH

4
production [36]. However,

the present study showed residue mulching to inhibit CH
4

emissions (Table 2). This finding is different from those of
previous reports, which state that crop residues considerably
increase CH

4
emissions [8, 15, 37]. CH

4
flux is a net product

of three simultaneous processes, the production, oxidation,
and transport of CH

4
. The position of crop residues directly

influences CH
4
production and oxidation and eventually

affects CH
4
emission from rice fields. Plots treated with

residue mulching have greater dissolved organic C concen-
trations than untreated areas, possibly providing substrates
for methanotrophic bacteria. However, residue mulch was
exposed to more light, which suppressed methanogenesis.
The subsequent growth of indigenous phototrophs was asso-
ciated with the residue around the soil-floodwater interface
[38]. The thin water layer (average 4-5 cm) observed during
the rice-growing season caused the substantial CH

4
produced
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Table 2: Seasonal total emissions of CO2 (gm
−2), CH4 (gm

−2), and N2O (mgm−2) from NT paddy fields under different residue mulching
treatments.

Treatments CO2 CH4 N2O
0RRM 570 ± 109

d
34.8 ± 2.6

a
54.8 ± 9.7

d

3000 RRM 986 ± 126c 22.8 ± 3.3a 79.2 ± 8.5c

4000 RRM 1346 ± 239b 16.6 ± 3.6c 95.1 ± 10.0b

6000 RRM 1632 ± 313
a

8.84 ± 3.1
d

125.1 ± 9.4
a

Different letters in a column mean significant differences at the 5% level. Values are the means ± SD, 𝑛 = 3.

from soil and crop residues to be oxidized before escaping
to the atmosphere. Furthermore, crop residues on the NT
soil surface blocked CH

4
from the soil from entering the

atmosphere. In this way, an elevation of O
2
partial pressure

in the soil-floodwater interface, caused by the method of
irrigation used in the present study, led to CH

4
oxidization. In

this way, lower CH
4
emissions were found to be attributable

to residue mulching treatments in the present study. Another
study conducted in the same part of China showed that
rice straw mulching on NT paddy soil did not increase
CH
4
emissions from double rice cropping systems [16].

The present study indicated decreases in CH
4
emissions

associated with increasing crop residue rates (Figure 2 and
Table 2). This finding is inconsistent with that of Naser et al.
[39] who found positive linear relationships between CH

4

emissions and the amount of straw used.
Nitrification and denitrification are two major microbial

processes that are responsible for N
2
O emissions from paddy

soil. Although nitrification is aerobic and denitrification
is anaerobic, both processes have been known to occur
simultaneously in paddy soil. Crop residues can provide
readily available C, N, and other nutrients. In addition,
this measure can increase organic C input of soil [34–36].
This can influence nitrification and denitrification rates and
N
2
O emissions from the soil [34]. In the present study, the

treatments of 3000 RRM, 4000RRM, and 6000RRM signifi-
cantly increased total seasonal N

2
O emissions by 45%, 74%,

and 128% over untreated soil, respectively (Table 2). Similar
results were reported by Shan and Yan [7], who indicated
that N

2
O emissions were higher when crop residues were

mulched in paddy fields. Exposure of the mulching residue
surface to the atmosphere led to high O

2
concentration in

the mulch. High O
2
concentrations were found to stimulate

nitrification and inhibit N
2
O reduction to N

2
during deni-

trification [16, 29]. This increases N
2
O production. Second,

the area of the soil/air interface in the present study can be
enlarged by partial or complete spreading of mulches onto
the field surface, thus favoring N

2
O production.

Soil N
2
O emissions are affected by the use of crop

residues. These emissions are complex and dependent on
residue quality, the time of residue application, the use of
fertilizer, and soil and environmental conditions [29, 37].
Among these factors, the C/N ratio of the crop residues
appears to be the primary regulator [7]. In general, crop
residues with low C/N ratios have been found to decompose
faster than residues with high C/N ratios [7]. Heal et al.
(1997) [40] indicated that plant residues with C/N ratios <20

decompose rapidly and NH
4

+ is released through mineral-
ization. Plant residues with intermediate C/N ratios of 25 to
75 can also decompose rapidly, but N mineralization activity
is typically decreased by increased microbial immobilization.
Residues with high C/N ratios (>75) are typically more
difficult to break down than residues with lowC/N ratios, and
they generally stimulate net immobilization of soil available
N, thereby decreasing the amount of N substrate available for
N
2
Oproduction [40]. In the present study, crop residues with

highC/N ratios (48.5)were associatedwith temporarymicro-
bial immobilization of soil available N and with a decrease
in N
2
O emissions resulting from reduced nitrification and

denitrification. However, this immobilization of soil N could
be counteracted by adding N fertilizers (210 kgNha−1). In
this way, higher N

2
O emissions were observed from plots

treated with residue mulching than from untreated plots.

3.4. GWP, Net GWP, and GHGI. Residue mulching signifi-
cantly affected GWPs, net GWP, and GHGI but did not affect
rice grain yields (Table 3). GWP increased as the amount of
mulching increased, but netGWPandGHGIdecreased as the
amount of mulching increased.The treatments of 3000 RRM,
4000 RRM, and 6000RRM showed significantly more GWP
than the control, by 9%, 23%, and 30%, respectively, but they
showed less net GWP, by 33%, 50%, and 71%, respectively, and
less GHGI, by 35%, 56%, and 72%, respectively.

When CH
4
and N

2
O emissions from paddy fields are

expressed as CO
2
equivalents, the major contributor to

GWP for the residue mulching treatments during the rice-
growing season was clearly CO

2
, and not CH

4
, which only

represented 12–36% of total GWP (Tables 2 and 3), thus indi-
rectly reflecting the inhibitory effect of the residue mulching
on CH

4
emissions. In the present study, although residue

mulching inhibited CH
4
emissions from NT paddy fields,

the stimulating effects of residue mulching on CO
2
and N

2
O

emissions, which overcame the reducing effects of residue
mulching on CH

4
emissions, had positive effects on GWPs

(Tables 2 and 3).
Although residue mulching increased GWP from NT

paddy fields, soil organic C sequestration from residue
mulching might partially offset this increase. In this way,
determining the degree to which residue mulching mitigates
climatic impact requires an integrated perspective of the
effects of residue on soil organic C sequestration. In the
present study, residue mulching was found to have a mitigat-
ing effect on net GWP and GHGI (Table 3). This suggested
that the practice of crop residue mulching with NT may be
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Table 3: GWP, net GWP, rice grain yield, and GHGI of different residue mulching treatments.

Treatments GWP/
(kgCO2 equivalents ha

−1)
Net GWP/

(kgCO2 equivalents ha
−1)

Rice grain yield/
(kg ha−1)

GHGI/
(kgCO2 equivalents kg

−1 grain yield)
0 RRM 14560 ± 1259c 8863 ± 1789a 7764 ± 190a 1.14a

3000 RRM 15800 ± 1920b 5936 ± 1264ab 8062 ± 179a 0.74b

4000 RRM 17898 ± 1648ab 4433 ± 477c 8835 ± 224a 0.50c

6000 RRM 18904 ± 2789a 2583 ± 436d 8134 ± 150a 0.32d

Different letters in a column mean significant differences at the 5% level. Values are the means ± SD, 𝑛 = 3.

a good way to mitigate GHG emissions in central China
without sacrificing rice grain yield. The present results differ
from those found by Yao et al. [37]. They found that the use
of wheat residue with NT increased net GWP and GHGI
from rice-wheat rotation farmland. This discrepancy could
be because of the different methods of residue application
used and different durations of NT. In the study by Yao et
al. [37], residues were incorporated, and NT was only applied
during the wheat-growing season. Liu et al. [41] also reported
that incorporating oilseed rape straws enhanced net GWP
and GHGI during a rice-growing season in oilseed rape-rice
rotation farming.

Although the present results indicated that net GWP
and GHGI increased as the amount of residue mulch used
increased, Qu et al. [28] reviewed the effects of the use of
crop residue on rice grain yields in China and found that
rice grain yield could decrease when the amount of residue
used exceeded 11,250 kg ha−1. This is because increased con-
centrations of reducing matter from decomposition of large
amounts of crop residue can inhibit rice growth. Accordingly,
applying a rational amount of crop residue may mitigate
GWP and maintain crop yield.

Although a field experiment conducted in Jurong of
Jiangsu province, China, found that in-situ burning wheat
straw decreased CH

4
emissions from paddy soils due to

decreased organic C provided by straw ash as substrate for
CH
4
production [36], the burning process also emitted a

substantial amount of CH
4
into the atmosphere [42], thus

bringing about various adverse effects on the environment.
NT is a simple cultivation technology that has attracted con-
siderable attention since the establishment of a government
policy favors the adoption of NT farming. In China, the
research and the application of NT have developed quickly
since the 1970s; by the end of 2008, NT had been applied
to approximately 1.33 million hectares of land [1]. Therefore,
it is urgent to manage increased crop residue for reducing
environmental pollution caused by in-situ burning residue.
In this study, although residue mulching on NT paddy fields
increased CO

2
and N

2
O emissions and GWP, this measure

decreased net GWP and GHGI without decreasing rice grain
yield. Therefore, it is advisable to advocate mulching of crop
residue as a way to achieve agricultural economic viability
and GHGmitigation from NT paddy fields.

GHG emissions are highly variable in time and space
because of soil heterogeneity and climate variability [43].
For this reason, the outcome of the present study, which

addressed a complete GHG accounting of GWP and GHGI
as affected by residue mulching only during a rice-growing
season after 3 years of the conversion of conventional tillage to
NT under an oilseed rape-rice cropping system, is somewhat
uncertain. Further study should be considered to determine
residue mulching effects on GHG emissions from integrated
oilseed rape—fallow—rice seasons after the long-term con-
version of conventional tillage to NT. C emitted from the
manufacturing and use of agricultural input, such as the use
of pesticides, irrigation, and farm machinery, may negate
all or part of the increased C sequestered by soil [23]. In
this way, C emissions associated with changes in practices
should be incorporated comprehensively into analyses of C
sequestration [23].

4. Conclusions

The present study provided an insight into a complete
GHG accounting of GWP, net GWP, and GHGI from NT
paddy fields as affected by residue mulching during a rice-
growing season after 3 years of oilseed rape-rice cultivation.
Residue mulching on NT paddy fields was found to signif-
icantly increase CO

2
and N

2
O emissions but decrease CH

4

emissions. Residue mulching significantly increased GWP
but decreased net GWP and GHGI due to increased soil
organic C sequestration. Moreover, residue mulching did not
decrease rice grain yields.Therefore, we conclude that residue
mulching both limits GHG emissions and maintains rice
grain yields if used with NT.
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The objectives of this study were to test the effects of soil temperature, flooding, and raw organic matter input on N
2
O emissions

in a soil sampled at Hongze Lake wetland, Jiangsu Province, China. The treatments studied were—peat soil (I), peat soil under
flooding (II), peat soil plus raw organic matter (III), and peat soil under flooding plus organic matter. These four treatments
were incubated at 20∘C and 35∘C. The result showed that temperature increase could enhance N

2
O emissions rate and cumulative

emissions significantly; moreover, the flooded soil with external organic matter inputs showed the lowest cumulative rise in N
2
O

emissions due to temperature increment. Flooding might inhibit soil N
2
O emissions, and the inhibition was more pronounced

after organic matter addition to the original soil. Conversely, organic matter input explained lower cumulative N
2
O emissions

under flooding. Our results suggest that complex interactions between flooding and other environmental factors might appear in
soil N

2
O emissions. Further studies are needed to understand potential synergies or antagonisms between environmental factors

that control N
2
O emissions in wetland soils.

1. Introduction

Climate change has been amajor issue within the twenty-first
century. The main causes of global warming are the increase
in carbon dioxide (CO

2
), methane (CH

4
), and nitrous oxide

(N
2
O). Concentrations of N

2
O in the atmosphere are lower

than those of either CH
4
or CO

2
; however, on a per mole

basis, N
2
O has demonstrated a higher ability to disrupt the

radiation balance than the other two gases aforementioned.
Thus, N

2
O has attracted much attention because it is a potent

greenhouse gas with long atmospheric lifetimes, and it is
involved in ozone depletion as well [1, 2]. Measurements
of N
2
O emissions have been increasing steadily. Until now,

however, the vast majority of studies have focused on N
2
O

emissions from agroecosystem, as affected by temperature,
soil type, crop growth, and management practices [3–5].
Therefore, there is much uncertainty surrounding the effect
of flooding or the joint effects of several factors, for example,
flooding and temperature changes.

Changes in land use patterns will cause alterations in the
soil organicmatter status and the soil nitrogenmineralization
rates and therefore will also influence N

2
O emissions. In

addition, land use changes may also affect transfer and
diffusion of N

2
O in the soil through reorganization of

the soil structure. Wetlands have been identified as major
landforms regulating greenhouse gases dynamics [6]. CO

2

and CH
4
emissions from wetland system have been reported

by numerous studies [7, 8]. However, research conducted
on N
2
O emission from the wetland soil has relatively fewer

reports. The predominant factors affecting N
2
O produc-

tion and emission include soil temperature, soil moisture,
exogenous organic matter inputs, and soil organic matter
content [9–11].They could have influence onmicroorganisms
producing and consuming N

2
O from wetland soils [12]. Soil

temperature directly impacts production and consumption
of N
2
O though microorganism’s activity, soil aeration, sub-

strate availability, and redistribution. Soil moisture is a key
determinant of the microbial processes [13]. Organic matter

Hindawi Publishing Corporation
e Scientific World Journal
Volume 2014, Article ID 272684, 7 pages
http://dx.doi.org/10.1155/2014/272684

http://dx.doi.org/10.1155/2014/272684


2 The Scientific World Journal

Table 1: Basic physical and chemical properties of studied soils.

Total carbon
(g⋅kg−1)

Total nitrogen
(g⋅kg−1)

Ammonia nitrogen
(mg⋅kg−1)

Nitrate nitrogen
(mg⋅kg−1)

Available nitrogen
(mg⋅kg−1)

Bulk density
(g⋅cm−3)

62.11 3.96 26.68 6.55 382.81 0.87

fractions have been also found to enhance N
2
O emissions as

they supply substrates for nitrification and denitrification and
augment microbial O

2
consumption [14].

The interactions among soil temperature, moisture, and
raw organic matter addition on N

2
O emissions are not

well known and the gaps about the joint effects of these
factors may increase the uncertainty in estimating global
emissions budgets. Wetland soil from Hongze Lake was
incubated under different temperature, moisture, and exoge-
nous organic matter input. The objective was to analyze the
interaction of soil temperature, flooding, and row organic
matter inputs on N

2
O losses. Knowledge about the nitrogen

loss process of the wetland ecological system may provide
the baseline data to undertake countermeasures allowing
reductions of greenhouse gas emissions.

2. Material and Methods

2.1. Site and Soil Characteristics. Hongze Lake is located in
the northwest region of Jiangsu Province (33∘06 N∼33∘40
N, 118∘10 E∼118∘55 E), and it is the fourth largest freshwater
lake in China. The lake surface area covers 1597 km2, the
water level is 12.5m, and the average depth is 1.9m. The lake
region has a monsoon climate with four distinct seasons.
The average annual rainfall is 925.5mm, mostly concentrated
in the rainy season from June to September. The lake and
the surrounding area are representative of inland wetlands
in China. Wetlands are widely distributed around the lake;
several wetland types have been described and the three
most common are estuarine, floodplain, and out of the lake
wetland.

Estuary wetlands located in the west coast of the Hongze
Lake have been sampled in November 2012. Soil samples
were collected at 0–20 cm depth using the multipoint hybrid
method and taken to the laboratory in field-moist condition.
Soil samples were divided into two subsamples, after manu-
ally removing visible plant roots and rocks. A subsample was
put in the refrigerator (4∘C) for incubation after sieving with
2mm sieve, and the second subsample was dried and fine
grinded for chemical analysis.

Basic physical and chemical properties of the tested
soil are shown in Table 1. This soil was rich in organic
matter with a total carbon content of 62.11 g⋅kg−1 and a total
nitrogen content of 3.96 g⋅kg−1. Available nitrogen was as
high as 382.81mg⋅kg−1. Ammonia nitrogen (26.68mg⋅kg−1)
was approximately four times greater than nitrate nitrogen
(6.55mg⋅kg−1). Bulk density was 0.87 g⋅cm−3.

2.2. Incubation Experiment. An incubation experiment was
setup to study NO

2
emissions under four treatments and

each treatment was incubated at two different temperatures.

Treatments were as follows: natural peat soil (I), peat soil
under flooding (II), peat soil plus raw organic matter (III),
and peat soil under flooding plus organic matter (IV). Three
replications per treatments were analyzed. To assess the effect
of temperature on N

2
O treatments each replicate sample was

incubated at 35∘C (high temperature or treatment A) and at
20∘C (room temperature or treatment B). At the same time,
two blank tests were performed as a control treatment.

Soil sampled in the field was preincubated at room
temperature for three days. Afterwards, 40 g of preincubated
soil was enclosed in 1000mL incubation bottles. Incubations
were performed in 24 bottles (3 replicates × 4 different soil
treatments × 2 temperatures). In the flooding treatment,
40mL distilled water was added to the 40 g dry soil (soil
was submerged by a 0.5 cm water column). In the treatment
with exogenous organic matter addition, 1 g dried litter of
Phragmites communis was grinded and mixed with the soil
samples and added into each bottle. Bottles were sealed and
maintained at constant temperatures of 20∘C (treatment B)
and 35∘C (treatment A). Therefore, treatments incubated at
high temperatures are labeled as AI, AII, AIII, and AIV,
whereas labels for those incubated at low temperatures are BI,
BII, BIII, and BIV.

2.3. N
2
O Analysis. Measures of N

2
O fluxes were a total of 12

times at the 2nd, 3rd, 5th, 7th, 9th, 11th, 13th, 16th, 19th, 22nd,
25th, and 28th days after incubation started. At each sampling
date, 30mL of gases was pumped from each incubation
bottle. After then each bottle was open for half an hour to
ensure that the gas in the bottle was equilibrated with that
in the air and then the incubation bottles were again sealed.
Gas chromatograph was used to measure the concentration
of N
2
O in the samples. Emission rates were expressed as

g⋅kg−1⋅h−1 of N
2
O.

2.4. Data Analysis. The data set was analyzed by one-way
analysis of variance (ANOVA) followed by Duncan’s test at
0.05 level to compare themean of N

2
Oof each treatment.The

SPSS 16.0 for Windows was used.

3. Results

3.1. Effect of Temperature on N
2
O Emissions. It was found

that all of the four treatments studied exhibited higher N
2
O

emissions rates at 35∘C than at 20∘C. The highest N
2
O emis-

sions rates occurred during the first periods of incubation
and then gradually decreased (Figure 1). Moreover, complex
changes of emission rates were noticed after organic matter
was added to the wetland incubated at high temperature
(Figure 1, AIV). Higher cumulative N

2
O emissions were

observed under high temperature as well (Figure 2, BIV).
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Figure 1: N
2
O emission rate of the treatments studied. (Treatments notations are as follows: A: incubation at 35∘C; B: incubation at 20∘C; I:

peat soil; II: peat soil under flooding; III: peat soil plus raw organic matter; IV: peat soil under flooding plus organic matter).

N
2
O emission in treatment AI was 49.67% higher than in BI,

AII was 54.78% higher than BII, AIII was 119.81% higher than
BIII, and AIV was 42.33% higher than that of BIV. Moreover,
highly significant differences were found between treatments
AI and AIII (high temperature and peat soil versus peat soil
plus exogenous organics matter) and also between BI and
BIII (room temperature and peat soil plus exogenous organic
matter) (𝑛 = 3, 𝑃 < 0.05 or 𝑃 < 0.01).

It could be deduced that increasing incubation tempera-
ture increased N

2
O emissions. The maximum accumulative

increase in N
2
O emissions was for the peat soil added

with raw organic matter, whereas the minimum accumula-
tive was for the flooded peat soil added with raw organic
matter.

3.2. Effect of Moisture Conditions on N
2
O Emissions. Both

N
2
O emission rate and cumulative amount were lower in the

flooding than in the unflooding treatment whether organic
matter was added or no under high and room temperature
conditions (Figures 1 and 2). N

2
O emissions in AII were

20.72% lower than in AI; AIV emissions decreased by 72.23%
with respect to AIII; meanwhile, BII was 23.34% lower than
BI and BIV declined by 57.11% compared to BIII. Significant
differences were found between AI and AII, AIII and AIV, BI
and BII, and BIII and BIV (𝑛 = 3, 𝑃 < 0.05). These results
show that irrespective of incubation temperature, flooding
inhibits soil N

2
O emissions; moreover, the decline of N

2
O

emissions under flooding was more obvious in soils plus
organic matter.
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Figure 2: Cumulative amount of N
2
O emission of the treatments studied. (Treatments notations are as follows: A: incubation at 35∘C; B:

incubation at 20∘C; I: peat soil; II: peat soil under flooding; III: peat soil plus raw organic matter; IV: peat soil under flooding plus organic
matter).

3.3. Effect of Organic Matter Input on N
2
O Emissions. Fur-

ther additions of organic matter to the studied peat soils
increased soil N

2
O emission rates in the flooded and the

unflooded treatments at the two levels of temperature studied
(Figure 1). Moreover, sharp fluctuations of soil N

2
O emission

along the incubation period occurred in soils added with
organic matter under high temperature (AIII and AIV treat-
ments). Organic matter additions clearly amplified cumula-
tive amount of N

2
O emissions (Figure 2). N

2
O emissions in

AIII were 299.62% higher than in AI, whereas those of AIV
were 39.98% higher than those of AII. Also BIII emissions
were 172.11% higher than in BI, and BIV were 52.23% higher
than in BII. Very significant differences have been shown

between AI and AIII (high temperature and peat soil versus
peat soil plus organic matter), between AII and AII (high
temperature and flooded soil versus flooded soil plus organic
matter), and also between BI and BIII and BII and BIV (𝑛 = 3,
𝑃 < 0.01). It was shown that the effect of exogenous organic
matter input of increasing N

2
O emissions was relatively

much lower under flooding conditions, compared to normal
unflooding conditions.

4. Discussion

Soil temperature has a great influence on N
2
O forma-

tion through the biological processes of nitrification and
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denitrification. Optimum temperatures for nitrifying bacte-
rial activities are in the range from 15 to 35∘C, andnitrification
will be inhibited at below 5∘C or above 40∘C. Optimum
temperatures for denitrifying microorganism are from 30 to
67∘C [15]. Soil temperature was an important factor affecting
N
2
O emission as well. N

2
O emission rate was shown to be

nearly synchronized with surface soil temperature, and the
temperature variation was the main driver of diurnal and
seasonal changes in N

2
O emissions [16]. In our wetland

soil, N
2
O emission increased with increasing temperature,

which was consistent with previous reports on forest soils
[10, 17]. This result could be ascribed to the fact that rates
of enzymatic reactions would increase with temperature
when other environmental factors are not restrictive [18].
Moreover, temperature might regulate soil denitrification
both directly and indirectly, and it could promote the activity
of soil nitrifying and denitrifying microorganism and hence
enhance N

2
O emission rate and cumulative emissions [19–

22].
N
2
O production and emission may be influenced by

soil moisture, through its effects on soil aeration status,
reduction-oxidation conditions, microbial activities, and
N
2
O diffusion into atmosphere. Feng and Yin [23] found

that more N
2
O was produced at 45%–75% water filled pore

space. When it was below the saturated water content, soil
N
2
O emission increased with the increase of soil moisture,

and nitrification was accredited as the basic source of N
2
O.

However, when it was above the saturated water content, the
denitrification process was the main source of N

2
O. With

increasing soil moisture content above this threshold, the
proportion of denitrifying N

2
increased gradually and N

2
O

emissions gradually weakened. Results from N
2
O emission

observed in the rice and wheat crop rotation system in east
China showed that if soil moisture content was less than
415 g⋅kg−1, then soil N

2
O emissions increased linearly with

increasing soil moisture content; however, when the soil
moisture content was more than 415 g⋅kg−1, N

2
O emissions

reduced with the increase of soil moisture content [24],
indicating much higher N

2
loss under saturated soil water

condition. Therefore, the production of N
2
O was not posi-

tively related to soil moisture under high moisture condition.
Soil moisture content was also a key determinant of soil
microbial activity [25], and it had impact on the diffusion
of N
2
O produced during denitrification from microbial air

into the surrounding environment [26]. Consequently, we
deduced that both nitrifier-denitrifier microorganisms and
coupled nitrification-denitrification processes contributed to
the elevated N

2
O emission in wetland soil [27].

Organic matter input was thought to be an important
regulator of N

2
O emissions, because organic matter on the

soil surface could influence nitrification and denitrification
reactions resulting from N mobilization and immobilization
[28]. Toma and Hatano found huge N

2
O emissions when

accepting low C/N ratio residues, mainly because these
residues tended to break up [29]. Liu et al. reported that
wheat straw incorporation increased N

2
O emissions, while

the incorporation of maize straw had no impact on the
emissions [30]. Millar et al. observed greater N

2
O emissions

in areas cultivated with corn-wheat due to high amount of
N applied to the corn field [31]. Therefore similar to our
study, other results have shown that organic matter input
enhanced soil N

2
O emission rate and cumulative emissions.

The contribution of the organic matter could be mainly
explained by the mineralization of litter which supplied
substrates and thus promoted the production of N

2
O. In

opposite, results about the negative role of organic matter
on N
2
O emissions have also been reported [32]. Moreover,

Tang et al. found that there were no significant impacts of
organicmatter on soilN

2
Oemissions in a subtropical and two

tropical forests [33–35], which underlies the potential adverse
effects of organic matter. Consequently, we hypothesize that
the net integrated effect of organic matter on N

2
O emission

was the result of the counterbalance between the positive
and negative feedbacks arising from interactions with other
factors.

5. Conclusions

Both temperature rise and exogenous organic matter inputs
increased N

2
O emission rates and cumulative amount from

a wetland soil. The flooded soil with external organic matter
inputs showed the lowest cumulative rise in N

2
O emissions

as the temperature increased. Irregular changes of N
2
O emis-

sion along the incubation period were found in soils added
with organic matter under high temperature condition. Soil
N
2
Oemissions could be inhibited by flooding; however, com-

plex internal connections and cooperative or antagonistic
actions between flooding and other environmental factors
might appear in soil N

2
O emissions.Thus, it is recommended

to conduct further studies for assessing the way through
which other environmental factors affect soil N

2
O emissions

of wetland ecosystem.
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The laplacian pyramid is a well-known technique for image processing in which local operators of many scales, but identical shape,
serve as the basis functions. The required properties to the pyramidal filter produce a family of filters, which is unipara metrical in
the case of the classical problem, when the length of the filter is 5. We pay attention to gaussian and fractal behaviour of these basis
functions (or filters), and we determine the gaussian and fractal ranges in the case of single parameter 𝑎. These fractal filters loose
less energy in every step of the laplacian pyramid, and we apply this property to get threshold values for segmenting soil images,
and then evaluate their porosity. Also, we evaluate our results by comparing them with the Otsu algorithm threshold values, and
conclude that our algorithm produce reliable test results.

1. Introduction

Image analysis involves many different tasks, such as identi-
fying objects into images (segmentation), assigning labels to
individual pixels by taking into account relevant information
(classification), or extracting some meaning from the image
as a whole (interpretation). The segmentation of soil images
appears into Soil Science as a tool for the measurement of
properties as well as for detecting and recognizing objects in
soil [1–3].

Different methods have been used to segment soil images
such as a simple binary threshold method [4] or multiple
threshold method [5] and thresholds for typical and critical
regions. Wang et al. [6] did a wide review of different seg-
mentation methods applied in Geoscience. Other methods
that appear to be most promising for soil applications are
clustering methods and entropy-based methods [7–9].

Soil is not a continuous medium because soil is sus-
ceptible to changes from many influences: wetting, drying,

compaction, plant growth, and so forth. So, the continuous
soil models lead to approximate results only, and anomalous
phenomena cannot be easily handled. It is known that pores
in porous material are highly complex [10]. Their study and
analysis have been usually avoided because of their difficulty.

Soil is formed from many constituents, and to represent
it as a two-phase material, solid and pore, is often an over-
simplification. The behaviour of water, gas, and organisms
can affect it. A classification of pore models could be [11] (i)
nonspatial, (ii) schematic, (iii) random set, (iv) fractal, and (v)
other stochastic models. The fractal group has more models
proposed and publications about.

Models of soil physical structure have been developed
since the 1950s. Childs and Collisgeorge [12] introduced the
cut-and-rejoin models of soil capillaries, which were modi-
fied by Marshall [13]. While many models of soil structure
have been developed since then, most relate the structure
to physical processes, generally ignoring heterogeneity, or
assume simple pore-size distribution models.
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More sophisticated approaches are [14] using a one-
dimensional Markov chain model for horizontal soil, [15]
proposing a two-dimensional fuzzy random model of soil
pore structure, and [16] describing a network model to
predict physical properties from topological parameters and
fractal-based approaches like [17].

Our goal is to calculate the porosity of soil images. The
proposed procedure for segmentation of soil micromorpho-
logical images is based on Laplacian pyramid algorithm
[18], from which we compute a threshold that will binarize
the original image, resulting with an image composed of
continuous regions of pores (shown in black) and soil (shown
in white). From this binarized soil image we compute an
estimation to its porosity.

Another objective of this study is also to compare the
results with those provided by the commonly used Otsu’s
algorithm [19] that is widely accepted as a good method to
get an appropriate threshold.

2. Materials and Methods

2.1. Laplacian Pyramid. A multiresolution model consists of
generating different versions of a given image by decreasing
the initial resolution, which also means decreasing the initial
size. This is achieved by a downsampling operator which
must be associated with an appropriate filtering to avoid
aliasing phenomena (downsampling theorem). Multiresolu-
tion approaches have been investigated for different purposes
such as image segmentation and image compression [18]. In
terms of image analysis, low resolution representations are
convenient for global detection and recognition of image
features while minute details can only be seen on high
resolution images.

One usual property of images is that neighboring pixels
are highly correlated. This property is inefficient to rep-
resent the complete image directly in terms of its pixel
values, because most of the encoded information would
be redundant. Burt and Adelson designed a technique,
named Laplacian pyramid, for removing image correlation
which combines characteristics of predictive and transform
methods [18].This technique is noncausal, and computations
are relatively simple and local. The predicted value for each
new pixel is computed as a local weighted average, using a
unimodal weighting function centered on the pixel itself.

This pyramidal representation is useful for two important
classes of computer graphics problems. The first class is
composed of those tasks that involve analysis of existing
images, such as merging images or interpolating to fill in
missing data smoothly, become much more intuitive when
we canmanipulate easily visible local image features at several
spatial resolutions. And the second, whenwe are synthesizing
images, the pyramid becomes a multiresolution sketch pad.
We can fill in the local spatial information at increasingly fine
detail by specifying successive levels of a pyramid.

The first time that pyramidal structures were applied to
multiresolution decompositions was at [18]. Later, the rela-
tionship to wavelets was realized shortly thereafter, because
both decompositions are based on the idea of successive
refinement: the image is obtained as a sum of an initial coarse

version plus detail signals. One interesting thing to note
about the pyramidal approach is that perfect reconstruction
is possible; therefore it is a lossless data algorithm.

Pyramidal methods for multiresolution image analysis
have been used since the 1970s. Early work inmultiresolution
image description was primarily motivated by a desire to
reduce the computational cost of methods for image descrip-
tion and image matching. Later, multiresolution processing
was generalized to computing multiple copies of an image
by repeatedly summing nonoverlapping blocks of pixels and
resampling until the image is reduced to a small number of
pixels. Such a structure became known as a multiresolution
pyramid [20].

Interest in multiresolution techniques for signal process-
ing and analysis is increasing steadily [21]. An important
instance of such a technique is the so-called pyramidal
decomposition scheme. Our work uses a general axiomatic
pyramidal decomposition scheme for soil image analysis.
This scheme comprises the following ingredients.

(i) The pyramid consists of a finite number of levels
such that the information content decreases towards
higher levels.

(ii) Each step towards a higher level is constituted by
an information-reducing analysis operator, whereas
each step towards a lower level is modeled by an
information-preserving synthesis operator. One basic
assumption is necessary: synthesis followed by anal-
ysis yields the identity operator, meaning that no
information is lost by these two consecutive steps.

2.2. Fractal Dimension. The techniques based on fractals
show promising results in the field of image understanding
and visualization of high complexity data.

The high complexity of some images demands new
techniques for understanding and analyzing them. The sim-
ilarity of fractals and real world objects has been observed
and studied from the very beginning. The fractal geometry
became a tool for computer graphics and data visualization
in the simulation of the real world. In order to perform visual
analysis and comparisons between natural and synthetic
scenes several techniques have been developed. After a period
of qualitative experiments, fractal geometry began to be
used for objective and accurate purposes: modeling images,
evaluating their characteristics, analyzing their textures, and
so forth.

Nowadays, there are a lot of fields where fractals appear
[22]. First of all, we present some of the elementary ideas
necessary to understand applications of fractal geometry in
geo-information processing [23].

Fractal geometry theory deals with the behaviors of sets of
points 𝑆, in the 𝑛-dimensional spaceR𝑛. Images, particularly
soil images, are sets of points in R2.

Mandelbrot defined a fractal as a shape made of parts
similar to the whole in some way [24]. That definition is
qualitative but not ambiguous, as it looks at the first glance.
The main behavior of a fractal is its self-similarity. A set is
called self-similar if it can be expressed as a union of sets, each
of which is a reduced copy of the full set. More generally a set
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is said to be self-affine if it can be decomposed into subsets
that can be linearly mapped into the full set. If the linear
mapping is a rotation, translation, or isotropic dilatation the
set is self-similar. The self-similar objects are particular cases
of self-affine ones.

A fractal object is self-similar or self-affine at any scale. If
the similarity is not described by deterministic laws stochastic
resemblance criteria can be found. Such an object is said
to be statistical self-similar. The natural fractal objects are
statistically self-similar. A statistically self-similar fractal is
by definition isotropic. To have a more precise, quantitative
description of the fractal behavior of a set, a measure and
a dimension are introduced. The rigorous mathematical
description is done by Hausdorff ’s measure and dimension
[25].

Let 𝑆 ⊂ R𝑛 and 𝑟 > 0, and a 𝛿-cover of 𝑆 is a collection of
sets {𝑈

𝑖
: 𝑖 ∈ 𝐼} with diameter which is smaller than 𝛿, such

that

𝑆 ⊂ ⋃
𝑖∈𝐼

𝑈
𝑖
⊂ R
𝑛 with 0 <

𝑈𝑖
 < 𝛿, (1)

where 𝐼 is a finite or countable index set and | ⋅ | represents
the diameter of the 𝑛-dimension set, defined as

|𝑈| = sup {𝑥 − 𝑦
 : 𝑥, 𝑦 ∈ 𝑈} . (2)

Also, let R
𝛿
(𝑆) be the collection of all 𝛿-covers of 𝑆; we can

define

𝐻
𝑟

𝛿
(𝑆) = inf

R∈R
𝛿

{∑
𝑖∈𝐼

𝑈𝑖

𝑟

: R = ⋃
𝑖∈𝐼

𝑈
𝑖
} . (3)

Now, if in (3) we let 𝛿 decrease to zero, we get the
Hausdorff measure of the set 𝑆,𝐻𝑟(𝑆):

𝐻
𝑟
(𝑆) = lim

𝛿→0

𝐻
𝑟

𝛿
(𝑆) . (4)

The Hausdorff measure generalizes the definition of length,
area, volume, and so on.𝐻𝑟

𝛿
(𝑆) gives the volume of a set 𝑆 as

measured with a ruler of 𝛿 units.
There is an interesting property of theHausdorffmeasure:

If the Hausdorff dimension of the set 𝑆 is 𝑠, then

𝐻
𝑝
(𝑆) = {

∞ if 𝑝 < 𝑠
0 if 𝑝 > 𝑠.

(5)

So, the Hausdorff dimension of the set 𝑆 ⊂ R𝑛 could be
defined as

dim
𝐻
𝑆 = sup {𝑟 : 𝐻𝑟 (𝑆) = ∞} = inf {𝑟 : 𝐻𝑟 (𝑆) = 0} (6)

as we can see in Figure 1.
Then, the value of the parameter 𝑟 for which the 𝑟-

dimensional Hausdorff measure of the set jumps from zero
to infinite is said to be the Hausdorff dimension, dim

𝐻
, of the

set 𝑆.
A set is said to be fractal if itsHausdorff dimension strictly

exceeds its topological dimension, dim
𝐻
𝑆 > 𝑛.

Numerical evaluation of Hausdorff dimension is difficult
because of the necessity to evaluate the infimum of the

∞

s p

Hp(S)

Figure 1: Hausdorff dimension of the set 𝑆.

measure over all the coverings belongings to the set of
interest. That is the reason to look for another definition for
the dimension of a set. The box counting dimension allows
the evaluation of the dimension of sets of points spread in
an 𝑛-dimensional space and also gives possibilities for easy
algorithmic implementation.

Given a set of points 𝑆, in a 𝑛-dimensional space R𝑛, and
𝑁
𝛿
is the least number of sets of diameter at most 𝛿 that cover

𝑆, the box counting dimension, dim
𝐵
, is defined as

dim
𝐵
𝑆 = lim
𝛿→0

log𝑁
𝛿

log 1/𝛿
. (7)

Depending on the geometry of the box and the modality
to cover the set, several box counting dimensions can be
defined using closed balls, cubes, and so on [25].

The equivalence of these definitions was proved. Also it
was proved that these dimensions are inferior bounded by the
Hausdorff dimension [26].

Fractal geometry provides a mathematical model for
many complex objects found in nature, such as coastlines,
mountains, and clouds [22, 24]. These objects are too com-
plex to possess characteristic sizes and to be described by
traditional Euclidean geometry. Fractal dimension has been
applied in texture analysis and segmentation [27, 28]. There
are differentmethods that have been proposed to estimate the
fractal dimension. The three major categories are the box-
counting methods, the variance methods, and the spectral
methods.The box-counting dimension is themost frequently
used for measurements in various application fields. The
reason for its dominance lies in its simplicity and automatic
computability.

2.3. Segmentation of Soil Images. Image segmentation is the
process of partitioning an image into several regions, in order
to be easier to analyze and work with.

In image segmentation the level to which the subdivision
of an image into its constituent regions or objects is carried
depending on the problem being solved. In other words,
when the object of focus is separated, image segmentation
should stop [29]. The main goal of segmentation is to divide
an image into parts having strong correlation with areas of
interest in the image.

We study the simplest problem, dividing the image into
just only two parts, foreground and background, or object
pixels and background pixels.The intensity values, continuity
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or discontinuity, color, texture, and other image character-
istics are the origin of the different image segmentation
techniques. Reference [9] is an exhaustive performance com-
parison of 40 selected methods put into groups according to
histogram shape information,measurement space clustering,
histogram entropy information, image attribute information,
spatial information, and local characteristics.

So, some of the most important groups in image segmen-
tation techniques are the threshold-based, the histogram-
based, the edge-based, and the region based.

The threshold-based methods are based on pixels inten-
sity values. The main goal here is to decide a threshold value
𝜆 to apply the rule:

𝑔
𝑖+1

(𝑥, 𝑦) = {
0 if 𝑔

𝑖
(𝑥, 𝑦) < 𝜆

255 if 𝑔
𝑖
(𝑥, 𝑦) ≥ 𝜆,

(8)

where 𝑔
𝑖+1
(𝑥, 𝑦) is the new pixel value and 𝑔

𝑖
(𝑥, 𝑦) is the

old pixel value. In other words, after choosing a threshold,
then every pixel in the image is compared with this threshold,
and if the pixel lies above the threshold it will be marked as
foreground, and if it is below the threshold it will bemarked as
background.The histogram-basedmethods are also based on
pixels’ intensity values. Here, histogram bars help to find the
clusters of pixels values. One of the most famous threshold-
based methods is Otsu’s method [19].

The edge-based methods show boundaries in the image,
determining different regions where we have to decide if they
are foreground or background.The boundaries are calculated
analyzing high contrasts in intensity, color, or texture. On the
other hand, an opposed point of view are the region-based
methods divide the image into regions, searching for same
textures, colors, or intensity values.

In soil science the porosity of a porousmedium is defined
by the ratio of the void area and the total bulk area.Therefore,
porosity is a fraction whose numerical value is between 0 and
1, typically ranging from 0.005 to 0.015 for solid granite to 0.2
to 0.35 for sand. It may also be represented in percent terms
bymultiplying the number by 100. Porosity is a dimensionless
quantity and can be reported either as a decimal fraction or
as a percentage.

The total porosity of a porous medium is the ratio of the
pore volume to the total volume of a representative sample
of the medium. Assuming that the soil system is composed
of three phases—solid, liquid (water), and gas (air)—where
𝑉
𝑠
is the volume of the solid phase, 𝑉

𝑙
is the volume of the

liquid phase,𝑉
𝑔
is the volume of the gaseous phase,𝑉

𝑝
= 𝑉
𝑙
+

𝑉
𝑔
is the volume of the pores, and 𝑉

𝑡
= 𝑉
𝑠
+ 𝑉
𝑙
+ 𝑉
𝑔
is the

total volume of the sample, then the total porosity of the soil
sample, 𝑝

𝑡
, is defined as follows:

𝑝
𝑡
=
𝑉
𝑝

𝑉
𝑡

=
𝑉
𝑙
+ 𝑉
𝑔

𝑉
𝑠
+ 𝑉
𝑙
+ 𝑉
𝑔

. (9)

Table 1 lists representative porosity ranges for various
geologicmaterials [30]. In general, porosity values for uncon-
solidated materials lie in the range of 0.25–0.7 (i.e., 25%–
70%). Coarse-textured soil materials (such as gravel and
sand) tend to have a lower total porosity than fine-textured

Table 1: Range of porosity values.

Unconsolidated
deposits Porosity Rocks Porosity

Gravel 0.25–0.40 Fractured basalt 0.05–0.50
Sand 0.25–0.50 Karst limestone 0.05–0.50
Silt 0.35–0.50 Sandstone 0.05–0.30
Clay 0.40–0.70 Limestone, dolomite 0.00–0.20

Shale 0.00–0.10
Fractured crystalline
rock 0.00–0.10

Dense crystalline rock 0.00–0.05

soils (such as silts and clays). Porosity values in soils are not
a constant quantity because the soil, particularly clayey soil,
alternately swells, shrinks, compacts, and cracks.Theporosity
of our test image, shown in Figure 10(a), is 0.284.

Our work applies image segmentation techniques to
calculate the porosity of soil images. Also, we have compared
our results with the Otsu image segmentation algorithm.

3. Methodology

3.1. Laplacian Pyramid. The Laplacian pyramid representa-
tion expresses the original image as a sum of spatially band-
passed images, while retaining local spatial information in
each band. The Gaussian pyramid is created by low-pass-
filtering an image 𝐺

0
with a two-dimensional compact filter.

The filtered image is then subsampled by removing every
other pixel and every other row to obtain a reduced image
𝐺
1
. Graphical representations of these processes in one and

two dimensions are given in Figures 2 and 3.
This process is repeated to form a Gaussian pyramid

𝐺
0
, 𝐺
1
, 𝐺
2
, . . . , 𝐺

𝑁
:

𝐺
𝑘
(𝑖, 𝑗) = ∑

𝑚

∑
𝑛

𝐺
𝑘−1

(2𝑖 + 𝑚, 2𝑗 + 𝑛) 𝑘 = 1, . . . , 𝑁. (10)

Expanding 𝐺
1
to the same size as 𝐺

0
and subtracting

yields the band-passed image 𝐿
0
, a Laplacian pyramid

𝐿
0
, 𝐿
1
, . . . , 𝐿

𝑛−1
can be built containing band-passed images

of decreasing size and spatial frequency:

𝐿
𝑘
= 𝐺
𝑘
− 𝐺
𝑘+1

𝑘 = 0, . . . , 𝑁 − 1, (11)

where the expanded image 𝐺
𝑘
is given by

𝐺
𝑘
(𝑖, 𝑗) = 4∑

𝑚

∑
𝑛

𝑤 (𝑚, 𝑛) 𝐺
𝑘−1

(
2𝑖 + 𝑚

2
,
2𝑗 + 𝑛

2
) . (12)

The original image can be reconstructed from the expanded
bandpass images:

𝐺
0
= 𝐿
0
+ 𝐺
1

= 𝐿
0
+ 𝐿
1
+ 𝐺
2

...

= 𝐿
0
+ 𝐿
1
+ 𝐿
2
+ ⋅ ⋅ ⋅ + 𝐿

𝑁−1
+ 𝐺
𝑁
.

(13)
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G2

G1

G0

Figure 2: Representation of the one-dimensional Gaussian pyramid
process.

G1

G0

Figure 3: Representation of the two-dimensional Gaussian pyramid
process.

The Gaussian pyramid contains low-passed versions of the
original 𝐺

0
at progressively lower spatial frequencies, while

the Laplacian pyramid consists of band-passed copies of the
original image 𝐺

0
. Each Laplacian level contains the edges of

a certain size and spans approximately an octave in spatial
frequency.

3.2. Fractal Dimension: Box-Counting Dimension. Fractal
dimension is a useful feature for texture segmentation, shape
classification, and graphic analysis in many fields. The box-
counting approach is one of the frequently used techniques
to estimate the fractal dimension of an image.

There are several methods available to estimate the
dimension of fractal sets. The Hausdorff dimension is the
principal definition of fractal dimension. However, there are
other definitions, like box-counting or box dimension, that
is popular due to its relative ease of mathematical calculation
and empirical estimation. The main idea to most definitions
of fractal dimension is the idea ofmeasurement at scale 𝛿. For
each 𝛿, we measure a set ignoring irregularities of size less
than 𝛿, and then we see how these measurements behave as
𝛿 → 0. For example, if 𝐹 is a plane curve (one of our filters),
then 𝑁

𝛿
(𝐹) might be the number of steps required by a pair

of dividers set at length 𝛿 to traverse 𝐹. Then, the dimension
of 𝐹 is determined by the power law, if any exists, obeyed by
𝑁
𝛿
(𝐹) as 𝛿 → 0. So, we might say that 𝐹 has dimension 𝑠 if

a constant 𝑠 exists so that

𝛿
𝑠
⋅ 𝑁
𝛿
(𝐹) ≃ 1, (14)

where taking logarithms and limits when 𝛿 tends to 0; we get
(7).

These formulae are appealing for computational or exper-
imental purposes, since 𝑠 can be estimated as the gradient of
a log-log graph plotted over a suitable range of 𝛿.

3.3. Kolmogorov-Smirnov Normality Test. In order to deter-
mine the normality interval we use the Kolmogorov-Smirnov
normality test [31, 32], which is the most usual empirical
distribution function test for normality.

For a data set𝐴 of 𝑛wemake the contrast of a distribution
function 𝐹

𝑛
from a theoretical distribution function 𝐹, using

the statistic𝐷
𝑛

𝐷
𝑛
= 𝐷
𝑛
(𝐹
𝑛
, 𝐹) = max

𝑥∈𝐴

{
𝐹𝑛 (𝑥) − 𝐹 (𝑥)

} (15)

that represents the distance between 𝐹
𝑛
and 𝐹.

For 𝑛 large enough, the statistical distribution of 𝐷
𝑛
is

close to the Kolmogorov-Smirnov distribution, K, which is
tabulated for some significant values. Obviously, the assump-
tion of normality is rejected with significance level 1 − 𝛼, if
𝐷
𝑛
> 𝐷
𝑛,𝛼
, with 𝑃(K ≤ 𝐷

𝑛,𝛼
) = 𝛼.

Let 𝐷
𝑛,𝛼

be the K-S distribution percentiles. We reject at
level 1 − 𝛼 because if 𝑛 is big enough, 𝐷

𝑛
= K and 𝛼 = 0.01.

Then, we reject small values of𝐷
𝑛
, so if |𝐹

𝑛
−𝐹| is smaller than

the percentile 𝛼, we accept the hypothesis.

3.4. Otsu’s Thresholding Method. The most common image
segmentationmethods are the histogram thresholding based,
since thresholding is easy, fast, and economical in compu-
tation. For performing the image segmentation we need to
calculate a threshold which will separate the objects and the
background in our image. Since soil images are relatively
simple when we just pay attention to void and bulk, so we are
going to apply the global threshold technique, instead ofmore
advanced variations (band thresholding, local thresholding,
and multithresholding). The global thresholding technique
consists of selecting one threshold value and applying it to
the whole image.

The resultant image is a binary image where pixels that
correspond to objects and background have values of 255
and 0, respectively. Quick and simple calculation is the main
advantage of global thresholding.

Otsu’s method searches for the threshold that minimizes
the intraclass variance (or within class variance) 𝜎

2

𝑊
(𝑡)

defined as the weighted sum of variances of the two classes:

𝜎
2

𝑤
(𝑡) = 𝜔

0
(𝑡) 𝜎
2

0
(𝑡) + 𝜔

1
(𝑡) 𝜎
2

1
(𝑡) , (16)

where 𝜔
𝑖
are the probabilities of the two classes (foreground

and background) separated by a threshold 𝑡 and 𝜎2
𝑖
are the

variances of these both classes.
Otsu [19] proofed that minimizing the intraclass variance

is the same as maximizing the interclass variance 𝜎
2

𝑏
(𝑡)

defined as follows:

𝜎
2

𝐵
(𝑡) = 𝜎

2
− 𝜎
2

𝑊
(𝑡) = 𝜔

0
(𝑡) 𝜔
1
(𝑡) [𝜇
0
(𝑡) − 𝜇

1
(𝑡)]
2

, (17)

where 𝜔
𝑖
are the class probabilities and 𝜇

𝑖
the class means.

The class probabilities 𝜔
0
(𝑡) and 𝜔

1
(𝑡), and the class

means 𝜇
0
(𝑡) and 𝜇

1
(𝑡), are computed as

𝜔
0
(𝑡) =

𝑡

∑
0

𝑝 (𝑖) 𝜔
1
(𝑡) = ∑

𝑖>𝑡

𝑝 (𝑖)

𝜇
0
(𝑡) =

𝑡

∑
0

𝑝 (𝑖) 𝑥 (𝑖) 𝜇
1
(𝑡) = ∑

𝑖>𝑡

𝑝 (𝑖) 𝑥 (𝑖) ,

(18)

where 𝑥(𝑖) is the centered value of the 𝑖th histogram bin.
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The class probabilities and class means can be computed
iteratively. This idea yields an effective algorithm.

Otsu’s algorithm assumes just only two sets of pixel
intensities, the foreground and the background, or void and
bulk for soil images.The main idea of the Otsu’s method is to
minimize the weighted sum of within-class variances of the
foreground and background pixels to establish an optimum
threshold. It can be formulated as

𝜆Otsu = arg min {𝜔
0
(𝜆) 𝜎
2

0
(𝜆) + 𝜔

1
(𝜆) 𝜎
2

1
(𝜆)} , (19)

where theweights𝜔
𝑖
(𝜆) are the probabilities of the two classes

separated by the threshold 𝜆 and 𝜎2
𝑖
(𝜆) are the corresponding

variances of these classes. Otsu’s method gives satisfactory
results when the values of pixels in each class are close to each
other, as in soil images.

Let the pixels of a given picture be represented in 256 gray
levels: 0, 1, 2, . . . , 255. Let the number of pixels at level 𝑖 be
denoted by 𝑛

𝑖
and the total number of pixels by𝑁. If we define

𝑝
𝑖
as 𝑝
𝑖
= 𝑛
𝑖
/𝑁, then 𝑝

𝑖
≥ 0 and ∑𝑝

𝑖
= 1. So, we have a

probability distribution point of view.
The threshold at level 𝑘 defines two classes: the fore-

ground (𝐶
0
) and the background (𝐶

1
).Then, the probabilities

of these classes and their means are

𝜔
0
= Pr (𝐶

0
) =

𝑘

∑
𝑖=0

𝑝
𝑖
= 𝜔 (𝑘) ,

𝜔
1
= Pr (𝐶

1
) =

255

∑
𝑖=𝑘+1

𝑝
𝑖
= 1 − 𝜔 (𝑘) ,

𝜇
0
=

𝑘

∑
𝑖=0

𝑖Pr (𝑖 | 𝐶
0
) =

𝑘

∑
𝑖=0

𝑖𝑝
𝑖

𝜔
0

=
𝜇 (𝑘)

𝜔 (𝑘)
,

𝜇
1
=

255

∑
𝑖=𝑘+1

𝑖Pr (𝑖 | 𝐶
1
) =

255

∑
𝑖=𝑘+1

𝑖𝑝
𝑖

𝜔
1

=
𝜇
𝑇
− 𝜇 (𝑘)

1 − 𝜔 (𝑘)
,

(20)

where

𝜔 (𝑘) =

𝑘

∑
𝑖=0

𝑝
𝑖

𝜇 (𝑘) =

𝑘

∑
𝑖=0

𝑖𝑝
𝑖
, 𝜇

𝑇
=

255

∑
0

𝑖𝑝
𝑖
. (21)

We can easily verify that, for any 𝑘, 𝜔
0
+ 𝜔
1
= 1 and 𝜔

0
𝜇
0
+

𝜔
1
𝜇
1
= 𝜇
𝑇
. Now, we define the class variances as

𝜎
2

0
=

𝑘

∑
𝑖=0

(𝑖 − 𝜇
0
)
2Pr (𝑖 | 𝐶

0
) =

𝑘

∑
𝑖=0

(𝑖 − 𝜇
0
)
2

𝑝
𝑖

𝜔
0

,

𝜎
2

1
=

255

∑
𝑖=𝑘+1

(𝑖 − 𝜇
1
)
2Pr (𝑖 | 𝐶

1
) =

255

∑
𝑖=𝑘+1

(𝑖 − 𝜇
1
)
2

𝑝
𝑖

𝜔
1

.

(22)

Now, we are going to apply the discriminant analysis to
evaluate and quantify the threshold at level 𝑘, using the

measures of class separability 𝜆, 𝜅, and 𝜂 based on the within-
class variance𝜎2

𝑊
, the between-class variance𝜎2

𝐵
, and the total

variance 𝜎2
𝑇
, defined as

𝜆 =
𝜎2
𝐵

𝜎2
𝑊

𝜅 =
𝜎2
𝑇

𝜎2
𝑊

𝜂 =
𝜎2
𝐵

𝜎2
𝑇

,

𝜎
2

𝑊
= 𝜔
0
𝜎
2

0
+ 𝜔
1
𝜎
2

1
,

𝜎
2

𝐵
= 𝜔
0
(𝜇
0
− 𝜇
𝑇
)
2

+ 𝜔
1
(𝜇
1
− 𝜇
𝑇
)
2

= 𝜔
0
𝜔
1
(𝜇
1
− 𝜇
0
)
2

,

𝜎
2

𝑇
=

255

∑
𝑖=0

(𝑖 − 𝜇
𝑇
)
2

𝑝
𝑖
.

(23)

4. Results

4.1. Classification of 1D Filters. Our 1D filters are defined by
the weighting function𝑤(𝑚) and the pyramidal construction
is equivalent to convolving repeatedly the original signal
with this weighting functions. Some of these Gaussian-like
weighting functions are shown in Figure 5.

Note that the functions double in width with each level.
The convolution acts as a low-pass filter with the band
limit reduced correspondingly by one octave with each
level. Because of this resemblance to the Gaussian density
function we refer to the pyramid of low-pass images as
the Gaussian pyramid. Just as the value of each node in
the Gaussian pyramid could have been obtained directly by
convolving a Gaussian-like equivalent weighting function
with the original image, each value of this bandpass pyramid
could be obtained by convolving a difference of twoGaussians
with the original image.These functions closely resemble the
Laplacian operators commonly used in image processing. For
this reason the bandpass pyramid is known as a Laplacian
pyramid. An important property of the Laplacian pyramid is
that it is a complete image representation: the steps used to
construct the pyramidmay be reversed to recover the original
image exactly. The top pyramidal level, 𝐿

𝑁
, is first expanded

and added to 𝐿
𝑁−1

to form𝐺
𝑁−1

.Then this array is expanded
and added to 𝐿

𝑁−2
to recover 𝐺

𝑁−2
, and so on.

The weighting function 𝑤(𝑚) is determined by these
constraints

Symmetry: 𝑤 (𝑚) = 𝑤 (−𝑚)

Normalization:
2

∑
𝑚=−2

𝑤 (𝑚) = 1

Equal contribution: ∑
𝑚 odd

𝑤 (𝑚) = ∑
𝑚 even

𝑤 (𝑚) .

(24)

Normalization, symmetry, and equal contribution are satis-
fied when

𝑤 (0) = 𝑎,

𝑤 (1) = 𝑤 (−1) =
1

4
,

𝑤 (2) = 𝑤 (−2) =
1

4
−
𝑎

2
.

(25)
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If the size is 5, we have the filter 𝑤

(𝑤
0 [𝑘]) = [

1

4
−
𝑎

2
,
1

4
, 𝑎,

1

4
,
1

4
−
𝑎

2
] 𝑘 = 1, . . . , 5 (26)

which represents a uniparametric family of weighting func-
tions with parameter 𝑎. Observe that if the size is bigger
than 5, constraints (24) generate a multiparametric family of
weighting functions.

Convolution is a basic operation of most signal analysis
systems.When the convolution and decimation operators are
applied repeatedly 𝑛 times, they generate a new equivalent
filter 𝑤

𝑛
, whose length is

𝑀
0
= 5,

𝑀
𝑛
= 2𝑀

𝑛−1
+ 3 𝑛 ≥ 1,

(27)

where𝑀
0
is the length of the initial filter 𝑤

0
.

Figure 4 shows an example of several iterations of the
filter for 𝑎 = 0.4. We can observe that there is a quick
convergence to a stable shape. And, in this case, the shape of
the plot of the limit filter is Gaussian.

We have tested different values 𝑎, from 𝑎 = 0.1 to 𝑎 = 1.2.
The shape of the filter, the equivalent weighting function,
depends on the choice of parameter 𝑎. There are several
different shapes for different values of 𝑎: Gaussian-like and
fractal-like. Figure 5 shows some examples of Gaussian and
fractal shapes.

The first two filters are Gaussian-like, and the last two are
fractal-like. It is possible to confirm these early conclusions.
We have successfully applied normality tests to verify the
normality of the filters obtained with the lowest 𝑎 values.
On the other hand, in fractal geometry, the box-counting
dimension is a way of determining the fractal dimension of
a set. To calculate the box-counting dimension for a set 𝑆,
we draw an evenly-spaced grid over the set and count how
many boxes are required to cover the set. The box-counting
dimension is calculated by applying (7).

We can see the results of fractal dimension (FD) of filters
1D whose values are shown in Table 2 and Figure 9(a). From
these results and this figurewe can observe a fractal behaviour
when 𝑎 < 0 and when 𝑎 > 0.6.

The generation of bidimensional filters 𝑤(𝑚, 𝑛), also
called generating kernels or mask filters, is based on the
condition

Separability: 𝑤 (𝑚, 𝑛) = 𝑤 (𝑚)𝑤 (𝑛) . (28)

So, a filter𝑤(𝑚, 𝑛) is called separable if it can be broken down
into the convolution of two filters.This property is interesting
because if we can separate a filter into two smaller filters, then
usually it is computationally more efficient and quicker to
apply both of them instead the original one. We work with
2D filters that can be separated into horizontal and vertical
filters. 2D filters have been obtained by sequentially applying
the same one-dimensional filter on rows and columns.

When we calculate the bidimensional filters, we obtain
filters like Figure 6. These are obtained when 𝑎 = 0.4 and
𝑎 = 0.8.

Table 2: Fractal dimension of filters.

𝑎 Fractal dimension
−0.2 1.578

−0.1 1.240

0.0 1.011

0.1 1.020

0.2 1.009

0.3 1.009

0.4 1.004

0.5 1.009

0.6 1.022

0.7 1.142

0.8 1.141

0.9 1.209

1.0 1.248

1.1 1.276

1.2 1.289

4.2. Normality Interval. There is a relevant result when
we study the normality of filters: the Gaussian function is
separable if variables are independent. Burt and Adelson
show that if we choose 𝑛 = 5 and 𝑎 = 0.4, then the equivalent
weight function is Gaussian [18]. Indeed, there is an interval
for the parameter 𝑎 where we can see the Gaussian behavior.

Once we have a chosen value for 𝑎 and a pyramidal depth
value 𝑘, we need to select the best normal distribution𝑁(𝜇, �̂�)
that fits our weights. We estimate 𝜇 by the arithmetic mean
and �̂� by the minim of all 𝐷

𝑛
in an empirical confidence

interval calculated as
CI (�̂�)

= (max (min (�̂�
1
, �̂�
2
) − 1, 0) ,max (min (�̂�

1
, �̂�
2
) + 1, 0))

(29)

with �̂�
1
and �̂�

2
two initial estimations of �̂�.

Because the symmetry property of the filter 𝑤, we have
that the arithmetic mean is the central point, so

𝜇 =
𝑀
𝑗
+ 1

2
= 2
𝑗+1

− 1 (30)

because the 𝑗th level is𝑀
𝑗
= 2𝑗+2 − 3, which is the solution

of the linear recurrence relation (27).
Conditions to calculate �̂�

1
and �̂�

2
are the adjust to the

histogram of the filter 𝑤 and the normal distribution related
to two known percentiles; specifically,

Pr (𝑁 (𝜇, 𝜎) ≤ 𝜇 − 𝑧
1
𝜎) =

1 − 𝑝
1

2
,

Pr (𝑁 (𝜇, 𝜎) ≤ 𝜇 − 𝑧
2
𝜎) =

1 − 𝑝
2

2

(31)

so we have the system of equations

�̂�
1
= 𝜇 − 𝑧

1
𝑐
𝑝
1

,

�̂�
2
=
𝜇 − 𝑐
𝑝
2

𝑧
2

,

(32)
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Figure 4: First, second, and fourth iteration of the filter 1D (𝑎 = 0.4).

where 𝑐
𝑝
1

and 𝑐
𝑝
2

are the corresponding abscissas to per-
centiles 𝑝

1
and 𝑝

2
.

Specifically, the numerical simulation with 𝑛 = 5, 𝑝
1
=

0.682, and 𝑝
2
= 0.95 (that correspond to the normalized

abscissas 𝑧
1
= 1 and 𝑧

2
= 1.96) generates the normality

intervals, which determinates the estimation for �̂� of the
normal distribution applied. Corresponding values for this
case are shown in Figure 7(a). As we can see, 𝑎 = 0.39 is the
minimal value, and so it has the best adaptation to a normal
distribution, as shown in Figure 7(b).

Figure 7(a) shows the value of the statistic 𝐷
𝑛
as a

function of the parameter 𝑎 and the normal threshold for
a confidence level of 99%. For values of 𝑎 in the interval
[−0.08, 0.57] the assumption of normality is not rejected.
𝐷
𝑛
attains the minimum for 𝑎 = 0.39, corresponding

to estimated Gaussian distribution, with mean 127 and
standard deviation 36.74. Figure 7(b) shows the filter 𝑤

6

and the estimated density, where we can see the adjustment
goodness.

4.3. Image Segmentation and Performance Evaluation. After
these results, we have generated the Gaussian and Lapla-
cian pyramids corresponding to one Gaussian value for 𝑎
and another fractal value for 𝑎, applying the methodology
previously shown, getting the corresponding Gaussian and
Laplacian pyramids, and then we have compared the results
obtained. Figure 8 shows pyramidal sets for 𝑎 = 0.4 and 𝑎 =
1.2, corresponding to a Gaussian and a fractal, respectively.

When we have applied our method to segment images
with different values for the parameter 𝑎, we have obtained
the threshold values shown in Figure 9(b) and results as
shown in the Figure 10. We can compare these results with
Otsu’s method threshold value 0.259.
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Figure 5: Sixth iteration of 1D Laplacian pyramid filters, 𝑤
6
[𝑘], for different 𝑎 values.

The application of our methods with different values 𝑎
produces the results shown in Figure 10(b), together with
Otsu’s value. Aswe can see, ourmethod obtains similar results
for fractal threshold values.

4.4. Pore Size Distribution. We have presented threshold
values obtained from Laplacian pyramid and the comparison
with Otsu’s values. On the other hand, if we compare the
pore size frequency distribution obtained by Otsu’s method

and the threshold obtained based on Laplacian filter structure
some difference is observed, as we can see in Figure 11. In the
smallest size range, between 5 to 20 pixels, the formermethod
presents higher porosity and the decrease in frequency is
much smoother than with the latest method. Even the
difference in porosity is not significant, Otsu’s method gives
27.5% and this method estimates 31.1% the difference in sizes
could affect several percolation models. These results are
showed in Figure 11. Finally, the porosity obtained is this
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(a) (b)

Figure 6: Bidimensional filters corresponding to 𝑎 = 0.4 (a) and 𝑎 = 0.8 (b).
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Figure 7: Gaussian filter adjustment.

study approaches Otsu’s result when 𝑎 value increases from
the range 0 till 1.2.

5. Conclusions

Thefield of fractals has been developed as an interdisciplinary
area between branches ofmathematics and physics and found
applications in different sciences and engineering fields. In
geo-information interpretation the applications developed
from simple verifications of the fractal behavior of natural
land structures, simulations of artificial landscapes, and
classification based on the evaluation of the fractal dimension
to advanced remotely sensed image analysis, scene under-
standing, and accurate geometric and radiometric modeling
of land and land cover structures.

Referring to the computational effort, fractal analysis
generally asks high complexity algorithms. Both wavelets and
hierarchic representation allow now the implementation of
fast algorithms or parallel ones. As a consequence a devel-
opment of new experiments and operational applications is
expected.

We have seen that the different choice of the parameter
𝑎 gives two kinds of filters, the Gaussian-like and the fractal-
like.This is demonstrated applying normality tests (Gaussian)
and fractal dimension techniques (fractal), analytical and
graphical in both cases.

The different shape of filters, Gaussian/fractal, has per-
ceptible effects when we generate new levels of the Gaussian
and Laplacian pyramids, getting blurred or accentuated new
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(a) (b)

Figure 8: Gaussian and Laplacian pyramids of the soil image ((a) 𝑎 = 0.4, (b) 𝑎 = 1.2).
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Figure 9: Fractal dimensions and threshold values.

images, at every new level. Filters generated with lowest 𝑎
values produce blurred edges and images. On the other hand,
filters obtained from highest 𝑎 values generate new images
with higher contrasts and sharp edges.

Also, there is a different behaviour of the energy of the
different levels of the Laplacian pyramid if we choose different
𝑎 values, that is, if we choose a Gaussian or fractal filter. The
Gaussian-like filters always make a lower energy image. This
fall is slowbut there is always a fall. On the other hand, fractal-
like filters also fall, but this happens after several iterations,

and then, the fall is bigger than the fall of the Gaussian-like
filters.

These filters can be applied to image segmentation of soil
images, with a simple computation and good results, quite
similar or even better to some famous techniques such as
Otsu’s method.

Moreover, results concerning porosity are similar but
there are differences in pore size distribution that could
improve percolation simulations.The implementation of this
method in three dimensions is straightforward.
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(a) Original (b) Otsu (c) 𝑎 = 0.2

(d) 𝑎 = 0.4 (e) 𝑎 = 0.8 (f) 𝑎 = 1.2

Figure 10: Soil image and several segmentations.
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Figure 11: Pore size distribution.

Future work could add other image segmentation tech-
niques and neural networks methods to select the optimal
threshold values from information and characteristics of the
image.
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1 Escuela Técnica Superior de Ingenieros Agrónomos, Universidad Politécnica de Madrid, Ciudad Universitaria sn,
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New European directives have proposed the direct application of compost and digestate produced from municipal solid wastes
as organic matter sources in agricultural soils. Therefore information about phosphorus leaching from these residues when they
are applied to the soil is increasingly important. Leaching experiments were conducted to determine the P mobility in compost
and digestate mixtures, supplying equivalent amounts to 100 kg P ha−1 to three different types of soils. The tests were performed in
accordance with CEN/TS 14405:2004 analyzing the maximum dissolved reactive P and the kinetic rate in the leachate. P biowaste
fractionation indicated that digestate has a higher level of available P than compost has. In contrast, P losses in leaching experiments
with soil-compostmixtures were higher than in soil-digestatemixtures. For bothwastes, there was no correlation between dissolved
reactive P lost and the water soluble P.The interaction between soil and biowaste, the long experimentation time, and the volume of
leachate obtained caused the waste’s wettability to become an influential parameter in P leaching behavior. The overall conclusion
is that kinetic data analysis provides valuable information concerning the sorption mechanism that can be used for predicting the
large-scale behavior of soil systems.

1. Introduction

In the EU, between 118 and 138 million tons of biowaste are
produced each year, approximately 88 million tons of which
are municipal waste. This latter value is projected to increase
by 10% by 2020. European standards encourage the recovery
of the organic fraction of municipal solid waste (MSW)
by composting, anaerobic digestion, or incineration [1],
reducing the amount of waste sent to landfills in accordance
with the Landfill Waste Directive [2]. In 2006, the EU was
host to 124 plants performing anaerobic digestion of biowaste,
with an overall treatment capacity of 3.9 million tons y−1 and
a total annual compost production of 4.8 million tons.

The use of compost and digestate as soil fertilizer provides
agronomic advantages, such as the improvement of several
soil properties: structure, water infiltration, water-holding

capacity, microorganism content (both amount and diver-
sity), and nutrient content [3]. In particular, better phospho-
rus recycling may reduce the need for mineral fertilizers.

Themost recent communication from theCommission to
the Council and the European Parliament on future biowaste
management steps in the European Union [1] proposed the
recovery of both the digestate and compost from MSW
anaerobic digestion as sources of stable degraded organic
matter (approximately 45% of EU soils are characterized by
low levels of humus [4], especially in southern Europe).

This new communication [1] promotes the digestate and
the compost from MSW to be directly applied to the soil as
valuable sources of organic matter and nutrients. Therefore,
it is necessary to study the behavior and interaction of
these biowastes with soils to evaluate their optimal use and
potential environmental problems.
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In many catchments around the world, agriculture is now
themajor contributor of P to surface waters [5].The transport
of P from agricultural soils to surface waters has been linked
to eutrophication in fresh water and estuaries [6–8].

According to a recent document from the EU, “Sus-
tainable phosphorus use” [9], 90% of the total phosphorus
entering the food system (mineral fertilizer and organic
manure) is lost before reaching the product, mostly via
dissipation into the water system. Global losses from the soil
to freshwater are estimated at 18.7 to 31.4million tons per year
[10]; in the EU-27, losses to leaching and runoff are estimated
at 0.16 million tons per year [11].

Reuse of organic waste has been based on crop nitrogen
(N) requirements and usually supplies P in excess of crop
needs [12, 13]. Long-term phosphorus application to soils as
fertilizer or manure can increase the potential for P loss to
ground and surface waters.

These “excessive” soil P concentrations can be measured
by environmental soil P-tests, such as water-soluble P (WSP)
and FeO-P, which have been linked to P loss from agricultural
land, or by agronomic soil tests, such as Mehlich-1 and
Mehlich-3, which estimate the P available for crop growth
[14–16]. The P source WSP test is a reliable mean for
predicting the dissolved reactive P (DRP) concentrations
in runoff from surface-applied manures and biosolids [17].
This phosphorus fraction should consist largely of the inor-
ganic orthophosphate (PO

4

3−). The concentration of this
fraction constitutes an index of the amount of phosphorus
immediately available for algal growth. The WSP/TP ratio
(the fraction of the total P that is water soluble) allows
a more direct comparison of the environmentally relevant
P in biosolids and manures with differing chemical and
physical properties [18]. For leaching experiments, Sharpley
and Moyer [19] found that the amount of P leached from
six livestockmanures andmanure composts was significantly
correlated with the water-extractable P in the materials (in
the absence of soil). Other authors have suggested that the
WSP of the P sourcematerials is a good preliminary predictor
for approximating the P leaching loss [20]; however, this may
not account for continuous P release from added organic
materials during continuous water infiltration.

Leaching and surface runoff experiments allow to eval-
uate the potential losses of soil P produced by the appli-
cation of P sources to soils. Although P loss in runoff is
considered to be themajor contamination route, leaching also
causes significant losses. Some authors have suggested that P
leaching to groundwater is unimportant because the leaching
is negligible [21]; however other authors report that the
downward movement of P from organic wastes is potentially
significant in areas with shallow groundwater and coarse soil
with low P-absorption capacity [22, 23].

Laboratory leaching tests are common tools for assessing
the long-term impact of contaminated materials on the
soil-groundwater pathway by determining the source term
as an expression of the release potential of water-soluble
contaminants during the use or disposal of waste materials.
These tests provide a flow-through pattern similar to that
found in field conditions and permit the basic charac-
terization of waste materials [24]. The release of soluble

components upon contact with water is regarded as a main
mechanism of release, and this result in a potential risk
to the environment during the reuse or disposal of such
materials.

Although the soil characteristics are not generally consid-
ered to be important in surface runoff tests [25], soil type is
relevant in leaching tests due to its effects on the behavior
of P, especially in applications by incorporation. The soil
adsorption index of P (PSI) was analyzed for its relationship
to the P source losses.

The evaluation of the P speciation in biowaste is very
important when determining the suitability of biowastes for
land application or the optimum application rate.

The physical properties of biowastes are also impor-
tant. The wettability of biowastes is an important prop-
erty in the leaching process in soil. Several authors have
observed the influence of soil wettability in aggregate sta-
bility and the decomposition of soil organic matter [26,
27]. Although strong water repellency has been shown
to have negative effects on hydrological process (e.g., soil
erosion), a slight increase in water repellency may reduce
the breakdownof aggregates and consequently reduce surface
sealing, overland flow, and erosion. Hydrophobicity, as a
measure of water repellency, caused by organic substances,
favors the formation and protection of stable aggregates
[28] which, in turn, stabilize the encapsulated organic sub-
stances against microbial degradation and mineralization
[29, 30].

Wettability may have an important effect on the stabiliza-
tion of SOM due to a reduction of liquid adsorption rates,
accessibility for microorganisms, and restricted accessibility
of water and nutrients. Hydrophobic SOM is more stable
against microbial decomposition.

In soluble species in the waste that could be lost by
leaching, water must pass through the soil profile, wet
the waste, and dissolve these species. Soil water repel-
lency has been extensively studied and is mainly caused
by organic compounds of various origins and structures
[31]. The wettability of soil particles increases with the
charge density and fraction of polar groups on the sur-
face [32, 33]. Sorption of organic matter with nonpolar
functional groups promotes nonwettable surfaces [34], and
long-chain amphiphilic organic compounds produced by
a range of biota can induce hydrophobicity in soil [35].
When wetted, these compounds are usually hydrophilic,
but drying can cause bonding of hydrophilic (polar) ends
of amphiphilic molecules to each other or to particle sur-
faces, resulting in the exposure of hydrophobic (nonpolar)
functional groups to the pore space [36]. This effect can
be observed on biowastes after the application of various
treatments.

The goals of this work were (a) to quantify the phos-
phorus leaching losses from organic waste generated in
MSW treatment plants and (b) to evaluate the differ-
ences in the behaviors of digestate and compost on the
potential mobility and P availability in three soil types.
To that end, a first-order kinetic model was used to
estimate digestate and compost wettability and leaching
behavior.
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2. Materials and Methods

2.1. P Source Samples. The biowastes applied as P sources
were a compost and a digestate from an anaerobic MSW
digestion plant, located in southern Madrid. Ten samples
(5 kg each) were collected for the residues on different days
and combined to produce a single homogenous sample
representing each residue.

The digestate was obtained after the anaerobic digestion
(21 d, 39∘C, and constant agitation) of the organic fraction
of MSW followed by dehydration with the addition of
flocculants and centrifugation.

Compost was obtained by the composting in tunnels
(14 d, 55∘C, periodic watering and forced aeration) of a
mixture of digestate ofMSW and defibered plant matter, with
a subsequent static stabilization period and sieving.

The digestate had a pasty texture, forming large clumps,
whereas the compost was a powder with a much smaller
particle size (<5mm).

2.2. Chemical Analyses. The study was conducted with the
surface horizon (0–20 cm) of three soils, from Madrid (40∘
32 N, 3∘ 17 W), Guadalajara (40∘ 28 N, 4∘ 0 W), and
Ciudad Real (39∘ 0 N, 3∘ 56 W) (Spain). All soil samples
were collected in plots from agricultural research stations.
These locations were chosen because their histories of P
application arewell known.The soils selected hadnot suffered
applications of phosphorus in the last five years.

Soil organic matter (SOM) was determined by dry com-
bustion at 540∘C for 4 h. Soil pH was determined in a
1 : 5 (v/v) water extract. Soil Olsen-P was extracted with
0.5M NaHCO

3
, pH 8.5, for 30min and analyzed using

the Murphy and Riley [37] spectrophotometric method.
Calcium (Ca) and iron (Fe) concentration in soil were
determined by inductively coupled plasma atomic optical
emission spectroscopy (ICP-OES) following USEPA Method
3050A [38] acid digestion (with additions of nitric acid and
hydrogen peroxide). The adsorption index of P (PSI) of soils
was determined using the method of Bache and Williams
[39] as the amount of P adsorbed (𝑋 in mg kg−1) after a
single addition of a KH

2
PO
4
solution containing 75mgP L−1

divided by the logarithm of the P concentration in the
equilibrium solution (Ce, mg L−1). OM content, pH, Olsen-
P, and calcium (Ca) and iron (Fe) concentrations in compost
and digestate were determined with the method described
for soils. Total P (TP) levels of compost and digestate were
determined from the same extracts used for Ca and Fe
sampling. The total solids (TS) contents of compost and
digestate were determined by preweighing the subsamples
and drying in an oven at 105∘C for 24 h. Kjeldahl nitrogen
of both materials was determined by acid digestion and
distillation over a solution of sodiumhydroxide, followed by a
back titration. Electrical conductivity (EC)was determined in
the same 1 : 5 (v/v) water extract used for pH determination.
Soluble organicmatter of compost and digestate was analyzed
by permanganate oxidation and distillation.

The P chemistry of the materials was extensively charac-
terized. The analysis included the inorganic (IP) and organic

P (OP) [40] and the water-soluble P (WSP). IP was
extracted with 1mol L−1 HCl, shaken for 16 h, and cen-
trifuged (2500 rpm). The supernatant was filtered (0.45 𝜇m
filters), and the extract was collected for IP determination.
The previous residue was reused to determine OP, after
calcination (450∘C, 3 h), extraction with 3.5mol L−1 HCl,
shaking for 16 h, and centrifugation. The supernatant was
filtered (0.45 𝜇m filters), and the extract was collected for
OP determination. WSP was extracted at a 1 : 250 solid-water
ratio after 16 h of shaking (end-to-end shaking) followed by
filtration (0.45 𝜇m filters).

A modification of the fractionation method of Hedley et
al. [41] and Sui et al. [42] described by Huang et al. [43] was
employed to extract empirically defined pools of P. The P
fractions were designated as WSP, membrane-P, NaHCO

3
–

P, NaOH–P, and HCl-P. Samples were sequentially extracted
with deionized water (WSP), deionized water with an
anion-exchangeable membrane (membrane-P), 0.5mol L−1
NaHCO

3
(pH 8.5) (NaHCO

3
-P), 1mol L−1 NaOH (NaOH-

P), and 1mol L−1 HCl (HCl-P). Total P in filtrates of water,
NaHCO

3
, and NaOH extracts were determined by digesting

aliquots of filtrates in an autoclave at 103.5 kPa with acidified
(NH
4
)
2
S
2
O
8
[44]. P in all the extracts was analyzed by

inductively coupled plasma atomic emission spectroscopy
(ICP-OES) followingUSEPAMethod 3050Adigestion. Labile
P includes the sum of IP and OP from water, resin, and
NaHCO

3
fractions, whereas refractory or unavailable P

includes the remaining fractions. The procedure was per-
formed in triplicate on each biowaste sample.

A Sigma force tensiometer and the Washburn technique
for the wetting of porous solids were used to estimate
the biowaste wettability, with the mass of adsorbed liquid
(water, g) measured by weight difference every second for 20
minutes. Finally, biowaste particle size was determined by a
granulometric analysis.

2.3. Column Leaching Experiment. The leaching tests were
performed according to the European standard CEN
14405 : 2004 “Characterization of waste—Leaching behavior
test—Up-flow percolation test” [45].

Thirty glass columns (6 cm in diameter × 21 cm in height)
were prepared by adding a layer of 21 cm of each of the three
types of topsoils (0–15 cm) from Spanish research centers: soil
A (Calcic Haploxerept), soil B (Petrocalcic Palexeralf), and
soil C (Typic Haploxeralf) (Soil Survey Staff, 2010). Columns
were prepared in triplicate for each experiment. The soils
were air-dried, crushed, sieved (<2mm), and homogenized.

Each soil (600 g) was amended with different P sources
at an application rate of 100 kg P ha−1 (25.5 g of compost and
11.6 g of digestate, resp.), which is considered too high for
agricultural needs.Due to thewidespread practice of fertilizer
application based onN content, in general, these high rates of
P are very common in the field. Appropriate controls of soils
without waste application were included, and all treatments
were performed in triplicate. The columns were carefully
packed to avoid the formation of preferential water paths.
Fiberglass was placed in the bottom and top of each column
to prevent soil loss.
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The columns were saturated with distilled water from the
bottom upwards, and the saturation was balanced at room
temperature for 72 h. The distilled water was then allowed
to flow out of the bottoms of the columns. The leaching was
transported continuously for 20 d with a constant flow of
22mLh−1 induced by a peristaltic pump from the bottom
of each column. The leachate was collected from the top
of the columns. Sixteen stages of leachate per column were
collected, with liquid-solid (L/S) ranges of 0.1 to 10 L kg−1.

Leaching fractions were analyzed for dissolved reactive
phosphorus (DRP), determined from the filtered samples
(0.45𝜇m) without digestion. The P content was determined
by ICP-OES.

2.4. Kinetic Model. A variety of kinetic equations includ-
ing zero-, first-, and second-order, fractionation-power, and
parabolic-diffusion and Elovich equations have commonly
been employed over the years to describe the kinetics of soil
chemical phenomena [46–48].

In the case of the phosphorus leaching experiment data,
P leaching (P) was adjusted to a first-order kinetic model:

P = Pmax ⋅ (1 − 𝑒
kl𝑡
) . (1)

Here, Pmax (mgkg−1) is the maximum phosphorus leaching
expected, kl (h−1) is the rate of phosphorus leaching, and 𝑡
(h) is the time.

The behavior of biowaste wettability (W) as a function of
time is expressed as follows:

W = Mw ⋅ (1 − 𝑒−br⋅𝑡) . (2)

Here, Mw (g) is the maximum wettability expected, br (s−1)
is the adsorption rate, and 𝑡 is the time (s).

2.5. Statistical Analysis. Analysis of variance (ANOVA) using
the 𝐹-test at a significance level of 0.05 was performed
to establish the possible significant differences between the
mean values of leached phosphorus among the different
treatments and soil types.

3. Results

Table 1 provides details of some characteristics of the soils
used in this study. The main differences between the soils
are the higher clay content of soil A (28%) relative to the
other soils, which are sandy (≈70%). Soils A and B are slightly
basic (pH 7.5–7.9), whereas soil C is acidic (pH 5.9). All
three soils have low levels of organic matter. The Fe and Ca
concentrations are higher for soil B (5.0%Ca, 1.4% Fe). Values
of PSI indicate the retention capacity of P for each soil. Soil
B has the highest P adsorption capacity (112mg kg−1), and
soils A and C have similar P adsorption capacities (30 and
27mg kg−1, resp.).

A summary of the chemical properties of the digestate
and compost used in the study is provided in Table 2.

Total solid content is higher in compost (81.9%) than
in digestate (28.2%). The digestate has a lower OM content

(45.3%) than the compost (62.0%).With respect to acidity, the
compost is neutral (pH = 7.5), whereas the digestate is slightly
basic (pH = 8.5). The TP concentration of the digestate
(7.49 g kg−1) is about twice that of the compost (3.09 g kg−1).
The TP concentration, obtained after the calcination and
acid extraction of biowaste, is a useful overall indicator of
pollution but provides no information about the solubility of
P species, which depends on their chemical forms.

Table 2 shows that IP was higher than OP in both
digestate (94%) and compost (91%). The Olsen-P and WSP
are much higher for the digestate (55% and 49% of the
TP) than for compost (20% and 22% of the TP). Significant
differences were observed in the calcium content, which was
5 times lower for digestate than for compost (0.8% and 4.5%
for digestate and compost, resp.). The hydrosoluble organic
matter content was also lower for digestate than for compost.
The analyzed biowastes exhibited low concentrations of heavy
metals and trace elements (data not shown).

Percentages of WSP, membrane-P, NaHCO
3
-P, NaOH-P,

and HCl-P with respect to total P for digestate and compost
are given in Figure 1. The main P fraction for both biowastes
was HCl-P, at 49.6% in digestate and 58.0% in compost,
followed by NaHCO

3
-P (16.4%) in digestate and NaOH-P in

compost (19.5%). WSP and membrane-P were the smallest
fractions for both biowastes.

The sum of the percentages of TP composed of WSP and
membrane-P, designated as “loosely bound-P”, is higher for
digestate than for compost (18.5% and 6.7% of TP, resp.). The
sum of the percentages of loosely bound-P and NaHCO

3
-P,

designated as “labile P”, is also higher for digestate than for
compost (34.8% and 22.4% of total P, resp.).The large amount
of this fraction in digestate indicates high vulnerability for
both P leaching and availability to plants.

Digestate has amuch higher content of P that is easily lost.
In contrast, the compost has high P content in the NaOH-P
and HCl-P fractions, indicating that the extracted P is more
recalcitrant and therefore more difficult to dispose of.

To characterize the wetting of each residue, Figure 2
shows the amount of water absorbed (g) versus time for
the two biowastes studied, digestate and compost. The
two residues exhibited totally different behaviors. Digestate
initially absorbed water rapidly (up to 100 s); later, the
amount of water absorbed was fairly constant, indicating a
lower wettability. The compost absorbed a large amount of
water relative to its weight, with water absorption increasing
steadily throughout the trial (1200 s). Wettability results for
digestate and compost were well described by a first-order
kinetic model (Figure 2). The water adsorption rate (br) for
digestate (17.9 ⋅ 10−3 s−1) was higher than for compost (1.02
10−3 s−1) but themaximumwettability (Mw)wasmuchhigher
for compost (1.97 ± 0.09 g of adsorbed water per g of waste)
than for digestate (0.82 ± 0.05 g of adsorbed water per g of
waste).

Figures 3 and 4 represent the DRP (mgP kg−1 of soil) lost
by leaching as a function of time (h) for digestate and compost
in each soil. The total DRP concentration (mg P kg−1 of soil)
accumulated in 10 L of leachate varies for each type of soil,
from 43 ± 1.8mg P kg−1 to 49 ± 1.5mg P kg−1 for the mixtures
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Table 1: Chemical characteristics of the soils used in this study.

Parameters Soil A Soil B Soil C
USDA classification Calcic Haploxerepts Petrocalcic Palexeralfs Typic Haploxeralfs
Texture Clay loam Sandy clay loam Sandy loam
Sand, % 55.0 70.4 71.0
Silt, % 17.0 8.0 11.0
Clay, % 28.0 21.6 18.0
pH, w extract 1 : 5 7.5 7.9 5.9
OM, % 1.41 2.22 1.03
Ca, % 0.7 5.0 0.06
Fe, % 1.1 1.4 0.6
Olsen-P, mg kg−1 18.8 17.9 10.1
PSI, mg kg−1 29.9 112.2 26.5

Table 2: Biowaste chemical characterization: compost anddigestate.

Parameters∗ Digestate Compost
Particle size, mm 10–25 <5
Total solids, % 28.2 81.9
OM, % 45.3 62.0
Hydrosoluble OM, % 1.1 1.9
EC, dSm−1 6.8 4.7
PH 8.5 7.5
Kjeldahl-N, % 3.2 2.8
TP, g kg−1 7.49 3.09
WSP 1 : 250, g kg−1 3.64 0.69
IP, g kg−1 7.04 2.80
OP, g kg−1 0.39 0.25
Olsen-P, g kg−1 4.11 0.61
Ca, % 0.8 4.5
Fe, % 1.4 0.5
∗Dry weight basis.

of soil and digestate and from 42 ± 2.1mg P kg−1 to 62 ±
2.3mg P kg−1 for the mixtures of soil and compost. Losses of
P vary from 33% to 37% and from 32% to 48% for digestate
and compost, respectively.

Losses of DPR in columns amended with compost were
more variable and lower for soil B than for soils A and C
(Figure 3), which is consistentwith the PSI values for each soil
type. Soil B has the largest capacity to absorb P (112mg kg−1)
and thus a lower capacity for retention of P, while soils A and
C have lower PSI (30mg kg−1 and 27mg kg−1, resp.). Results
in columns amended with digestate were similar for the three
soils (Figure 4). Columns of soil with compost, with a lower
WSP content (22 % of the TP), lost large amounts of the P
applied (from 32% to 47%). In contrast, the DRP losses from
the columns treatedwith the digestate, which have a very high
WSP content (49% of the TP), were lower than expected and
varied less with the soil type (from 33% to 37%).

The dynamics of phosphorus leaching in the column
experiments fitted a first-order kinetic model. Values of kl
and Pmax are shown in Table 3. According to these results,
leaching rates (kl) were higher for the soils with digestate (2.3
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10−3 to 6.7 10−3 h−1) than for soils with compost (1.7 10−3 to
1.8 10−3 h−1).

In all cases, the calculated values for maximum phos-
phorus leached (Pmax) were higher for soils with compost
(72 to 108mg kg−1). In soils amended with compost, Pmax
values were significantly higher in soils A and C than in soil B
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(Table 3). This is consistent with the PSI values (Table 1) that
showed lower absorption capacities in soils A and C.

Values of Pmax for digestate-amended soils ranged from
48 to 62mg kg−1 and again were higher for soils A and C—
those two having similar PSI—although the differences from
soil B were not statistically significant (𝛼 = 0.05).

4. Discussion

Leaching of P from soils amended with MSW compost
and digestate is a very complex process, involving many
factors such as soil properties, waste characteristics, and
water transport.

Table 3: First-order kinetic constant (kl) and P maximum leached
estimated (Pmax) for each biowaste and amended soil type.

BIOWASTE Soil kl 10−3 (h−1) ∗Pmax (mg kg−1)

Compost
A 1.7 108.0Aa

B 1.8 72.3Ab

C 1.7 99.5Aa

Digestate
A 4.4 54.6Ba

B 6.2 47.8Ba

C 2.3 61.9Ba
∗Same capital letters within a soil type indicate that there were no significant
differences between the biowaste type at 𝛼 = 0.05. Same lowercase letters
within the same biowaste type indicate that there were no significant
differences between soil types.

The application of these wastes produces interactions
between P and soil components, depending on the phys-
ical and chemical properties of soils and wastes. Water-
extractable P (WSP) and Olsen-P determinations are poten-
tially useful to identify sources of P loss, but, in this experi-
ment, none of these factors were correlated with P leaching
from the digestate-soil and compost-soil mixtures.

The scientific community has agreed that characterization
of P in biowastes is vital to finding indicators that provide
significant information about the expected behavior of P
when biowastes are applied to soils.

Our results indicate that considering only the biowaste
WSP as an indicator of P leaching loss is not a good
practice because there was no correlation between the WSP
of each residue and the DRP content in the leachate (𝑟2 =
0.304). In almost all the experiments, the losses of P are
higher in the compost-soil mixture than in the digestate-soil
mixture, which is the opposite of the results expected from P
fractionation analysis.

The behavior of the biowastes in wettability experiments
can help to explain the results obtained in leaching columns.
The digestate presents a lower wettability and consequently a
lower interaction between the P in the digestate and the flow
leachate. The compost, with a higher wettability, produces
higher losses of P by leaching, although itsWSP is lower.This
demonstrates that the interaction between compost andwater
in the leaching columns is higher.

It is also important to note that compost has a larger
overall surface area in contact with the water than the
digestate, because the compost particle size is much smaller.

Kinetic data analysis aids our understanding of the sorp-
tion mechanism and prediction of the large-scale behavior
of soil systems (Table 3). The rate of phosphorus leaching is
similar for the three soils studied when compost is used as the
amendment. In the case of digestate application, the constant
rates are always higher than for compost, and they are more
dependent on soil type. Lower losses were found for soil B
(with the highest PSI) than for soil A and C (with similar,
lower PSI).

5. Conclusions

As recent works have demonstrated, leaching losses of P by
application of organic wastes cannot be neglected.Measuring
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biowaste for P indices (WPS, TP, or Olsen-P) that determine
soluble or labile P are not useful for assessing P loss by
leaching, though this is a practice currently applied in
runoff experiments. Instead, it is necessary to evaluate other
characteristics of the biowastes. In this experiment, waste
wettability has been useful for explaining P losses.

The soil PSI is important for assessing potential P losses by
leaching; however, the influence of soils is different for the two
types of biowaste.Themaximum phosphorus leached in soils
amended with compost is significantly dependent on soils
and consistent with the PSI values. In contrast, soils amended
with digestate present lower total P losses, and the effect of
soil is not significant. This phenomenon may be due to the
lower soil-waste interaction as a consequence of digestate
wettability.

Finally, our overall conclusion is that the P leaching rate
depends mainly on the biowaste type and is less dependent
on the soil type. However, themaximum amount of P leached
depends on both the type of waste and the soil characteristics.

Abbreviations

MSW: Municipal solid waste
WSP: Water-soluble phosphorus
DRP: Dissolved reactive phosphorus
TP: Total phosphorus
FeO-P: Phosphorus extracted by iron oxide
PSI: Soil adsorption index of phosphorus
TS: Total solid
OM: Organic matter
W: Wettability
Mw: Maximum wettability
Br: Biowaste rate
Pmax: Maximum phosphorus leaching
kl: Rate of phosphorus leaching.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] COM 235 final, European Commission, Communication from
the commission to the council and the European Parliament
on future step in biowaste management in the European Union,
Brussels, Belgium, 2010.

[2] Directive 1999/31/EC of 26 April 1999 on the landfill of waste.
[3] F. Amlinger, S. Nortcliff, K. Weinfurtner, and P. Dreher, “Apply-

ing compost—benefits and needs,” in A seminar 22-23 Novem-
ber 2001 (BMLFUW ’2003), EuropeanCommission, Vienna and
Brussels, Brussels, Belgium, November 2003.

[4] A. Jones, P. Panago, S. Barcelo et al., 2012, The state of soil in
Europe—A contribution of the JRC to the European agency’s
Environment State and Outlook Report, SOEL 2010.

[5] OECD, Environmental Indicators For Agriculture, Organization
for Economic Cooperation and Development, Paris, France,
2001.

[6] D. F. Boesch, R. B. Brinsfield, and R. E. Magnien, “Chesa-
peake bay eutrophication: scientific understanding, ecosystem
restoration, and challenges for agriculture,” Journal of Environ-
mental Quality, vol. 30, no. 2, pp. 303–320, 2001.

[7] B. J. Bush and N. R. Austin, “Landscape and watershed pro-
cesses: timing of phosphorus fertilizer application within an
irrigation cycle for perennial pasture,” Journal of Environmental
Quality, vol. 30, no. 3, pp. 939–946, 2001.

[8] T. C. Daniel, A. N. Sharpley, and J. L. Lemunyon, “Agricultural
phosphorus and eutrophication: a symposium overview,” Jour-
nal of Environmental Quality, vol. 27, no. 2, pp. 251–257, 1998.

[9] Science of Enviromental Policity, Sustainable Phosphorus Use,
European Commission, 2013.

[10] Y. Liu, G. Villalba, R. U. Ayres, and H. Schroder, “Global phos-
phorus flows and environmental impacts from a consumption
perspective,” Journal of Industrial Ecology, vol. 12, no. 2, pp. 229–
247, 2008.

[11] K. C. Van Dijk, J. P. Lesschen, P. A. I. Ehlert, and O. Oenema,
“Present and future P use in the EU-27: food system scenario
analyses,” in Sustainable Phosphorus Use, Science for Environ-
ment Policy, 2013.

[12] A. N. Sharpley, S. Herron, and T. Daniel, “Overcoming the chal-
lenges of phosphorus-based management in poultry farming,”
Journal of Soil and Water Conservation, vol. 62, no. 6, pp. 375–
389, 2007.

[13] X.-L. Huang and M. Shenker, “Water-soluble and solid-state
speciation of phosphorus in stabilized sewage sludge,” Journal
of Environmental Quality, vol. 33, no. 5, pp. 1895–1903, 2004.

[14] A. N. Sharpley, J. S. Robinson, and S. J. Smith, “Bioavailable
phosphorus dynamics in agricultural soils and effects on water
quality,” Geoderma, vol. 67, no. 1-2, pp. 1–15, 1995.

[15] J. T. Sims and S. E. Heckendorn, Methods of Analysis of the
University of Delaware Soil Testing Laboratory, University of
Delaware, Newark, Del, USA, 1991.

[16] D. H. Pote, T. C. Daniel, A. N. Sharpley, P. A. Moore Jr.,
D. R. Edwards, and D. J. Nichols, “Relating extractable soil
phosphorus to phosphorus losses in runoff,” Soil Science Society
of America Journal, vol. 60, no. 3, pp. 855–859, 1996.

[17] H. A. Elliott, R. C. Brandt, and G. A. O’Connor, “Runoff
phosphorus losses from surface-applied biosolids,” Journal of
Environmental Quality, vol. 34, no. 5, pp. 1632–1639, 2005.

[18] R. C. Brandt, H. A. Elliott, and G. A. O’Connor, “Water-
extractable phosphorus in biosolids: Implications for land-
based recycling,”Water Environment Research, vol. 76, no. 2, pp.
121–129, 2004.

[19] A. Sharpley and B. Moyer, “Phosphorus forms in manure and
compost and their release during simulated rainfall,” Journal of
Environmental Quality, vol. 29, no. 5, pp. 1462–1469, 2000.

[20] J. Kang, A. Amoozegar, D. Hesterberg, and D. L. Osmond,
“Phosphorus leaching in a sandy soil as affected by organic and
inorganic fertilizer sources,” Geoderma, vol. 161, no. 3-4, pp.
194–201, 2011.

[21] A. J. Peterson, P. E. Speth, R. B. Corey, T. W. Wright, and P.
L. Schlecht, “Effect of twelve years of liquid digested sludge
application on the soil phosphorus level,” in Sewage Sludge:
Land Utilization and the Environment, C. E. Clapp, Ed., pp. 237–
247, SSSA, Madison, Wis, USA, 1994.

[22] P. Lu and G. A. O’Connor, “Biosolids effects on phosphorus
retention and release in some sandy Florida soils,” Journal of
Environmental Quality, vol. 30, no. 3, pp. 1059–1063, 2001.



8 The Scientific World Journal

[23] W. G. Harris, R. D. Rhue, G. Kidder, R. B. Brown, and R.
Littell, “Phosphorus retention as related tomorphology of sandy
coastal plain soil materials,” Soil Science Society of America
Journal, vol. 60, no. 5, pp. 1513–1521, 1996.
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Paddy-upland rotation is an unavoidable cropping system for Asia to meet the increasing demand for food. The reduction in
grain yields has increased the research interest on the soil properties of rice-based cropping systems. Paddy-upland rotation
fields are unique from other wetland or upland soils, because they are associated with frequent cycling between wetting and
drying under anaerobic and aerobic conditions; such rotations affect the soil C and N cycles, make the chemical speciation and
biological effectiveness of soil nutrient elements varied with seasons, increase the diversity of soil organisms, and make the soil
physical properties more difficult to analyze. Consequently, maintaining or improving soil quality at a desirable level has become a
complicated issue. Therefore, fully understanding the soil characteristics of paddy-upland rotation is necessary for the sustainable
development of the system. In this paper, we offer helpful insight into the effect of rice-upland combinations on the soil chemical,
physical, and biological properties, which could provide guidance for reasonable cultivation management measures and contribute
to the improvement of soil quality and crop yield.

1. Introduction

Green Revolution technologies have allowed the food sup-
ply of Asia to satisfy the demand of its rapidly growing
population in the past decades; however, the pressure on
soil and other resources has intensified [1]. The cultivated
area is continuously decreasing because of soil pollution,
land abandonment, urbanization, and other reasons [2].
Meanwhile, the population and the demand for food continue
to increase. Under such a situation, increasing cropping
intensity from monoculture to double or triple cropping in
a year is an efficient way to guarantee food security on the
amount of agricultural land now available.

Paddy-upland rotation is the most important cropping
system in southern and eastern Asian countries such as
Bangladesh, China, India, Nepal, and Pakistan [3]. This type
of rotation has many different sequences, where numerous
grain and industrial crops could be rotated with paddy rice.
The rotation between rice and dry season crops has a long

history; rice-wheat rotation, which is one of the largest and
most important agricultural production systems in the world,
started during the Tang Dynasty of China [4]. Rice-wheat
rotation, which accounts for approximately 13.5 million ha
of the Indo-Gangetic Plains of Bangladesh, India, Nepal,
and Pakistan and approximately 10.5 million ha of fields in
China, is essential to meeting the food demand of the rapidly
increasing human population [5, 6]. However, the current
situation is not very optimistic, because the cultivated areas
of rice and wheat have declined in the last decade [7]. What
is worse, previous study of long-term continuous cropping
experiments in Asia has reported the yield stagnation or even
declination of rice-wheat cropping system [8].

Many studies on this issue have been conducted because
the sustainability of rice-based cropping systems is important
to the food security of Asia. Changes in soil properties caused
by cultivation and management and their consequences to
soil productivity have generated significant research concern
for many years. Evidence indicates that the degradation of

Hindawi Publishing Corporation
e Scientific World Journal
Volume 2014, Article ID 856352, 8 pages
http://dx.doi.org/10.1155/2014/856352

http://dx.doi.org/10.1155/2014/856352


2 The Scientific World Journal

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0 5 10 15 20 25 30 35 40 45 50 55 60

Sample number

Bulk density of 

So
il 

bu
lk

 d
en

sit
y 

(g
 cm

−
3
)

0–20 cm soil depth

Figure 1: Variation in soil bulk density of paddy-upland rotations. Data are from [2, 13, 14, 19–24].

soil quality is a key factor for the observed declining yield
[9]. As a result, researchers have studied the influences
of paddy-upland rotation on soil quality and developed
effective cultivation and management strategies to sustain
soil fertility and maximize crop yield per unit input. In
consideration of the unique feature of paddy-upland rotation,
all of the soil remediation methods used in this cropping
system should consider the different effects on paddy and dry
season crops and their interactions with one another. In this
study, we reviewed the soil chemical, physical, and biological
properties of rice-based cropping systems and identified the
aspects that need special attention and consideration to gain
guiding references for future research and to contribute to the
sustainable development of paddy-upland rotation.

2. Soil Physical Properties of
Paddy-Upland Rotation

Rice and upland crops are grown annually in sequence
influence each other; however, the soil conditions required by
rice growth differ from those required by upland crops. Soil is
puddled before rice transplanting and kept flooded to create
anaerobic conditions for rice growth. By contrast, upland
crops are grown in well-drained soil under tillage and aerobic
conditions. Several benefits have been found in rice cultivated
under puddled condition. Puddling created a plow layer that
reduces hydraulic conductivity to support water ponding,
which minimized the water percolation losses and enhanced
the water and nutrient use efficiency of rice [10]. Puddling
triggered a series of changes in soil physical properties.
Puddling deteriorated soil physical properties by breaking
down soil aggregates, forming hardpans at shallow depth that
leaded to induced changes in pore size distribution; the cone
index decreased after puddling and gained strength during
the subsidence stage of the puddle soil, and the bulk density
(BD) of soil increased and hydraulic conductivity decreased
30 and 60 days after puddling [11]. All of the abovementioned
changes are believed to have negative effects on the following
upland crop [2].

Paddy-upland rotation could change the soil physical
properties of long-term-flooded paddy. Studies have indi-
cated that after the application of paddy-upland rotation, the
adverse effects in the long-term-flooded paddy fields have

shown slight improvements, such as increased soil granular
structure and capillary porosity, improved redox potential
of soil, and removed secondary gleization. For instance,
Huang and Ding [12] showed that soil water-stable aggregate
increased by 12.54% after paddy-upland rotation is applied.
However, the influence of paddy-upland rotation on BD had
different results. Motschenbacher et al. [13] indicated that
BD differed among common rice-based cropping systems;
however, even after 10 years of continuous production on a
silt-loam soil, increased near-surface soil BD has not been
achieved. A successive 10-year experiment showed that the
BD of the 0 cm to 10 cm layer soil of paddy-upland rotation
was 23.4% higher than that of the continuous cropping of
semilate rice [14]. BD, which is an indicator of soil quality,
increases with time as particles settle after puddling is halted
[10]; this indicator is inversely related to many important
soil properties, including water-holding capacity, soil particle
size, total porosity, infiltration capacity, hydraulic conduc-
tivity, gas exchange, and nutrient mobility, which could
influence seedling emergence and root penetration. The
compaction of paddy soil leads to low germination rates and
limits root development in deep soils for subsequent upland
crops [15–17]. Data from rice-wheat systems have shown 8%
to 9% reduction in wheat yield when wheat was sown after
puddled transplanted rice in comparison with being sown
after dry direct-seeded rice without puddling. However, the
conflicts between puddled rice and succeeding crops are not
consistently observed. Farooq et al. [18] concluded that the
effect of puddling on succeeding crops varies for different
types of soil and crops and pointed out that much of this
response inconsistency is likely related to the site-specific
nature of soil puddling.

There is a large variation in soil BD of paddy-upland
rotations, which ranges from0.9 g cm−3 to 1.8 g cm−3 [2, 13, 14,
19–24] (Figure 1). This difference may be due to different soil
types and textures and different cultivation and management
measures, such as puddling intensity and depth [25, 26].
Under the condition of paddy-upland rotation, the change of
soil physical properties is a complex process, and such change
is influenced not only by the soil original properties and crop
growth but also by the production and operation practice of
farmers. The damaging effect of continuous cultivation with
frequent tillage has long been recognized; thus, minimum
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tillage systems, namely, no-tillage or zero tillage (ZT), are
practiced to maintain and improve the soil quality of paddy-
upland rotation. Compared with conventional tillage (CT),
ZT, which has minimal soil disturbance and soil structure
destruction, promotes the formation of macroaggregates,
increases water-stable aggregates, aggregate stability, and
least-limitingwater range, and decreases BDand soil penetra-
tion resistance [27, 28]. However, Gathala et al. [2] indicated
that ZT in wheat and CT in rice made the benefits of ZT
attained during the wheat phase lost in the rice phase. For
paddy-upland rotations, ZT technology is more effective for
rice production, upland crop production, or both.

3. Soil Chemical Properties of
Paddy-Upland Rotation

3.1.Main Seasonal ChangesDriven by Paddy-UplandRotation.
Soil fertility must be maintained to sustain and improve
long-term agricultural productivity, that is, crop yields.
Comparison of soil under natural vegetation and adjoining
cultivated topsoil has revealed that prolonged agricultural
land use alters themagnitude, diversity, and spatial variability
of a number of soil properties, primarily those related to
fertility [1]. Paddy-upland rotation fields are unique from
other wetland or upland soils, because of the seasonal
alternation ofwetting and drying and the frequent alternation
of anaerobic and aerobic conditions; the chemical speciation
and biological effectiveness of soil nutrient elements vary
with seasons (Figure 2). Under flooded conditions, the redox
potential of paddy is low and NO

3

−, Fe3+, Mn4+, and SO
4

2−

are, respectively, reduced toNH
4

+, Fe2+, Mn2+, and S2−.Thus,
flooding also improves the availabilities of P, K, Si, Mo, Cu,
and Co and reduces the availabilities of N, S, and Zn. By
contrast, during the upland crop season, the redox potential
is increased, thereby oxidizing the soil nutrient elements and
changing the effectiveness of the abovementioned elements
[4]. Gupta et al. [29] argued that in most lowland rice soils,
P availability initially increased on flooding and rice may

meet its P requirement from the residual P applied to the
receding wheat. Li et al. [30] indicated that the efficiency
of K fertilizer application is affected by various factors,
and both rice and the subsequent crop remove enormous
amounts of K, resulting in a significant negative K balance
in soils regardless of whether K fertilizers are applied at
recommended doses. Mn deficiency, which is common in
the wheat of rice-wheat rotation systems in China [31] and
India [32], leads to the decline in wheat yield. Except for
the sporadic use of micronutrients of paddy-upland rotation
[20], the decrease in Mn availability in upland field is the
main reason for the Mn deficiency [33]. The change in soil
moisture content also influences soil pH, thereby affecting the
chemical equilibrium and consequently changing the form
and effectiveness of soil nutrient elements [34].

3.2. Soil C and N Cycles under Paddy-Upland Rotation Con-
dition. Soil productivity is closely linked with soil organic
matter (SOM) status, which is important for nutrient min-
eralization, soil structural improvements, and favorable soil-
water relations [25]. Soil structural degradation is common in
intensively cultivated ecosystems because of SOM depletion
[35]. Tiessen et al. [36] reported approximately a 1% loss
in organic carbon per year during the first 20 years to 30
years in soils under cereal cultivation. SOM decomposition is
generally slower inwater-logged soil than inwell-aerated soil;
however, the frequent cycling between anaerobic and aerobic
conditions of paddy-upland rotation results in a greater rate
of SOM decomposition [13]. During rice season, the number
and activity of reducing bacteria are increasing, which not
only leads to the lower decomposition of organic matter
and contributes to SOM accumulation but also promotes the
production of toxic substances such as CH

4
[37]. During

upland crop season, the biological N fixation is reduced and
SOM mineralization is facilitated, thereby accelerating SOM
loss [38]. Kumari et al. [39] posited that soil C is incorporated
first into macroaggregates (>0.25mm) and then forms the
core of new microaggregates; this physical protection of C
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within macroaggregates limits its oxidation by creating a
less favorable environment for microbial activity and thus
reduces its decomposition rate by half ormore. As a result, the
excessive tillage and extractive farming practices reduce SOC
stocks. Imbalanced or inappropriate fertilizer practices and
intensive cropping with no return of crop residues and other
organic inputs also result in SOM loss [40]. Soil types and the
choice of crop species could also affect SOM content. Result
shows that lighter soil texture had higher decomposable
organic C and total C declined than heavy soils [1].

With its negative effects on the environment, the use of
N fertilizers and its cycle has received research interest for
several years. N fertilizer application is the most important
source of soil N, and the three major paths of N losses
(ammonia volatilization, denitrification, and leaching) are
all influenced by N application, soil moisture state, and
tillage practice; consequently, the paddy-upland rotation
significantly affects the soil N cycle because of the contrasting
soil and water conditions and different nutrients required by
the two crops. Research has confirmed that N

2
O emission

mainly occurs during the drying period of soil rather than
during the flooding period, indicating that the alternation
of wetting and drying could improve N

2
O emission [41].

Other field trials have revealed that the accumulation of
inorganic N during upland crop season would be lost to
the environment immediately after flooding [42]. Bueno
and Ladha [1] found that a clear association exited between
organicmatter parameters andN uptake and that declining C
pools caused lower N uptake. Moreover, soil C and N cycles
influence each other through microbiological action.

The interactions between paddy rice and upland crops
make the soil C and N cycles more complicated, thereby
increasing the difficulty of water and nutrient management
of paddy-upland rotation. Paddy-upland rotation is generally
harmful for soil C and N storage under the current condition
of the cultivation and management practice of farmers.
The changes in soil fertilizer before and after experiment
under different land utilizing types are shown in Table 1
[14, 19, 20, 40, 43–48]. The effect of the same paddy-upland
rotation (rice-wheat) on soil fertilizer varies in different
experiments. Compared with other land utilizing types, such
as upland-upland rotation, rice-fallow, and fallow, paddy-
upland rotation, particularly rice-wheat rotation, is ineffi-
cient for maintaining or improving soil fertility. Meanwhile,
the rice-Chinese milk vetch rotation could increase soil N
content. Researchers have demonstrated that the benefits of
legumes in rotation are not only caused by biological N
fixation but also by increased nutrient availability, enriched
soil fertility, improved soil structure, reduced disease inci-
dence, and increased mycorrhizal colonization, which could
help to sustain the long-term productivity of cereal-based
cropping systems [49]. Therefore, the rice-wheat cropping
system could be diversified by using legumes as substitute
crop. The application of organic fertilizers, including green
manure, farmyard manure, crop residues or straws, and
compost manure, is also an effective measure of improving
soil fertility and maintaining land productivity. However,
at the present status of organic fertilizer application and
the characteristics of nutrient utilization and cycling, three

differences should be clarified before using organic fertilizers
in paddy-upland rotations: the nutrient content of different
organic fertilizers and its release characteristics; the fertilizer
requirement rule of different crops, such as require time
and amount; and the interactions between rice and different
upland crops, such as the influence of residual soil fertility
on the following crops. Accordingly, we can guarantee the
optimizing timing and doses for using organic fertilizers and
ensure the effective utilization of fertilizers.

4. Soil Biological Properties of
Paddy-Upland Rotation

Soil microorganisms are involved in various biochemical
processes and are vital in maintaining soil fertility and
plant yields. The diversity of rhizosphere microorganisms is
beneficial to soil health, and the trophic interactions within
the rhizosphere affect the aboveground community of plants
[50, 51]. Different plants have different soil microbial com-
munities, and crop rotation provides greater concentration
and diversity of organic materials, both of which may lead to
greater diversity of microbial communities.

Several studies have reported a positive effect of crop
rotation on the abundance of beneficial microorganisms.
Cropping systems could markedly affect the composition,
abundance, diversity, and activity of soil bacterial commu-
nities; evidence shows an association between crop type and
microbial community composition. For instance,Bradyrhizo-
bium sp. and Herbaspirillum sp. colonize the interior of rice
roots when grown in rotation with a legume crop, which may
promote rice growth and productivity [52]. Furthermore, the
availability of soil microorganisms increases the availability
of plant nutrient elements, especially N and P [53].Therefore,
Xuan et al. [54] indicated that appropriate crop rotation
provides a feasible practice for maintaining equilibrium in
soil microbial environment for sustainable rice cultivation.

Other effects of crop rotation on soil biological prop-
erties are diseases, especially soil-borne diseases, and weed
suppression. Different crop species with diverse root exu-
dates and plant residues create varying patterns of resource
competition, allelopathic interference, soil disturbance, and
mechanical disruptions [55, 56], which lead to an unstable
and frequently inhospitable environment where little organ-
isms could survive [57]. Studies have shown that crop rotation
is an effective method for reducing crop pests and diseases.
The Sclerotinia stem rot of oilseed rape, which is caused by
Sclerotinia sclerotiorum, is one of the most common fungal
diseases of rapeseed. Ding [58] indicated that sclerotinias
could only survive 20 days under flooded condition and
that the paddy-upland rotation could reduce the incidence.
Yuan et al. [59] showed that the incidence of the disease
of sesame-rape rotation was 32.2% higher than that of rice-
rape rotation. Verticillium wilt, which is caused by soil-
borne fungus, is a worldwide disease affecting temperate and
subtropical regions that causes vascular wilt in many plant
species [60]. Ebihara et al. [61] demonstrated that paddy-
upland rotation could completely control theVerticilliumwilt
of eggplant and strawberry. Marenco and Santos [62] showed
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that the rotation of rice with velvet bean or hyacinth bean
reduced weed competition and increased the chlorophyll
concentration and yield of rice. Pseudomonas fluorescens [63]
and Burkholderia vietnamensis [64] are well documented as
beneficial bacteria in rice fields that increase rice yield and act
against sheath blight disease, respectively. As cereal crops are
good nematode hosts, whereas legume crops are resistant to
this parasite, the yield of rice grain when grown after cowpea
and/or mungbean is significantly higher than that after cereal
crops [65].

The prevention effect of a specific rotation on pest
species proliferation may be mediated by impeded drainage
and tillage practices, particularly no-till in which plant
residues remain on the field [65]. However, soil microor-
ganisms may also include plant pathogens or deleterious
rhizosphere microorganisms, which may negatively affect
plant growth and yield [66]. For instance, in the rice-wheat
cropping system, some of the diseases and insect pests of
rice, such as stem borers, stalk rot, and leaf blight, have
occurred in wheat [67, 68]. Thus, the effects of paddy-
upland rotation on soil properties have advantages and
disadvantages; the utilization of such advantages and the
control of the disadvantages will be the focus of future
research.

5. Conclusions

Paddy-upland rotation is an unavoidable cropping system for
Asia to meet the increasing demand for food. However, con-
ventional practices of growing rice andwheat not only deteri-
orate soil physical properties and decrease water and fertilizer
use efficiencies but also cause a stagnation or even reduction
in grain yields. Maintaining soil quality at a desirable level is
a very complicated and difficult task, because paddy-upland
rotation fields are unique from other wetland or upland soils;
they are associated with frequent cycling between wetting
and drying under anaerobic and aerobic conditions; such
rotations change the soil C and N cycles and make the chem-
ical speciation and biological effectiveness of soil nutrient
elements varied with seasons, increase the diversity of soil
organisms, and make the change of soil physical properties
more complicated (Figure 2). Therefore, fully understanding
the characteristics of different paddy-upland rotation and
its soil properties is necessary in maintaining soil fertility
and plant yields. Although new cultivation techniques and
nutrient managements, such as minimum tillage systems and
combined application of organic and inorganic fertilizers,
have been proposed to overcome these problems, extensive
investigation and research on potential adverse effects, long-
term impacts, and farmer acceptance are still needed. Regard-
less of the cultivation or management measures used in
paddy-upland rotation, the different responses of paddy and
upland seasons and their interactions, the long-term effects,
the particularity of regions, the differences of ecological
conditions, economic and ecological benefits, operability, and
the potential of widely use should be considered. By doing
so, the paddy-upland rotation can truly achieve sustainable
development.
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[62] R. A. Marenco and Á. M. B. Santos, “Crop rotation reduces
weed competition and increases chlorophyll concentration and
yield of rice,” Pesquisa Agropecuaria Brasileira, vol. 34, no. 10,
pp. 1881–1887, 1999.

[63] R. Nandakumar, S. Babu, R. Viswanathan, T. Raguchander, and
R. Samiyappan, “Induction of systemic resistance in rice against
sheath blight disease by Pseudomonas fluorescens,” Soil Biology
and Biochemistry, vol. 33, no. 4-5, pp. 603–612, 2001.

[64] M.Govindarajan, J. Balandreau, S.W. Kwon,H. Y.Weon, andC.
Lakshminarasimhan, “Effects of the inoculation of Burkholde-
ria vietnamensis and related endophytic diazotrophic bacteria
on grain yield of rice,” Microbial Ecology, vol. 55, no. 1, pp. 21–
37, 2008.

[65] M. M. Mature, “Influence of rice rotation systems on soil
nematode trophic groups in Arkansas,” Journal of Agricultural
Science, vol. 4, no. 2, pp. 11–20, 2012.

[66] S. Hilton, A. J. Bennett, G. Keane et al., “Impact of shortened
crop rotation of oilseed rape on soil and rhizosphere microbial
diversity in relation to yield decline,” PLoS ONE, vol. 8, no. 4,
Article ID e59859, 2013.

[67] S. Nagarajah, H. U. Neue, and M. C. R. Alberto, “Effect of
Sesbania, Azolla and rice straw incorporation on the kinetics
of NH4, K, Fe, Mn, Zn and P in some flooded rice soils,” Plant
and Soil, vol. 116, no. 1, pp. 37–48, 1989.

[68] S. Chander, R. N. Garg, and G. Singh, “Termite infestation in
relation to soil physical property inwheat cropunder rice-wheat
cropping system,” Annals of Agriculture Research, vol. 18, pp.
348–350, 1997.




