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Increasing urbanization and industrialization have resulted
in a dramatic increase in the volume of wastes generated
worldwide, particularly of sewage sludge or biosolids gen-
erated as a byproduct from wastewater treatment. Waste
management has become a major environmental challenge,
and land application of biosolids is generally considered
the best option of disposal because it offers the possibility
of recycling plant nutrients, provides organic material,
improves a soil’s chemical and physical properties, and
enhances crop yields. However, the benefits from biosolids
application have to be weighed against potential deleteri-
ous effects such as risks of excessive leaching of nitrate,
contamination of soils and crops with human pathogens
and heavy metals, nutritional disorders in crops, increase of
soil salinity, contamination of groundwater with pesticides,
hormones, and pharmaceuticals, and decreased stability of
native soil organic matter. For these reasons, this special issue
focuses on the agronomic and environmental implications
of soil application of biosolids and presents the most recent
scientific information on the subject. Papers in this special
issue cover various aspects of the release of nutrients from
biosolids and their effect on the growth of cereal and fruit
crops, pasture, and trees on a range of soils in diverse
locations. Papers also report on the residual nutrient effects
of biosolids, their release of potentially damaging heavy
metals, and effects on soil organisms, thus providing a broad
view of the soil-agronomic advantages and environmental
implications of recycling organic matter and nutrients from
sewage treatment systems into soils.

The paper made by W. Bettiol and R. Ghini describes
and discusses the impacts of sewage sludge in tropical soils

of Brazil. A multiyear comparison was developed with the
application of sewage sludge on a corn crop, providing the
same, two, four, or eight times the recommended rate of
N application. Their results indicated that the amount of
sewage sludge used in agricultural areas must be calculated
on the basis of the N crop needs, and annual applications
must be avoided to prevent overapplication.

D. B. Wester and coworkers conducted a 10-year study of
the effects of different application rates of biosolids on soil
properties, forage production and grazing animal behavior
and management in the Chihuahuan Desert rangelands.
Biosolids increased soil water infiltration and reduced soil
erosion. Effects on soil water quality were generally observed
only at the highest application rates. Biosolids increased soil
nitrate-nitrogen, which moved from surface to subsurface
depths at different rates according to the season, and
increased forage production for up to four years following a
single application. Grazing animals spent more time grazing,
ruminating, and resting in biosolids-treated areas, and
positive effects on average daily weight gain were observed
during periods of higher rainfall. Their results suggested that
annual biosolids application rates of 18 to 36 Mg ha−1 are
appropriate for desert rangelands.

L. C. Ceolato and coworkers evaluated the changes in
soil attributes and uptake of nutrients by surinam grass
(Brachiaria decumbens) when liquid sewage sludge was
applied on a Paleudult soil during four years. They reported
that land application of liquid sewage sludge did not alter soil
organic matter nor exchangeable K in the top 40 cm of soil.
Sludge application increased soil pH, base saturation, labile
P, and available Zn but did not change the concentrations of
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available B, Cu, Fe, and Mn at 0–20 cm and 20–40 cm depths.
They concluded that liquid sewage sludge was a source of N,
K, P, Ca, Mg, and Zn for the grass but decreased leaf Mn
concentration.

C. G. Cogger and coworkers estimated nitrogen avail-
ability of three different heat-dried biosolids to determine
whether current guidelines for application rates in the Pacific
Northwest of the USA were appropriate. Forage yield and N
uptake of tall fescue (Festuca arundinacea) were measured for
two growing seasons following surface application of heat-
dried biosolids on a mesic Vitrandic Haploxeroll soil. Three
rates of urea and a zero-N control were used to calculate N
fertilizer efficiency regressions. Plant-available N (estimated
as urea N equivalent) in the application year for two biosolids
exceeded 60% of total N applied, while the urea N equivalent
for the third biosolid was 45%. Residual (second-year) urea
N equivalent ranged from 5 to 10%. Their research showed
that some heat-dried materials substantially exceeded the 35
to 40% estimated mineralization rates of the guidelines.

Similarly, T. A. Sogn and L. E. Haugen explored the
potential of modeling to predict the rate of N mineralization
of sewage sludges and other organic waste products in
several soils under field conditions. The model chosen
was the SOILN NO model, which they first calibrated
using N mineralization data measured in a laboratory
experiment. Then, the calibrated model was tested against
nitrate-leaching data from soil lysimeters growing barley,
with added organic waste and exposed to natural climatic
conditions during three growing seasons. The SOILN NO
model reproduced relatively well the nitrate leaching from
some of the soils but failed with others. The calibrated
model usually underestimated the measured nitrate leaching.
The authors concluded that SOILN NO calibrated with
data from simple incubation experiments in the laboratory
could not be used directly to predict N-leaching following
organic waste application in natural production systems.
These results emphasized the need for site and system-
specific data for model calibration.

P. H. Muller Silva and coworkers assessed the effects of
dry and wet sewage sludges on the growth and nutrient
cycling of Eucalyptus grandis plantations in Brazil. Biomass
production and nutrient cycling were studied over 36 months
comparing wet sewage sludge, dry sludge, mineral fertilizer,
and no fertilizer applications. The two types of sludges
and mineral fertilizer were comparable in increasing tree
biomass, which was significantly greater than in the control
treatment. Sewage sludge application positively affected leaf
litter production and significantly increased nutrient transfer
among the components of the ecosystem.

The effect of biosolids on pasture and vineyard pro-
duction was examined by D. Nash and coworkers in
southeastern Australia. At both sites, soil Cd, Cu, and Zn
concentrations increased linearly with biosolids application
rates, although not to the extent of exceeding soil quality
guidelines. Biosolids marginally increased soil C and N
concentrations at the pasture site but significantly increased
soil P concentrations. With lower overall soil fertility in the
vineyard, biosolids increased soil C, N, and P concentra-
tions. At neither site did biosolids application affect soil

microbial activity. Biosolids increased pasture production
compared to the unfertilized control but had little effect
on grape production or quality. Interestingly, over the 3-
year trial, there was no difference in pasture production
between biosolids-treated plots and those receiving inorganic
fertilizer, suggesting that biosolids could be used as an
alternative to inorganic fertilizer in this region.

L. A. Junqueira Teixeira and coworkers investigated the
effects of biosolids application on the chemical properties
of a Yellow Oxisol and on the nutrient concentrations of
banana leaves during the first cropping cycle. They concluded
that biosolids could completely substitute for mineral N and
P fertilizer for banana growth. However, soil exchangeable
K and leaf K concentration must be monitored in order to
avoid K deficiency. No risk of an increase in heavy metal (Cr,
Ni, Pb, Cd) concentrations in the index-leaf was observed
when biosolids were applied at the recommended rate for N.

R. T. Koenig and coworkers compared applications of
biosolids and N fertilizer on the growth of various winter
wheat (Triticum aestivum) cultivars under diverse rainfalls
at three locations in Washington State, USA. Although
biosolids produced higher grain yields than inorganic N
fertilizer, grain protein content with biosolids was either
equal to or less than that with inorganic N. The results
indicated the potential to improve dryland winter wheat
yields with biosolids compared to inorganic N alone, but
perhaps not to increase the grain protein concentration of
hard wheat when biosolids are applied immediately before
planting.

The feasibility of using fly ash and composted biosolids
as a source of Fe for hybrid poplars grown on a calcareous
soil was examined by K. Lombard and coworkers. Both
amendments improved soil and plant Fe. Other heavy
metals were below EPA regulations, but high B levels were
noted in leaves of trees treated at the highest fly ash rate.
The pH increased in fly ash soil, and salinity increased
in biosolids-treated soil. Chlorosis rankings improved in
poplars amended with both products, although composted
biosolids offered the most potential for improving the Fe
supply to trees without the need for expensive synthetic
inputs.

Areas reclaimed for agricultural uses following coal
mining often receive biosolids applications to increase soil
organic matter and fertility. J. O. Miller and coworkers
studied the transport of Cu and Zn in solution and colloidal
phases in reclaimed and undisturbed soils in Virginia and
Kentucky, USA. Transport of Cu and Zn was observed in
both the solution and colloidal phases, where the presence
of unweathered spoil material and biosolids amendments
contributed to higher metal release into these fractions. Most
of the mobile Cu moved in the colloidal phase in contrast
to Zn, which moved predominantly in solution. Because the
colloid-bound Cu was exchangeable in ammonium acetate,
it may be released into groundwater. Similarly, the effects
of disposing water-treatment sludge on mined areas and
the consequences for groundwater were investigated by R.
C. A. Moreira and coworkers. They analyzed more than
50 parameters in soil and water and found migration of
dissolved solids from stockpiled sludge towards groundwater.
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Y. Y. Min and coworkers applied anaerobically digested
slurry (ADS) to soil to evaluate its effects in mitigating crop
damage from parasitic nematodes. Tomatoes grew better in
pots supplied with ADS than in those supplied with chemical
fertilizer and the control; damage caused by a root-knot
nematode was significantly lower in ADS-treated soil. For
field-grown radish, nematode damage was 30% and 50%
lower in ADS-treated fields than in the control in 2007 and
2009, respectively, but not in 2008. These results suggested
that application of ADS might be feasible for mitigating
nematode damage, but the rate and timing should be
considered further to determine the best application method.

The effect of biosolids on the earthworm Eisenia fetida
and the springtail Folsomia candida was studied by N. Artuso
and coworkers. Biosolids did not cause mortality of adult
earthworms when applied at 2 and 5 t ha−1 but did at 10 and
20 t ha−1. Biosolids rates from 2 to 10 t ha−1 did not impact
on the number of adult springtails, but there were signifi-
cantly fewer adults at 20 t ha−1. Compared with controls, the
numbers of juvenile springtails were significantly decreased
even for biosolids applied at the 2 t ha−1. The negative
effect of higher rates of biosolids on earthworms was not
related to heavy metal concentrations in the biosolids. The
authors concluded that biosolids applied at legal low rates are
unlikely to be detrimental to earthworms or adult springtails
but could be detrimental to springtail reproduction.

L. Jäderlund and coworkers evaluated the ability of two
different strains of the pathogenic bacterium Campylobacter
jejuni to survive in cattle slurry and soil amended with
cattle slurry, as well as to infect spinach plants grown in
this soil. Irrespective of the bacterial inoculation dose or
strategy employed, the C. jejuni content in soil remained
relatively low and constant, whereas the majority of C. jejuni
cells applied to spinach leaves could be recovered during the
whole evaluation period of 21 days.

While a significant amount of work has been conducted
to assess the concentration of pollutants in soils and
waterways near land that has been amended with biosolids,
much less research investigating emissions to the atmosphere
is available in the literature. S. M. Donovan and coworkers
investigated the use of a flux chamber technique to measure
soil-atmosphere gas exchanges from the application of three
different types of biosolids to UK soils and presented
preliminary results.

Cocomposting of olive oil solid residue and the treatment
of wastewater from olive oil production by application to
reed beds were studied by A. A. Zorpas and coworkers.
This process is proposed as an integrated method for the
treatment of wastewater containing highly organic and toxic
pollutants under warm climatic conditions. Experimental
results indicated that the olive mill wastewater was detoxified
at the end of a Fenton oxidative process. The optimum
combination of cocomposted material of olive oil solid
residue with the treated olive mill wastewater was suitable for
agricultural purposes.

R. de O. Munhoz and coworkers dealt with the build up
of biosolids phosphorus in a Haplorthox soil in Brazil. They
investigated the matter by the sorption isotherm and the
sequential fractionation techniques. Samples of Haplorthox

soil under corn crop were collected from an experimental
field cultivated for two years after two applications of
biosolids. Results showed the biosolids application had
decreased soil P binding energy and changed P fractions
distribution. P labile fractions (P-CaCl2 and P-NaHCO3) and
moderately labile fraction (P-NaOH) increased by 11.2% and
20.3%, respectively, at the expense of the most resistant P
fraction.

Robert Edwin White
Silvana I. Torri

Rodrigo Studart Corrêa
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Land application of biosolids (SS) can cause a buildup of phosphorus (P) in the top soil. The changes in the soil P characteristics
may be assessed by the sorption isotherm and the sequential fractionation techniques. Samples of Haplorthox were collected from
a field experiment where maize was cultivated for two years, after two applications of SS originated from two cities of São Paulo
State, Brazil. SS applications added a total of 125, 250, 500, 1000 and 2000 kg ha−1 of P in the area. To perform the sorption
isotherms and obtain P maximum sorption capacity (Qmax) and the binding energy, soil samples were submitted to increasing P
concentration solutions until equilibrium was reached. Sequential fractionation was done by a sequential extraction with CaCl2,
NaHCO3, NaOH, HCl, and HNO3 + HClO4 (residual). Addition of biosolids from both cities to the soil decreased Qmax and the
binding energy obtained by the Langmuir equation. SS additions changed the P fractions distribution in the soil by increasing
the labile fractions (P-CaCl2 and P-NaHCO3) and the moderately labile fraction (P-NaOH) by 11.2% and 20.3%, respectively, in
detriment of the most resistant P fraction.

1. Introduction

A sustainable option to dispose biosolids (SS) originated
from sewage treatment plants is the use as soil conditioner or
as a source of nutrients to plants. Nevertheless, high SS rates
might add to soil excessive amounts of phosphorus (P). One
of the consequences is the increase on the risk of envi-
ronment contamination by P transport to superficial water
reservoirs, since P can be weakly sorbed in the superficial
soil layer and carried over by rainfall runoff. Furthermore,
topsoil P concentrations have been related to P movement
below the plough layer and tile flow [1]. Recently, Gebrim
et al. [2] observed that P leaching through the profile can
be significant in highly weathered soils, where residual P is
accumulated by successive crops, particularly when poultry
litter is applied as fertilizer.

Among the useful parameters to monitor the increase in
soil P availability is the P sorption capacity and P distribution
among the main soil fractions. The application of organic
residues to soils might implicate in change in soil P sorption
capacity. According to Reddy et al. [3], application of organic

wastes increases soluble P and decreases the P sorption ca-
pacity of the soil, and these parameters were directly related
to the loading rates of animal wastes. The positive effects of
manure on the solubility of P are due to the addition of
soluble inorganic P and mineralization of organic P dur-
ing decomposition of waste, which probably saturated the
adsorption sites. Or else, some organic acids released during
residue decomposition might compete with P for the same
sorption sites in the soil solid phase, decreasing the element
immobilization or forming stable complexes with Fe and
Al and consequently blocking P retention by them [4].
Nevertheless, it is supposed that frequent SS addition can
increase the soil organic matter content which has a positive
correlation with the capacity of soil in retaining P [5].

The sorption isotherms can be useful to detect such alter-
ations. This technique consists of mixing a P-enriched solu-
tion with a soil sample, at constant temperature and ionic
strength, and graphically plotting the P quantity sorbed by
soil versus the P remained in solution. The curve yielded,
which although asymptotic, can be described by equations
such as the Freundlich or Langmuir. The Langmuir equation
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can better provide estimates of P sorption maximum and
the sorption strength of the soil, parameters inherent in de-
termining the rate of P movement through the soil [6].
The Langmuir equation in its simplest form assumes only
monolayer sorption and hence tends to greatly underesti-
mate the P sorption maximum but yields an estimate of P
sorption strength that represents an average of the total pop-
ulation of sorption sites [6]. Holford et al. [7] proposed
that to measure a reasonable P sorption maximum, a “two-
surface” Langmuir equation should be used. This equation
assumes that the total number of sorption sites can be
separated into two populations, one with an affinity much
greater than the other. According to these authors, the
application of this equation to studies of P sorption in soil
has revealed much in terms of the relative effect of soil
constituents, including P fertilizer and manure application
rates and soil fertility.

After SS addition to the soil, the P species present in the
material will react in different ways, depending on the soil
chemical, physical, or biological characteristics, until the
steady state equilibrium. This dynamics can be evaluated
through the element redistribution in the main soil fractions.
Therefore, the sequential fractionation is an important tool
once it is based on the extractor affinity with a specific-soil
P species. The method of Heddley et al. [8], for instance,
is able to identify four main P fractions: (a) labile P (P
extractable by anionic resin plus P extractable by NaHCO3);
(b) moderately labile P ( extractable by NaOH); (c) P bound
to Ca (extractable by HCl) and (d) residual P (determined
after nitric-perchloric acid digestion).

In Brazil, there is little information about the SS effects
on soil P dynamics. Thus, any new available information
quantifying and/or identifying some of the soil P dynamic
steps will be relevant to improve the efficacy and safety of
actual recommendations on SS application in agricultural
lands.

The objectives of this work were to evaluate, by means of
sorption isotherms, the possible changes in soil P sorption
capacity and also to assess P redistribution among the main
P fractions in an oxisol that received two successive applica-
tions of sewage sludge.

2. Material and Methods

Soil samples were collected from a long-term experiment
under field conditions, on an Haplorthox area (dystrophic
Red Yellow Oxisol) in the experiment station of Embrapa,
at Jaguariúna (22◦41′S; 47◦06′W·Gr.; altitude 570 m), State
of São Paulo, Brazil, after two SS additions. Some of the
soil chemical and physical characteristics before SS additions
are given in Table 1. Organic matter (OM) was determined
by a colorimetric procedure, after digestion of samples with
sodium dichromate solution in sulfuric acid and comparing
the readings with a standard curve prepared with soil samples
previously analyzed by Walkley-Black’s method [9]. Soil
pH (1 : 2.5 solid/solution ratio) was determined in a CaCl2
0.01 mol L−1 solution. In the same suspension, the SMP
buffer pH was measured, and with this value, the potential

Table 1: Selected chemical and physical characteristics of the stud-
ied soil.

Soil attribute Value

pH (CaCl2) 4.4

Organic matter (g kg−1) 22

P (mg kg−1) 9.4

K (mmolc kg−1) 1.2

Ca (mmolc kg−1) 18.9

Mg (mmolc kg−1) 11.8

H + Al (mmolc kg−1) 61.4

S (mmolc kg−1) 31.9

CEC (mmolc kg−1) 93.2

V (%) 34

Feox (mmol kg−1) 18

Alox (mmol kg−1) 519

Coarse sand (g kg−1) 340

Fine sand (g kg−1) 240

Silt (g kg−1) 100

Clay (g kg−1) 320

Bulk density (g dm−3) 1.18

acidity was evaluated [10]. Phosphorus (P), calcium (Ca),
magnesium (Mg), and potassium (K) were extracted from
the soil by an ion-exchange resin procedure, after a 16-
hour shaking period. P was determined by colorimetric
method, K by flame photometry, and Ca and Mg by atomic
absorption spectrophotometry [11]. The values of sum of
bases (S), cation exchange capacity (CEC), and percent base
saturation (V) were calculated. Oxalate-extractable Fe and Al
were obtained by extraction with ammonium oxalate-oxalic
acid [12] to determine P associated with amorphous oxides
of Fe and Al. Physical analysis was performed according
to Camargo et al. [13]. The hydrometer method was used
for particle-size analysis after dispersion with a mixture
of 0.015 mol L−1 (NaPO3)6·Na2O and 0.1 mol L−1 NaOH
by overnight shaking. Bulk density was determined on
76 mm× 76 mm diameter undisturbed soil cores [14].

The main objective was to evaluate the agroenvironmen-
tal effects caused by successive SS applications before maize
(Zea mays L., CATI AL 30 cultivar) cropping. Hence, in
order to evaluate the environmental impacts, such as heavy-
metal phytoavailability and accumulation in soil and nitrate
leaching, biosolids were also applied in higher amounts than
the recommended for optimal crop growth. Biosolids from
the cities of Barueri and Franca, both from the State of São
Paulo, were used in the experiment. Some SS characteristics
are presented in Table 2. Nitrogen was determined in the
original SS-samples using the Kjeldahl method (vapor
distillation), and the organic-C was determined by titrimetry
after dichromate digestion in digester block, according to
Raij et al. [15]. Phosphorus, sulfur, calcium, magnesium, and
potassium were analyzed according to the recommendations
of US-EPA (SW-846) method no. 3051 [16] K by flame
photometry, and other elements by ICP-AES. Humidity was
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Table 2: Partial chemical analysis of biosolids samples originated from Barueri and Franca cities and used for two crops growth.

Variables Unity
Barueri Franca

1st crop 2nd crop 1st crop 2nd crop

pH — 6.6 6.4 6.3 6.4

Organic carbon g kg−1 248 271 305 374

C/N ratio — 11.8 10.3 5.4 7.4

Humidity g kg−1 66 533 83 521

Total nitrogen g kg−1 21.0 26.4 56.4 50.8

Available nitrogen g kg−1 5.7 22.5 15.3 25.7

Total phosphorus g kg−1 16 31.2 16 21.3

Total sulfur g kg−1 13.4 10.8 16.3 13.3

Total calcium g kg−1 40.3 22.8 29.2 16.8

Total magnesium g kg−1 3.0 3.7 2.2 2.5

Total potassium g kg−1 1.0 2.0 1.0 1.0

determined by mass loss at 60◦C and SS sample pH was
determined in water extract (1 : 5).

The experiment consisted of twelve treatments in a
randomized complete block design with three replications,
in a total of 36 plots, each plot measuring 20 m length versus
10 m width. The study treatments were: two control (no N,
P and K applied); two mineral fertilization recommended
for the crop (46 kg N ha−1 for the first crop and 90 kg N ha−1

for the second crop; 37 kg P ha−1 and 56 kg K ha−1 on both
crops) [17]; four treatments with the SS from the city of
Franca, four treatments with the SS from the city of Barueri.
The sewage sludge treatments were applied based on the N
concentration that provides the same amount of N as in
the mineral fertilization recommended for corn; two, four,
and eight times the N recommended dosage for corn crop.
Calculations of sludge rates were performed as a function of
the N available for plants and were calculated by the formula

SS available N =
(

MF
100

)
× (Kjeldahl-N–NH3-N

)
+ NH3-N +

(
NO3

−-N + NO2
−-N

)
,

(1)

where Kjeldahl-N: total nitrogen (mg kg−1), NH3-N: nitro-
gen as ammonia (mg kg−1), NO3

−–N: nitrogen as nitrate
(mg kg−1), NO2

−–N: nitrogen as nitrite (mg kg−1), and
MF: mineralization fraction (30%), for aerobically digested
sludge.

Supplementary K was applied for treatments with sewage
sludge, when necessary. The wet sludge was incorporated on
April 1999 and on December 1999. It was toss-distributed in
the total area of the experimental plots and incorporated to a
depth of 20 cm with a rotary harrow, 3-4 days before sowing.

The P quantity in each SS rate was calculated based
on the SS total P content added after two SS applications.
Treatments applied were: FC = control without SS (for the
plots with SS from Franca); BC = control without SS (for the
plots with SS from Barueri); FP1, FP2, FP4, FP8 = 125, 250,
500, and 1000 kg ha−1 of P from Franca-SS applications; BP2,
BP4, BP8, and BP16 = 250, 500, 1000, and 2000 kg ha−1 of P
from Barueri-SS applications; FNPK and BNPK = mineral
fertilized plots.

Soil samples were collected at 0–20 cm depth, after the
second maize harvesting, air dried and passed through 2 mm
sieve. For the P sorption essay, 3 g of soil samples of each
SS- treated plot with 0, 125 (FP1), 250 (BP2), 500 (FP4),
1000 (FP8), and 2000 (BP16) kg ha−1 of P were equilibrated
in a 50 mL centrifuge tubes with 30 mL of 0.01 mol L−1

CaCl2 solution containing 0, 5, 10, 15, 30, 60, 100 and
250 mg L−1 of P. Two drops of toluene were added to preserve
solution from microorganism contamination. During six
days, solutions were shaken for 30 min thrice a day. Finally,
the tubes were centrifuged at 577 ×g for 15 min to separate
supernatant from the solid material, and P was determined
in the suspension [18]. The difference between the P in
the equilibrium solution and P added is the quantity of
P adsorbed by the soil. The adsorption isotherms, which
represent the linear fit of the relationship between adsorbed
P and the equilibrium solution P, were built with the results
obtained with all P concentrations. Sorption strengths were
calculated with the simple (monolayer) Langmuir equation,
which gives an average sorption strength of the P sorbed [6],

Q = kQmax
C

(1 + kC)
, (2)

where Q is the P sorbed (mg kg−1), k is the sorption strength
(L mg−1 P), Qmax is the maximum quantity of P sorbed for
monolayer P sorption (mg kg−1), and C is the concentration
of P in solution (mg L−1).

The total P sorption maximum (Qmax: mg kg−1) was cal-
culated as the sum of P sorption maxima (Qmax 1 and Qmax 2)
derived from the two-surface Langmuir equation [19]. For
the two-surface Langmuir equation,

Q =
(
k1Qmax 1

C

[1 + k1C]

)
+
(
k2Qmax 2

C

[1 + k2C]

)
,

(3)

where Q is the P sorbed (mg kg−1), k1 and k2 are the sorp-
tion strengths of the first and the second sorption layers
(L mg−1 P), Qmax 1 and Qmax 2 are the maximum quantities
of P sorbed for two sorption layers (mg kg−1), and C is the
concentration of P in solution (mg L−1).
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The sequential fractionation was based on the method of
Heddley et al. [8], modified by Sui [20], and also with the
following modifications: 0.01 mol L−1CaCl2 solution instead
of H2O, centrifugation at 1073×g at 5◦C, and filtering
through Whatman 41 paper (20–25μm) instead of 0.22 μm.
Samples were selected only from Barueri SS treatments
that added 0, 250 (BP2), 1000 (BP8), and 2000 (BP16)
kg P ha−1. An aliquot of 0.5 g of each sample was submitted
to nitric-perchloric digestion to determine the total P (Pt)
concentration by Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy (ICP-AES). Another equal aliquot sample
was transferred to 50 mL centrifuge tubes and submitted
to P extraction using a sequence of P extracting solutions:
30 mL of 0.01 mol L−1 CaCl2 solution; 30 mL of 0.5 mol L−1

NaHCO3 (pH 8.2); 30 mL 0.1 mol L−1 NaOH; 30 mL of
1.0 mol L−1 HCl. Each soil-solution mixture was shaken for
16 hours, centrifuged at 3,000 g for 15 minutes, and filtered
through Whatman 41 filter paper. The inorganic phosphorus
(Pi) was determined by colorimetric method described by
Murphy and Riley [18], and the organic phosphorus (Po) was
determined by the difference between Pt and Pi in the same
extract. After the last extracting solution, the soil residue
remained in each centrifuge tube was submitted to nitric-
perchloric digestion, and P content was determined by ICP-
AES.

This procedure of sequential fractionation allowed iden-
tifying four types of P bindings to the solid phase: (a) labile
or biologically available P, extracted by CaCl2 solution and
by NaHCO3solution; (b) chemisorbed or moderately labile
Pi and Po (bound to Fe and Al oxides) extracted by NaOH
solution; (c) P (bound to Ca) extracted by HCl solution; (d)
residual P.

Langmuir monolayer equations were evaluated on the
basis of statistical significance of the regression coefficients.

3. Results and Discussion

Sewage sludge addition from both cities (Franca and Barueri)
decreased soil P sorption capacity in all rates under investi-
gation (Figures 1(a) and 1(b)). Such behavior was expected
since SS usually contains water soluble P [21], and the SS
tested here presented more than 0.3% total P [22] and a
C : P ratio less than 100 [23] which also favors the decrease
in P sorption by releasing more P into soil solution as a
result of organic P mineralization. Berton and Pratt [21]
also used the isotherms to evaluate the effects of increasing
rates of four different organic materials (including SS) on
the P adsorption capacity of two soils and concluded that
SS decreased P adsorption more effectively compared to the
other materials.

The linear form of Langmuir regression equations pre-
sented a significant R2(P < 0.01) for all SS rates applied in-
dicating that the sorption phenomena was adequately
described by this isotherm (Table 3). P sorption maxima
(Qmax) ranged from 1130 to 1008 mg kg−1 and the binding
energy also varied from 0.148 to 0.072 L mg−1 for control and
treatment 2000 kg ha−1, respectively (Table 3). Both Qmax

and the binding energy values decreased as a result of soil

SS incorporation, but this effect was linear only for the
residue derived from Barueri. Although soil Qmax usually
presents a positive correlation with soil organic matter
content [5], the addition of organic residues to soil, such as
manures, causes an inverse effect by decreasing P sorption
with increase in P availability to plants [24]. Mechanisms for
the reduction of sorption maxima and the affinity constants
by organic amendments include the competition of organic
acids produced during mineralization for the same sites
of P fixation and the complexing of exchangeable Al by
organic acids [4, 25, 26]. Furthermore, both sewage sludges
contain inorganic ligands such as SO4

2− which can complex
exchangeable Al and metals such as Ca and Mg which may
form soluble complexes with P in the soil solution, thus
preventing P from being fixed by Al or Fe [27].

Only the treatment with the highest P input (2000 kg
ha−1) reached the threshold value of 0.07 L mg−1 proposed
by McDowell et al. [1], whereby soils less than this value
for binding strength are subject to enhance loss of P in sub-
surface flow. Since the recommended SS rate is eight times
less than the highest rate tested (125 kg ha−1 and 250 kg ha−1

for Franca and Barueri cities, resp.), it indicates that the
amount of SS recommended as N source for corn crop may
be considered safe for potential P losses in subsurface flow,
but it should be monitored after successive SS applications.

The amount of P (mg kg−1) in equilibrium with 0.2 mg
P L−1 (P0.2) calculated from each isotherm equation (Table 3)
ranged from 32,49 to 14,31 mg kg−1 for control and treat-
ment 2000 kg ha−1, respectively. The amount of P sorbed at
P0.2 in the equilibrium solution was decreased by increasing
rates of SS from both cities and markedly reduced by the
highest rates of these amendments. Sewage sludge from
Franca required the double amount of added P to attain P0.2

in equilibrium solution compared to the sludge from Barueri
(500 to 250 kg ha−1), suggesting that the latter was more
efficient in maintaining P in soil solution.

The SS from Barueri city applied to soil changed the P
distribution within the studied P fractions (Table 4). Phos-
phorus extracted by CaCl2 was markedly increased only at
P rate of 2000 kg ha−1. The P rates applied as SS had little
effect over Po-NaHCO3. In relative values, this P fraction
decreased from 10.8 to 4.9% as long as P rates increased
from 250 kg ha−1 to 2000 kg ha−1 (Table 5). This apparent
little variation of Po-NaHCO3 fraction might probably be
attributed to an intense organic P mineralization which
could have contributed to increase Pi-NaHCO3 fraction from
9.1% (control plot) to 18.1% (highest P rate-2000 kg ha−1).
Similar results were found by Sui et al. [20] who suggested
that Po-NaHCO3 fraction might be responsible for an extra
increase in Pi-NaHCO3 fraction. Nevertheless, the Po from
the Po-NaHCO3 fraction might also be adsorbed to Al and Fe
oxides, favoring the increasing Po-NaOH fraction from 1.5 %
to 11.3 % (Table 5).

Compared with any other P fractions, the contribution
of P added as SS to the NaOH fraction was most evident and
illustrates the P affinity to Fe and Al oxides, a relationship
that predominates in oxisols. The increases of chemisorbed
P observed on all SS treatments were likely the result of
soluble inorganic P added with the organic residue and P
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Figure 1: Phosphorus sorption in a Haplorthox treated with increasing amounts of P applied through biosolids addition from cities of Franca
(a) and Barueri (b).

Table 3: Linear Langmuir equations and parameters in the soil samples which received phosphorus addition as biosolids.

Phosphorus inputs Regression Equations(1) R2 Qmax
(2) Binding energy P0.2

(3)

kg ha−1 mg kg−1 L−1 mg mg kg−1

0 Y = 5.51 + 0.82X 0.99∗∗ 1130 0.148 32,5

SS from Franca

125 Y = 7.08 + 0.82X 0.99∗∗ 1074 0.116 24.4

500 Y = 7,79 + 0.82X 0.99∗∗ 1086 0.105 22.3

1000 Y = 9.91 + 0.83X 0.99∗∗ 1050 0.084 17.4

SS from Barueri

250 Y = 8.21 + 0.88X 0.99∗∗ 1082 0.107 22.7

2000 Y = 11.22 + 0.81X 0.99∗∗ 1008 0.072 14.3
(1)For single-surface Langmuir equation. Y = C/Q, in g L−1; X = equilibrium concentration, in mg L−1.
(2)Sum of P sorption maximum of low-and high-energy sorbing sites derived from the two-surface Langmuir equation.
(3)P sorbed at equilibrium concentration of 0.2 mg L−1.
∗∗Significant at P < 0.01 by F-test.
Qmax: maximum P sorption capacity.

Table 4: Phosphorus fractions in a soil treated with increasing rates of biosolids.

Phosphorus rate CaCl2 NaHCO3 NaOH HCl Residual Total (sum) Total

Po Pi Pt Po Pi Pt

kg ha−1 mg kg−1

0 5 11 36 47 6f 32 38 15 289 394 343

250 6 51 47 98 14 54 68 36 260 468 367

1000 8 41 80 121 32 103 135 33 322 618 507

2000 14 44 165 209 103 170 273 39 378 913 787

Pi: inorganic phosphorus; Po: organic phosphorus; Pt : total phosphorus.
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Table 5: Average proportions of P fractions in soil samples amended with increasing amounts of biosolids.

P rate CaCl2 NaHCO3 NaOH HCl Residual

Po Pi Po Pi

kg ha−1 %

0 1.3 2.8 9.1 1.5 8.1 3.8 73.4

250 1.3 10.9 10.0 3.0 11.5 7.7 55.6

1000 1.3 6.6 12.9 5.2 16.7 5.3 52.1

2000 1.5 4.8 18.1 11.3 18.6 4.3 41.4
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Figure 2: Percent distribution of P fractions in soil samples amend-
ed with increasing amounts of biosolids from Barueri city.

mineralized from added organic P [28]. Since the NaOH
extractant removes a P fraction which is associated with
amorphous and crystalline Al and Fe phosphates [29, 30], the
addition of SS appears to have a significant impact on soil P
sorption, as showed by the sorption isotherms (Figure 1(b)).

Addition of SS increased P-HCl fraction, but it was not
proportional to the rates of SS applied. Novais and Smyth
[31] suggested that the low variation of P-HCl fraction with
the increasing P rates applied to soil evidenced that P bound
to Ca did not have any important role in P dynamics of
more weathered acid soils and not treated with natural phos-
phates as P source. In these soils, the poor calcium phosphate
content was probably the main factor determining the HCl-
extractable P quantity. In a similar way, Rheinheimer [32]
observed in two oxisols that P extracted with 1.0 mol L−1

HCl (after resin, 0.5 mol L−1NaHCO3 and 0.1 mol L−1 NaOH
extractions) did not change with the successive extractions.

The effect of SS on soil P species distribution, increasing
the element availability, can be observed by the variation
occurred in three P fractions: (a) the labile fraction repre-
sented by P-CaCl2 plus P-NaHCO3 increased from 13.2%
(control) to 24.4% of total P; (b) the chemisorbed P or
moderately labile fraction suggested by Bowman and Cole
[30], represented by P forms extracted by 0.1 mol L−1 NaOH
increased from 9.6 % (control) to 29.9 % of total P; conse-
quently, (c) the most resistant residual P fraction decreased

from 73.4 % (control) to 41.4 % (Figure 2). The redistribu-
tion of residual P to more labile forms was also observed by
Barcellos [33] on an eutroferric red latosol amended with
successive applications of SS.

4. Conclusions

(1) The biosolids application to soil decreased soil P sorption
which resulted in an increase of P in equilibrium solution.

(2) The positive correlation of P extracted by NaOH with
total P added as SS suggested that the decrease in soil P
sorption can be mainly attributed to the P chemisorbed to
amorphous and crystalline Al and Fe.

(3) The addition of biosolids changed the P fractions dis-
tribution in the soil, favoring P availability to plants and its
geoavailability by increasing the labile fractions (P-CaCl2 and
P-NaHCO3) and the moderately labile fraction (P-NaOH)
by 11.2 % and 20.3 %, respectively, in detriment of the most
resistant P fraction.
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While a significant amount of work has been conducted to assess the concentration of pollutants in soils and waterways near land
that has been amended with biosolids, a relatively small body of research investigating emissions to atmosphere is available in
the literature. Some studies have indicated that while the CO2 emissions from soils decrease with fertiliser application, the CH4

and N2O emissions might be increased, offsetting the benefit. The objective of the research presented in this paper was to address
this gap, by the use of a flux chamber technique to measure soil-atmosphere gas exchanges from the application of biosolids to
land. This was done by applying three different types of biosolids to soils and measuring gases at the soil-atmosphere interface.
The measurements were taken on areas with three different types of vegetation. The gases were collected using a flux chamber
technique and analysed by gas chromatography. The results presented here are preliminary findings of an ongoing experiment.
Insignificant variation appeared to occur between different areas of vegetation; however, small variations in gas concentrations
were observed indicating a need for continued monitoring of soil-atmosphere gas exchanges to determine the long-term impacts
on the atmosphere and the environment.

1. Introduction

Modern intensive agricultural practices have depleted soils
of many of the nutrients required for plant growth [1]. It
would not be possible to continue to produce food at current
rates without fertiliser addition. The most essential nutrient
required is nitrogen, which can be synthetically manufac-
tured. The uptake by plants of nitrogen in the most readily
available form avoids losses to the atmosphere through the
microbial processes of nitrification and denitrification [1, 2].
However, the fertilisers are most commonly produced by
combining the hydrogen in natural gas with atmospheric N2

requiring significant energy input to break the strong bond
of the N2, which accounts for approximately 94% of energy
consumed by the fertiliser production industry [3]. The
increasing cost of energy in combination with the depletion
of natural gas resources [4] is causing the price of fertilisers
to become prohibitively expensive.

The second most essential soil nutrient is phosphorus.
Although the P content of soils is not depleted, it is

not present in a form that is readily available for uptake
by plants, making the addition of fertilisers essential for
food production. P fertilisers are most commonly derived
from phosphate rock, a scarce resource with no synthetic
substitute, which is expected to reach peak production
around 2030 [3]. The phosphorous content of available
sources is also diminishing, while the concentration of
other elements that can be detrimental to human health,
especially cadmium, is increasing; therefore in order to
produce phosphate fertilisers with safe levels of cadmium,
more energy is required. These factors are leading to a
significant price increase. Biosolids contain phosphorus in
readily available forms and can effectively replace mineral
fertilisers and release phosphates slowly, allowing long term
growth improvement from a single application [5].

Soil carbon content also appears to be lessening at a con-
cerning rate. Bellamy et al. [6] found that C concentration
in soils in England and Wales decreased by approximately
0.6% yr−1 between 1978 and 2003. The application of
biosolids could help to alleviate this situation. Increased
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plant growth due to improved soil fertility is also likely to
increase absorption of CO2 and the majority of the carbon
would be sequestered, unlike thermal waste treatments which
would release it.

Application of biosolids can also improve water holding
capacity in sandy soils and can assist with drainage in clay
soils [7] and prevent soil erosion [2]. This is likely to become
even more important in the future as the predicted impacts
of climate change may cause longer drier summers and
longer wetter winters in the UK.

In the UK the application to land of biosolids is often
considered the best practicable environmental option [8]
from a waste management perspective, as it avoids landfill-
ing, which can lead to fires and explosions, odour nuisance,
local air quality problems and greenhouse gas emissions.
Energy recovery from thermal treatment of the waste is the
main alternative; however, the high moisture content might
inhibit gas production and may absorb more energy than
it produces [9] as well as destroying the essential nutrients
described above.

Although there are many benefits to using biosolids in
agriculture, there are also potential environmental burdens.
The potential for pathogens, organic pollutants, heavy
metals, and other potentially toxic elements (PTEs) in
biosolids is of concern as there may be many pathways
to receptors through biological and chemical reactions and
physical transfer, presenting a risk to the environment
and to human health through inhalation or ingestion [10,
11]. These pathways include accumulation in soils, uptake
in plants, runoff and leaching into waterways, and the
formation of pollutant gases by soil-atmosphere interactions
[12]. Regulations exist that set pollutant limit values for the
first three pathways; however, soil-atmosphere gas exchanges
have not been given the same amount of attention. These
exchanges include some very important gases such as N2O, a
greenhouse gas with 293 times the radiative forcing potential
of CO2 that also contributes to depletion of the stratospheric
ozone layer, and other nitrogen compounds that can lead
to acidification and eutrophication through deposition. The
formation of the other most common greenhouse gases, CO2

and CH4, is also of concern [13]. The main objectives of the
preliminary investigation presented in this paper were firstly,
to assess the suitability of the flux chamber technique from
The Centre for Ecology and Hydrology (CEH) to investigate
soil-atmosphere interactions on soils with biosolids applied,
and secondly, to determine whether any significant gas
emissions were noted, indicating a need for a more detailed
investigation. The CEH method has been used for many years
to test soils throughout Europe [12] and is therefore well
established. Gas chromatography was used to analyse the
composition of the gas.

2. Regulation of the Use of Biosolids

Three types of biosolids were considered in this investigation:
sewage sludge from the treatment of waste water, compost
from source segregated biodegradable municipal solid waste
(BMW), and compost-like outputs (CLOs) from the bio-
logical treatment of mixed residual municipal solid waste.

Sewage sludge has been used in agriculture for more than
40 years [8], and this route currently absorbs approximately
73% of annual generation in the UK. Until 2001 over 80%
of BMW generated was landfilled without treatment [14]
but the introduction of the landfill directive [15] changed
this. The legislation requires the diversion of BMW from
landfills with three reduction targets set in 2010, 2013, and
2020, the ultimate one a reduction of 65% compared to 1995
production levels.

The Sludge (use in agriculture) Regulations (1989) [16],
which enforce the EC Directive (86/278/EEC) [17], set limit
values for some PTEs in soils where sludge is applied. These
limits do not include organic contaminants, as no risk from
such potential pollutants has been identified, although some
other member states have chosen to do this under the
precautionary principle [11].

The publically available specification for composted
materials PAS : 100 [18] sets limit values for a similar range
of PTEs in composts, but this standard is for presence in
the compost itself as opposed to concentrations in soils
after application. The values are similar and, in some
cases, more stringent than the sludge regulations. PAS100
also defines limit values for pathogens, whereas the sludge
regulations only specify that the treatment processes that
destroy pathogens are adequately monitored. The compost
specification requires the incoming waste be segregated at
source; therefore composted mixed residual waste cannot
achieve the standards. Ideally all compostable waste would
be collected segregated at source, to develop a closed-
loop process of food and garden waste achieving effective
diversion from landfill, as these two waste fractions account
for approximately one third of UK MSW. However, in
reality, even in areas which offer a kerbside source segregated
collection, the biodegradable content of residual MSW is
still too high to meet the landfill diversion targets. For
example, in the London Borough of Barnet, which offers a
free kitchen and garden waste bin to 91,246 households, only
55,954 households are currently participating [19] and even
in participating areas, food waste capture is relatively low.
Such low participation rates have been experienced in other
member states [20].

The number of facilities that biologically treat mixed
residual MSW is rapidly expanding in the UK to aid com-
pliance with the landfill directive (Table 1) and they are often
preferred to the other main option, mass burn incineration,
due to lower capital expenditure, faster development time,
and positive public perception [21]. However, such facilities
do not provide total diversion of the biodegradable fraction
in the same way as incineration, which produces only
biologically inert ashes, but leave a compost-like output,
referred to in this paper as CLOs. These outputs can be
refined to be used as a fuel, but the size of the market for this
low-quality product is limited due to competition from other
more established fuels. Therefore some waste management
companies aim to dispose of this output by application to
land. Although this product may improve several soil types,
its use is currently restricted by the Environment Agency
(England and Wales) to land where food or fodder crops is
not grown or will not be grown in the future. The reasons
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Table 1: Overview of MBT and MHT sites.

MBT MHT Total

Operational sites (op) 10 2 12

Sites under construction (c) 2 2 4

Sites with planning permission
granted (ppg)

10 3 13

Sites with a planning application
submitted (pas)

2 0 2

Sites still in planning (in p) 3 2 5

Rejected sites (pa rejected) 4 1 5

All sites 31 10 41

Total number of contractors offering
technology

18 5 23

Success rate 87% 90% N/a

for this are not only the possible PTE content but also shards
of glass and other items such as foil and plastics that either
may be hazardous or unsightly. An exception to the ban
was granted in 2008 to ADAS for the purpose of researching
the potential risks associated with its use, and a preliminary
report on the results of this was recently presented at the
Waste 2010 Conference [22]. The paper concluded that risks
were insignificant, for crops whose edible parts are not grown
in direct contact with soils, such as wheat. Its use in land
remediation, for contaminated sites, has been shown to be
beneficial [23] and could provide a significant outlet for this
waste type. Expansion of crops for biofuels is also likely to
be a part of the future as the EU strives to become less
dependent on fuel imports [24]. This could also provide
a significant outlet for CLOs, as it removes the human
target for crops that have taken up PTEs. Although there
are controversial issues relating to expansion of biofuels,
including the climate change impacts of land use change and
fears over food shortages, at present, the EU still aims to
increase its use.

A recent study by Defra [25] investigated the concentra-
tion of nutrients in different biosolids, in order to determine
the mass required to achieve sufficient fertilisation. The
nitrogen application rate used was 170 kgt−1, which is
the rate for long-term sewage sludge studies, determined
by nitrogen vulnerable zone limitations. It was found
that 12.1 t·ha−1 of composted municipal wastes would be
required compared to only 3.6 t·ha−1 of sewage sludge.
A greater mass of biosolid application will result in a
corresponding increase in PTE concentration. Further, the
large mass applied could restrict soil aeration by both
compaction and the higher oxygen demand of composted
MSW compared to sewage sludge. The unpredictable form of
the nitrogen in biosolids also makes them more susceptible
to nitrification and denitrification processes, leading to
the formation of nitrogen compound gases. This is more
worrying for biosolids from MSW treatment than sewage
as the former has a more heterogeneous incoming waste
stream and is prone to significant temporal variations.
Similarly the improvement of soil structure would require
greater mass of compost per hectare than sewage sludge.

Figure 1: MBT output sample.

Figure 2: Compost sample from West London.

However, significant cost savings could also be achieved,
for example, a study on potato crops by The Waste and
Resources Action Programme (WRAP) [7] found a saving
of $130 per hectare could be made by substituting mineral
fertilisers with compost made from source segregated kitchen
and garden waste.

3. Methodology

3.1. Samples. The first sample (Figure 1) provided by The
Open University, was taken from a recently opened MBT
plant. The plant accepted mixed municipal solid waste
which, after mechanical separation, was composted for seven
weeks. As can be seen it was a very mixed waste, with
significant nonbiodegradable contamination. The pH was
measured using a Mettler Toledo FG2 pH meter, as close to
neutral at 7.14. Table 3 provides detailed analysis of other
properties of the sample, as provided by the Open University.

The second sample (Figure 2) was purchased from West
London Compost, which takes in source segregated kitchen
and garden waste. Upon arrival at the site, the waste is
shredded to homogenise the particle size. It is then put
through a two-stage in-vessel composting process, which is
operated in accordance with animal by-product regulations.
Each stage operates for between 10 and 14 days. The material
is then moved to windrows, where it is regularly turned
to mature for up to 8 weeks, to achieve the required
specification standards. As can be seen, it is much more
homogenous than the MBT output sample. Its pH was
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Figure 3: Sewage sludge sample.

Figure 4: Flux chamber apparatus.

measured as 6.75. A full laboratory analysis of the physical
and chemical composition of these samples was provided by
the suppliers and the most relevant parameters are shown in
Table 3.

The third sample (Figure 3) was of sewage sludge
provided by Anglian Water, which was taken from the Cam-
bridge sewage treatment works on Cowley Road, Cambridge.
The sewage, a mix from both the local area and further afield,
is passed through the CAMBI thermal hydrolysis process.
It is then anaerobically digested at mesophilic temperature.
The cake is then dewatered and analysed in accordance with
the sewage sludge use in agriculture regulations, before being
used on agricultural land. As can be seen this was in pellets
of uniform size, quite dense, and moist. Its pH was measured
as 7.5. Further properties of this type of sample, provided by
Anglian Water Services, are shown in Table 3.

Upon receipt samples were stored in sealed plastic bags at
below 4◦C, in order to prevent further degradation prior to
the experiment.

3.2. Flux Chambers. Figure 4 shows the flux chamber setup.
A 6m PVC 400 mm diameter pipe was cut into segments of
approximately 40 cm. A PVC 400 mm diameter flange was
attached to 6 of these and sealed with a weatherproof flexible
sealant.

A square piece of aluminium sheeting, 480 mm ×
480 mm × 3 mm, with a 10 mm diameter hole in the centre,
was placed on top of the flanges, to make a lid.

Table 2: Number of samples collected at each site and time.

pH Time (mins) Control MBTCLO Biosolid Compost

4.56
0 2 1 1 1

30 0 2 2 2

60 0 1 1 1

5.5
0 2 1 2 1

30 0 1 1 1

60 0 2 1 2

6.7
0 1 2 1 2

30 1 1 1 1

60 1 1 2 1

The hole was filled with a 10 mm diameter piece of PVC
tubing, cut into lengths of approximately 800 mm, reinforced
with a silicon sealant. The end of the tubing was plugged with
a three way stopcock.

At the sites, chambers were placed in the soil to a
depth of 10 cm. Where the ground was too hard or roots
or rocks prevented positioning the chambers at the correct
depth, a knife was used to loosen the earth and dig out any
obstructions. pH, moisture, and temperature were measured
inside each chamber before sealing the lids.

The biosolids were placed in each of the chambers to
a depth of around 3–5 cm, using a broadcast method, as
this was identified as the most common method practised
[26, 27].

As recommended by [28] gas was collected immediately,
then the chambers were sealed, and further gas samples were
collected after 30 minutes and 60 minutes. Double extrac-
tions were performed on a random number of occasions to
determine the precision of the analysis. The testing protocol
is given in Table 2.

The extraction was performed using a 60 mL syringe,
which was pumped into a 1 L tedlar bag on 20 occasions.
Although this would have theoretically filled the bags beyond
capacity, to 1.2 L, there was a small amount of leakage
each time. The reliable storage time for Tedlar bags had
previously been investigated by CEH in a comparison with
other different gas sample storage devices. They were deemed
to store samples safely for up to 14 days. Although this is one
of the shorter periods of storage compared to glass vials (1
month) or newer flexfoil bags (at least 92 days), the samples
were couriered to the analysis laboratory within 48 hours of
the collection, so 14-day-storage was ample for this work.

3.3. Sample Collection Sites. The chambers were placed at
three different sites around the Silwood Park campus of
Imperial College (Figure 5) chosen for the variation in
vegetation. Moisture content at each site was measured using
an SM300 soil moisture and temperature sensor, with a HH2
moisture meter, from Delta-T, and pH measured using a
Mettler Toledo FG2 pH meter.

The first site (Figure 6), known as Silwood Bottom,
is a cultivated field supporting a rich flora of ruderal
arable weeds, conserved by annual ploughing [29]. The soil
was identified as a a silty loam, using the texture by feel
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Table 3: Properties of samples, provided by suppliers.

Sample Dry matter (% fresh wt) Loss on ignition (%DM) N total (% DM) C total (LOI/1.8) C : N

CLO 75.9 60.3 1.2 33.5 26.9

Compost 72.0 55.1 0.2a 32.0b 160

Biosolids 39.2 43.2 2.47 24 9
aNH4 plus NO3.
bLOI/1.72.

Figure 5: Map of three testing sites at Silwood Park.

Figure 6: Picture of site 1. Samples were collected near the bottom
right hand corner of the photo.

flow diagram analysis [30]. The pH was measured as 6.7,
the moisture content ranged between 4.0 and 7.8%. The
sampling was performed on Wednesday 1st September 2010,
between 1400 and 1600, when the average temperature was
14.5◦C.

The second site (Figure 7) was a young naturally
regenerated oak woodland [29]. A layer of decaying leaves
was covering the soil. The leaves were swept away before
placing the biosolids on the earth. The soil was identified as
sandy loam [30]. The pH was measured as 4.56; the moisture

Figure 7: Site 2.

Figure 8: Site 3.

content ranged between 4.5 and 10.7% with mean of 6.9%.
The sampling was done on Thursday 2nd of September
between 1200 and 1400, when the average temperature was
15.9◦C.

The third site, shown in Figure 8, was a grassland,
bordered with trees, but these were not overshadowing the
sampling site. The soil was covered with grasses and was
identified as silty loam [30]. The pH at this site was measured
as 5.67, and the mean moisture content was 6.2%. The testing
was done on Thursday 4th of September between 1500 and
1700, when the average temperature was 15.9◦C.

Gases from the MBT output and compost were also
collected after being in place for two weeks at site 1, to see
what effect the gas exchange would have with a longer time
to diffuse into the soil below.

3.4. Gas Chromatography. Samples were sent to CERAM
where they were analysed for gas composition. The analysis
was performed using gas chromatography.
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4. Results

The laboratory provided measurements for 8 different gases:
methane, carbon dioxide, nitrogen, oxygen, hydrogen, ethy-
lene, ethane, and acetylene.

For all gases except carbon dioxide, nitrogen, and oxygen
the concentration of the gas was below the limits of detection
of the instrument, for each biosolid type, over the hour.
For methane this was <0.1%, for hydrogen <20 ppm, and
for ethylene, ethane, and acetylene <5 ppm. The result for
methane was in line with our expectation that application
to land of outputs would prevent the formation of this gas,
as oxygen inhibits the growth of methanogenic bacteria [31].
Although other studies have indicated that nitrogen enrich-
ment of soils leads to an increase in methane formation and
decrease in methane uptake [13], these effects would occur
over a longer period of time and so would become evident at
later sampling dates when the biosolids and soils had started
to mix. Other factors can influence the results, such as excess
moisture content [27, 32].

At site 1, with pH 6.7, four chambers were placed; one
remained empty and a different biosolid was added to each
of the other three. At time t = 0 the gas concentration
in each chamber was measured to provide a background
concentration.

The mean nitrogen concentration measured at time
0 was 79.85% with standard deviation 0.4. Figure 10(a)
shows the measured nitrogen values at 30 and 60 minutes.
As can be seen the measured values fall within the 95%
confidence limits of the mean, indicating that these values
are not likely significantly different from ambient concen-
trations. However, at t = 60 minutes, as time increases,
the measured concentration in the chamber containing
sewage sludge lies outside of the 95% confidence range of
the mean, indicating a potential variation from ambient
concentrations.

The mean oxygen concentration measured at t = 0
was 20.1%, with standard deviation 0.4. Figure 11(a) shows
that almost all subsequent measurements lie within 95%
distribution of the mean, indicating no significant variation
in oxygen concentration. The measured concentration in the
chamber containing sewage sludge lies outside of the range
indicating possible significance. The combination between
increased nitrogen and decreased oxygen shows possible
nitrogen gas formation and warrants further sampling.

At site 2, with pH 4.56, three chambers were located, with
the three biosolid types introduced in the same way. Ambient
air was measured at the start of the experiment, along with
the air inside each chamber after the lid was finally sealed.
The mean ambient nitrogen concentration was 79.4% with
standard deviation 0.3. Figure 10(b) shows the results for
nitrogen at all times in the three chambers. The values all
lie within 95% confidence limits of the mean, indicating
that there is no significant variation in gas concentration.
Similarly the mean background oxygen concentration
was measured as 20.9% with standard deviation 0.3%.
Figure 11(b) shows that all subsequent measurements lie
within the 95% confidence limit of the mean, indicating no
significant variation in oxygen concentration.

At site 3, with pH 5.5, again three chambers were posi-
tioned with the three different biosolid types. Two samples
of ambient air along with time t = 0 samples from each
chamber were taken to determine background concentra-
tion. The mean nitrogen measured was 78.9%, with standard
deviation 0.05%. Figure 10(c) shows the results, and it can be
seen that all results lie within 3 standard deviations of the
mean, indicating that there is no significant variation.
Similarly for oxygen the mean background concentration
was measured as 21.1% with standard deviation 0.05%.
Figure 11(c) shows that all values lie within 95% confidence
limits of the mean, indicating no significant variation in
oxygen concentration with time.

The mean background carbon dioxide concentration was
below the limits of detection at all sites, and so it is approxi-
mated to 0%. Figure 9 shows the variation in concentration
at the three sites. As can be seen at site 1 there was no
variation for CLO or compost and the sewage sludge showed
no variation at 30 minutes but had increased to 0.1% after
60 minutes, indicating that minor degradation of the sample
may have occurred.

At site 2, the mean background concentration was also
approximated to 0, except when measured in the biosolids
chamber. The concentration remained at 0 for compost and
CLO throughout the measurement period, while the sewage
sludge sample was still 0.1% at 30 minutes and increased to
0.2% after 60 minutes.

At site 3, the background concentration was again 0. For
the CLO the concentration has increased to 0.1% after 30
minutes, but it was 0 after 60 minutes. For the compost
the concentration increased to 0.2% after 30 minutes and
remained at this concentration after 60 minutes. The sewage
sludge sample increased to 0.2% after 30 minutes, but it was
0 after 60 minutes.

5. Discussion

The experimental work demonstrated the feasibility of the
methodology but the duration was too short to form any
clear conclusions on gas evolution. Overall the sewage sludge
sample appears to have the greatest influence on CO2

concentration. Although theoretically this type of biosolid
should be the most biologically stable [33], the very high
moisture content makes it more likely to affect the soil below
more readily. In the longer term, this renders the sludge
more degradable by facilitating the transport of microbes
and nutrients between microenvironments and diluting the
concentration of inhibitors [31].

Greenhouse gas emissions are of particular concern at
the moment, due to the predicted consequences of rising
temperatures in the near future and the UK Government has
set a legally binding target to reduce emissions to 80% of
1990 levels by 2050 [34]. Soils contain nearly twice as much
carbon as the atmosphere, but Bellamy et al. [6] found that
the UK soils lost carbon at an estimated rate of 0.6 % per year
between 1978 and 2003. The losses occurred independently
of land use indicating a possible link with climate change.
The lost carbon is likely to be due to several mechanisms,
that is, leaching to soils as well as gas emissions, but the
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(c) Site 3: pH 5.5

Figure 9: Measured nitrogen concentrations. The solid line indicates the mean, and the dashed line 3 standard deviations from the mean.
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Figure 10: Oxygen concentrations measured at each site. The solid line indicates mean ambient concentration measured, and the dashed
lines are 3 standard deviations from this.

rate of loss is of concern. Addition of fertilisers to soils is
considered a carbon sink, because the resulting increased
growth rates lead to increased CO2 uptake. Nitrogen fertiliser
addition also affects the CH4 and N2O fluxes of soils, and
studies have indicated that this may have a negative impact,
offsetting the benefit from CO2 uptake. Liu and Greaver [13]
compiled the results of experiments measuring soil gas fluxes
and found that CH4 emissions were increased and soil uptake

of CH4 from the atmosphere decreased. Similarly they found
that N2O emissions appeared to be stimulated by fertiliser
addition; however, another review by Chapuis-Lardy et al.
[35] indicated that soils may act as a net sink for N2O.
The conflicting results highlight the lack of understanding
of mechanisms that produce and consume N2O. It is an
important area of research as it contributes not only to
global warming but also ozone layer depletion. The IPCC
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Figure 11: Measured CO2 concentrations.

reports that soils are the main source of this gas, estimated
to emit 6.4 Tg yr−1 from natural soils and 4.2 Tg yr−1 from
agricultural soils, with large uncertainties [35].

Denitrification is the main process by which N2O is
consumed and has been studied extensively using various
methods including, inhibitor studies, stable isotope studies,
addition of N2O to soils or investigating natural abundance;
and microbiological approaches. Unfortunately all of these
methods are intrusive and therefore fail to produce realistic
representation of natural processes. Many experimental
studies have measured a net negative N2O flux; however,
although several parameters that could affect consumption
behaviour have been identified, including pH, moisture
content, temperature and carbon concentration, results have
been inconsistent. For example, Glatzel and Stahr [36]
found that low N content and poor aeration led to net
N2O consumption, while Rosenkranz et al. [37] found net
consumption in soils that had low N, but were well aerated
and moist. Low availability of NO3

2− is the only consistently
identified factor contributing to consumption of N2O by
soils. The reason being that the reduction of N2 occurs more
readily in the presence of NO3

2−, but N2O will be reduced in
its absence. Diffusion through soils has also been consistently
identified as a contributing factor, with a longer residence
time, often due to high moisture content, allowing increased
reduction of N2O to N2. By measuring N2O fluxes at the
surface simultaneously with concentration in soil cores to a
depth of approximately 10cm, moisture content was shown
to cause a significant delay between production of N2O in
the subsoil and flux measurements at the soil surface. Soil
disturbances, especially agricultural practices, can release the
trapped gas, for example, say [38] measured N2O fluxes
of 9–31% above background concentrations 1 minute after
cultivation, but these had reduced to background fluxes

within 2 hours. It is also possible the gas will have dissolved
and leached away to be emitted elsewhere or taken up by
plants and transpired. A more thorough understanding of
the diffusion of gases formed in the subsoil is therefore
also important [38]. Changes in ambient pressure and
temperature have also been investigated and shown to lead
to movement of gases in soils. Studies have measured N2O
concentration in soil leachates but have not correlated these
with concentrations in the soil profile. Readily available C
has been identified as a limiting factor for this process [38],
but studies have indicated that moisture content has a greater
influence than C or N concentration.

6. Conclusions and Future Recommendations

Findings of this work demonstrate the potential of the use
of a flux chamber technique to measure soil-atmosphere
gas exchanges from the application of biosolids to land.
Although these are preliminary findings of ongoing research,
some interesting results have immerged. Insignificant varia-
tion appeared to occur between different areas of vegetation;
however, small variations in gas concentrations observed are
indicating the need for more research on monitoring of
soil-atmosphere gas exchanges to determine the long-term
impacts on the atmosphere and the environment.

Preliminary findings are indicating that the impacts on
soil atmosphere gas exchanges are negligible for CLOs and
compost within the first hour of application. This is the
time when significant N2O fluxes have been measured in
other experiments. A slight change in gas composition was
detected at site 1 for the sewage sludge chamber. Similarly
the carbon dioxide fluctuations were most pronounced
in the sewage sludge chambers. The comparatively high
moisture content of this sample would allow for more gas
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formation processes to occur; therefore in continuation of
the experiment it would be interesting to assess the role of
moisture content in the process.

In addition, the analysis results from the external lab-
oratory were less sensitive than expected, based on results
reported by other studies. Particularly the lack of data on
N2O, one of the most important gases identified, needs
to be rectified in any future studies. Repeating the gas
collection with an improved analysis that can measure
N2O directly is recommended for a future experiment, as
continued experimental measurements of N2O will con-
tribute to an increased understanding of the gas formation
mechanisms.

The variation in soil pH at the three sites did not
appear to generate variation in gas fluxes between the sites;
however, measurements taken at a later time, when greater
mixing between the soils and biosolids has occurred, may
demonstrate a different potential. A longer-term experiment
would also allow for a better investigation of methane fluxes
which have shown contradictory trends in the literature.

The preliminary results presented here indicate that the
impacts on soil atmosphere gas exchanges are negligible for
CLOs and compost within the first hour of application.
This is the time when significant N2O fluxes have been
measured in other experiments [36]. A slight change in
gas composition was detected at site 1 for the sewage
sludge chamber. Similarly the carbon dioxide fluctuations
were most pronounced in the sewage sludge chambers. The
comparatively high moisture content of this sample may
allow for more gas formation processes to occur; therefore
in the next stage of the experiment it would be interesting to
make the moisture content of all the samples the same before
experiments commence.
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Arid and semiarid rangelands are suitable for responsible biosolids application. Topical application is critical to avoid soil and
vegetation disturbance. Surface-applied biosolids have long-lasting effects in these ecosystems. We conducted a 10-year research
program investigating effects of biosolids applied at rates from 0 to 90 dry Mg ha−1 on soil water infiltration; runoff and
leachate water quality; soil erosion; forage production and quality; seedling establishment; plant physiological responses; nitrogen
dynamics; biosolids decomposition; and grazing animal behavior and management. Biosolids increased soil water infiltration
and reduced erosion. Effects on soil water quality were observed only at the highest application rates. Biosolids increased soil
nitrate-nitrogen. Biosolids increased forage production and improved forage quality. Biosolids increased leaf area of grasses;
photosynthetic rates were not necessarily increased by biosolids. Biosolids effects on plant establishment are expected only
under moderately favorable conditions. Over an 82-mo exposure period, total organic carbon, nitrogen, and total and available
phosphorus decreased and inorganic matter increased. Grazing animals spent more time grazing, ruminating, and resting in
biosolids-treated areas; positive effects on average daily gain were observed during periods of higher rainfall. Our results suggest
that annual biosolids application rates of up to 18 Mg ha−1 are appropriate for desert rangelands.

1. Introduction

Wastewater treatment produces liquid effluent and sewage
sludge. When sewage sludge is further treated for pathogen
control (e.g., with anaerobic digestion or composting) the
resulting product is called “biosolids.” Dewatered biosolids
typically have 60%–80% water content and contain a broad
variety of micro- and macronutrients; about 60% of the
solids content in biosolids is organic matter [1].

The US currently produces approximately 7.1 million
metric tons of biosolids annually [2]. Disposal options
include incineration and processing for energy recovery,
landfill disposal, and land application [2]. The US EPA
regulates and encourages land application both in agronomic

settings and on rangelands. In fact, about 50 to 60% of
annual biosolids production is used in land application
[3, 4]. Land application on rangelands, especially semiarid
rangelands, is particularly attractive because the climate of
these ecosystems typically allows for year-around applica-
tion; additionally, distance from urban areas, wide-open
spaces, and large acreages in private holdings make these
areas particularly suitable for land application [5]. To
avoid undue disturbance of soil and vegetation, however,
topical application rather than incorporation into the soil is
preferred for arid and semiarid rangelands.

We conducted an extensive study of biosolids effects
on Chihuahuan Desert rangelands from 1992 to 2001.
Our research investigated effects of biosolids on forage
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production and forage quality, grass seedling emergence and
early growth, plant physiological responses, quality of surface
runoff and soil water leachate, soil water infiltration and
erosion, biosolids decomposition, and grazing management.
Our focus here is to summarize our results from a number
of published and unpublished studies in a paper that will
contribute to a better understanding of land application of
biosolids in semiarid rangelands.

2. Study Area

Our study area was located in Chihuahuan Desert rangeland
of the Trans Pecos Resource Area in Hudspeth County, Texas
(USA) (mean elevation: 1350 m). The study area is located
on the Sierra Blanca Ranch, about 140 km south-east of El
Paso, Texas. Climate is semiarid with hot dry summers and
mild winters. Precipitation averages approximately 310 mm
annually, 67% of which occurs between July and October [6].

Our study area does not have a published soil survey. Our
soil names are field names that are considered taxadjuncts of
established soil series. Soils of the study area were dominated
by three series. A Stellar loam (taxadjunct of the Stellar
series) (1 to 3% slope, fine, mixed, superactive, thermic
Ustic Calciargids) supports C4 grasses (e.g., Hilaria mutica,
Sporobolus airoides, and Bouteloua gracilis) with widely scat-
tered shrubs (Prosopis glandulosa and Ziziphus obtusifolia).
An Armesa fine sandy loam (taxadjunct of the Armesa series)
(fine-loamy, carbonatic, and thermic Ustic Haplocalcid)
supports vegetation dominated by B. eriopoda, B. gracilis,
and scattered Yucca elata. A Chilicotal very fine sandy loam
(taxadjunct of the Chilicotal series) (loamy-skeletal, mixed,
superactive, and thermic Ustic Haplocalcids) is dominated
by two shrubs, Larrea tridentata and P. glandulosa with only
sparse herbaceous species.

3. Biosolids Effects on Herbaceous Biomass and
Forage Quality

Commercial application of biosolids to semiarid rangelands
typically occurs year round and usually involves annual
applications for several consecutive years. We hypothesized
that plant response to biosolids would depend on season
of application as well as on the number of consecutive
applications. Thus, in addition to studying rate responses
to biosolids, our initial experiments included season of
application and number of years of consecutive applications
as factors of interest.

3.1. Methods. At the time of our work, the Texas state-
regulated application rate for arid rangelands was 7 Mg ha−1

(on a dry weight basis). Our experimental rates were 0, 7,
18, 34, and 90 Mg ha−1. Experimental plots were treated
with biosolids during the dormant season (late January)
or the growing season (early July, just prior to onset of
seasonal rainfall). We conducted several independent exper-
iments investigating plant response. In our longest-running
experiment on plant responses [7], a total of 960 1-m2 plots
were selected in 1992 for study, half of which were centered

over a H. mutica plant and half over an S. airoides plant.
Baseline data were collected from each plot: herbaceous
biomass was harvested after the 1992 growing season, dried,
and weighed for initial standing crop. All plots were treated
with biosolids in 1993; in 1994, 1995, and 1996, we retreated
720, 480 and 240 plots, respectively. Thus, one quarter of
our plots received biosolids one time only (in 1993), one
quarter received biosolids for two consecutive years (1994
and 1995), one quarter received biosolids three consecutive
years (1993–1995), and one quarter received biosolids for
four consecutive years (1993–1996). Half of our plots were
provided with supplemental irrigation by applying 1.7 cm of
water twice during 1993, 5 times during 1994 and 1995 and 4
times in 1996. Our intent was to elicit a response in the event
of seasonal drought. Plant length was measured biweekly
during the 1993 growing season to assess immediacy of plant
response. We harvested peak standing crop in early October
annually from 1993 to 1996 from all plots.

Other plant-response studies varied in their objectives
and design, but generally, they included the above applica-
tion rates and supplemental irrigation. One study investi-
gated effects of biosolids applied twice per year for one year
only on forage production as well as forage quality H. mutica
[8]. Biosolids were applied in winter and summer or in
spring and summer (1994) at 0, 7, 18, and 34 Mg ha−1; plant
total Kjehldahl nitrogen was measured in forage harvested
for four years following biosolids application. Another study
compared biosolids with commercial fertilizer applied at
nutrient-equivalent rates [9]. In this study, we applied urea
or monoammonium phosphate in granular form at rates
calculated to supply the same amount of plant available
nitrogen and/or phosphorus as biosolids applied at 0, 7, 18,
and 34 Mg ha−1. Production of H. mutica and B. gracilis was
measured annually for three years.

3.2. Results. First-year responses to biosolids application
coincided with above-normal rainfall and favorable growing
conditions [7]. Both H. mutica and S. airoides responded
almost immediately to biosolids application: increases in
plant length were detected within 21 d following growing
season application of 18 Mg ha−1. Additionally, end-of-year
plant lengths were greater in biosolids-treated plots than
control plots.

Rate and season of application interacted in their effects
on peak standing crop of both H. mutica and S. airoides
(Figure 1). Quadratic regressions explained 94% and 98% of
the variation in H. mutica rate response in growing season
and dormant season applications, respectively. Dormant
season application of 34 Mg ha−1 more than doubled H.
mutica standing crop (Figure 1(a)). Biomass of S. airoides
was not affected by growing season application of biosolids
in 1993; however, dormant season application increased
biomass nearly 100% (Figure 1(b)).

Effects of rate and number of consecutive years of
biosolids application are illustrated in 1996 standing crop
response. These factors interacted with irrigation in their
effects on H. mutica standing crop (Figure 2). In nonirri-
gated plots, a quadratic regression explained from 70% to
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Figure 1: Standing crop (kg ha−1) at the end of the 1993 growing
season of (a) Hilaria mutica and (b) Sporobolus airoides as affected
by season (dormant or growing) and rate of biosolids application
(redrawn from [7]).

96% of the variation in rate response (Figure 2(a)). Also,
nonirrigated plots treated two, three, or four consecutive
years had reduced standing crop at the highest application
rate compared to plots treated only once (in 1993)—
this illustrates a strong carryover effect of single biosolids
applications. Biosolids application did not affect 1996 H.
mutica production in irrigated plots that had been treated
only once in 1993; however, when two or more consecutive
years of biosolids were applied with supplemental irrigation,
a strong quadratic rate response was shown (Figure 2(b)).
We also detected an interaction between rate and number
of years of application in S. airoides standing crop. Standing
crop in 1996 increased linearly when biosolids were applied
only once (in 1993). When biosolids were applied for two or
more consecutive years, however, all biosolids rates increased
standing crop relative to the control treatment, and the
response was described with a quadratic regression. With two
or three consecutive years of application, standing crop did
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Figure 2: Standing crop (kg ha−1) of Hilaria mutica in (a)
nonirrigated plots and (b) irrigated plots at the end of the 1996
growing season as affected by one to four consecutive years of
biosolids application and rate of biosolids application (redrawn
from [7]).

not decrease at the 90 Mg ha−1 rate; with four consecutive
years, however, standing crop decreased at this high rate [7].

In our forage quality study [8], we found that although
H. mutica standing crop was affected by rate of application,
this effect did not depend on year of sampling: a linear regres-
sion explained 93% of the variation in rate response. In con-
trast to biomass responses, the response of H. mutica TKN to
biosolids rated depended on year of sampling (Figure 3). In
general, TKN increased with increasing biosolids each year
of sampling. These results suggest a strong carryover effect
of biosolids applied in 1994 on both forage production and
forage quality for the following four growing seasons.

4. Biosolids Effects on Plant Establishment

Biosolids provide cover to the soil surface, and the physical
presence of this material can reduce soil water evaporation
and moderate extremes in soil surface temperatures. Both
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Figure 3: Hilaria mutica total nitrogen concentration (% TKN) as
affected by biosolids application and years after a single application.
Biosolids were applied in 1994 and forage was analyzed yearly from
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effects can be expected to affect seedling emergence and early
seedling growth, and these effects might possibly affect long-
term plant community dynamics. We conducted greenhouse
and field experiments to investigate these effects on B. gracilis
and Leptochloa dubia, two warm season grasses common in
our study area [10].

4.1. Methods. We quantified biosolids effects on emergence
and root growth in greenhouse conditions [10]. In these
experiments, greenhouse pots were treated with 0 or 34
Mg ha−1 of biosolids; soil was air dried at the beginning of the
experiment. We added 13 mm of water for seven consecutive
days and monitored seedling emergence.

We also studied biosolids effects on emergence and
early seedling growth under field conditions [10]. Five
experiments were conducted that involved planting seeds in
June, July, and August over a two-year period. Treatments
were comprised of a factorial combination of two biosolids
rates (0 and 34 Mg ha−1) and three irrigation rates (0, 6.4, or
19 mm of water). Plots were irrigated for three consecutive
days and then every other day for three irrigations; after this
period, plots received only natural rainfall.

4.2. Results. In our greenhouse experiments, soil water at
a 5-cm depth was higher in biosolids-treated pots on two
of the first four days, also during a 10-day period after the
addition of 24 mm of water for four consecutive days [10].
Although total emergence was similar in biosolids-treated
and control pots by the end of the 17-day trial, seedlings of
both species began to emerge in biosolids-treated pots after
six consecutive days of watering at 13 mm day−1; in contrast,
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Figure 4: (a) Bouteloua gracilis and (b) Leptochloa dubia seedling
emergence as affected by 0 or 34 Mg ha−1. Treatment means for a
species on a given date with open symbols are significantly different
(redrawn from [10]).

emergence in control pots was delayed until irrigation was
increased on day 10 of the trial (Figure 4). Biosolids had
no effect on B. gracilis maximum root, shoot, or total plant
length of 2- or 4-week old seedlings; additionally, there was
no effect on total root length or root length classified by root
diameter. Maximum root length, total root length, and total
plant length of 4-week old L. dubia seedlings was greater in
control pots than in biosolids-treated pots.

In our field experiments, we found that biosolids effects
on emergence depended on prevailing environmental con-
ditions, and we proposed a conceptual model (Figure 5) to
explain these effects [10]. Under extremely harsh environ-
mental conditions, biosolids are likely to have little effect on
seedling emergence. Under favorable conditions, emergence
can take place without the beneficial effect of biosolids.
When conditions were neither harsh nor favorable; however,
the presence of topically applied biosolids and the resulting
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Figure 5: A conceptual model showing the effects of topically
applied biosolids on plant establishment under benign, intermedi-
ate or harsh environmental conditions (redrawn from [10]).

reduction in soil water loss and moderation of soil surface
temperatures can enhance seedling emergence.

Dominguez-Caraveo et al. [19] studied biosolids effects
on B. gracilis seedling emergence, growth, and survival under
greenhouse conditions that included a watering schedule that
represented below-normal amounts of water. Biosolids rates
ranged from 0 to 50 Mg ha−1.

In contrast to results of Hahm and Wester [10], these
authors reported that both plant emergence and seedling
survival decreased with increasing biosolids application.
Although plant growth at 30 days was not affected by
biosolids, both shoot length and aboveground biomass at 120
days increased as biosolids rates from 10 to 30 Mg ha−1. They
concluded that biosolids applied at 10 Mg ha−1 might benefit
establishment of surviving plants without limiting seedling
emergence or survival.

5. Biosolids Effects on Plant
Physiological Responses

We studied biosolids effects on plant physiological responses
of H. mutica and B. gracilis to better understand the plant
production and forage quality responses of these grasses to
biosolids [11]. We also studied biosolids effects on plant
water relations and gas exchange of L. tridentata, a dominant
Chihuahuan desert shrub [12].

5.1. Methods. We transplanted H. mutica and B. gracilis
plants from the field into greenhouse pots and watered them
through an establishment period [11]. After establishment,
pots were treated with biosolids at rates of 0, 7, 18, 34, or
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Figure 6: Photosynthetic rate (μmol m−2 s−1) of Bouteloua gracilis
and Hilaria mutica as affected by biosolids application in soil
maintained at 40% or 80% field capacity (redrawn from [11]).

90 Mg ha−1 and held at either 40% or 80% field capacity.
We evaluated photosynthetic rate, stomatal conductance, leaf
area production, and foliar nitrogen concentration.

Individual L. tridentata shrubs were treated with 0, 7, 18,
34, or 90 Mg ha−1 in early February 1997 and monitored
through the spring and summer [12]. We evaluated soil
water responses in plots as well as photosynthesis, stomatal
conductance, and predawn leaf water potential in shrubs
under biosolids treatments.

5.2. Results. Biosolids affected plant physiological responses
of grasses and shrubs. The leaf area of both B. gracilis
and H. mutica increased with increasing rates of biosolids
application [11]. This increase, however, did not always
correspond to increases in photosynthetic rates (Figure 6).
Plants of both species receiving the high irrigation rate
(80% field capacity) increased their photosynthetic rates
as biosolids application increased from 0 to 18 Mg ha−1.
However, as biosolids rates increased beyond 18 Mg ha−1,
photosynthetic rates either declined or were maintained but
did not increase further in both species. Plants receiving
the low irrigation rate were affected differently by biosolids
application than plants receiving the high irrigation rate.
The increase in biosolids rates did not produce higher
photosynthetic rates in any plants under low irrigation.
In addition, photosynthetic rates of both species receiving
no biosolids were higher under low irrigation than under
high irrigation. Photosynthetic rates were linearly related to
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Figure 7: Photosynthesis and water relation responses on 12 June
and 17 June to a 23.3 mm of rainfall that occurred 14 June 1997
in Larrea tridentata as affected by biosolids applications (redrawn
from [12]).

stomatal conductance for both species, and there were clear
trends linking plant nitrogen content derived from biosolids
application to the observed responses in photosynthetic rates
[11, 20].

We monitored physiological responses of L. tridentata
to biosolids application during dry periods and for several
days after precipitation events that occurred in spring and
summer [12]. Our goal was to determine the physiological
response of shrubs to biosolids application and changes in
available water. Photosynthetic rate increased in L. tridentata
three days after receiving a precipitation event of 23.3 mm
in June. This response, however, was affected by biosolids

(Figure 7). Plants receiving 7 Mg ha−1 and 18 Mg ha−1 had
a marginal increase in photosynthetic rate over plants receiv-
ing no biosolids. In contrast, plants receiving 34 Mg ha−1 and
90 Mg ha−1of biosolids had lower photosynthetic rates than
plants receiving 7 Mg ha−1 and 18 Mg ha−1.

6. Biosolids Effects on Nitrogen Dynamics

In our studies of biosolids effects on H. mutica and S. airoides,
we found that season of application was an important factor
in first-year responses [7]. During years of above-normal
rainfall, plants began the growing season taller at the highest
application rate when biosolids were applied during the
previous dormant season and standing crop response to
application rate was stronger when biosolids were applied
during the dormant season. These results do not support
common recommendations to fertilize rangelands just prior
to or shortly after the onset of the rainy season (e.g., [21–23])
and pointed to a need for additional research to understand
the timing of nutrient release and plant uptake.

6.1. Methods. We studied nitrogen dynamics and biosolids
application with two experimental approaches. We quan-
tified ammonia volatilization from applied biosolids with
semiopen, dynamic NH3 collectors that were placed in the
field to allow for diurnal cycles of radiation, air temperature,
and relative humidity [13]. We evaluated CO2 evolution as
a function of ambient temperature [24]. We also measured
soil nitrate nitrogen, NO3-N, in field plots treated with
biosolids or with a nutritionally inert inorganic mulch [14].
The inorganic mulch was made of nylon and polyester fibers
(3M Corporation) with a density of 0.1094 g cm−3. Pieces
of mulch 1.87 cm thick were cut in random shapes and
applied to approximate the cover provided by biosolids (27%
cover at 18 Mg ha−1 and 52% cover at 34 Mg ha−1). The
mulch was similar to biosolids in color and water holding
capacity. Two experiments were designed [14]. In our first
experiment, we applied biosolids in early April or early July,
1997, and sampled soil nitrogen through July 1998. In a
second experiment, we applied biosolids or inert mulch in
the dormant or growing season of 1998 and soil NO3-N was
measured in August, 1998.

6.2. Results. We found that volatilization losses were
greater at higher temperatures than at cooler temperatures
(Figure 8). Cumulative 210-h losses represented up to 16.6%
of applied NH3-N at the 7 Mg ha−1 rate and 12.1% at the 18
Mg ha−1 rate [13].

With a C : N ratio of approximately 12 : 1, biosolids
might also stimulate soil microflora and thereby add soil
nutrients—and this effect might be stronger with longer
residence time in the system. The complexity of nutrient
dynamics was illustrated by a 4-way interaction between
application rate, season of application, soil depth and
sampling date in their effects on soil nitrate nitrogen in our
first field experiment [14]. In June 1997, surface soil NO3

−-
N significantly increased at both the 18 and 34 Mg ha−1

rates applied in the dormant season compared to control
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Figure 8: Cumulative ammonia volatilization loss from biosolids
under hot conditions (August 1993) and cold conditions (January
1994) from plots treated with 7 or 18 Mg ha−1 of biosolids (adapted
from [13]).

plots; subsurface soil NO3
−-N was not affected by biosolids

regardless of application date. On all subsequent sampling
dates (including June 1998), surface and subsurface NO3

−-
N significantly increased at both biosolids rates compared
to nontreated plots in both seasons of application. There
was also a significantly greater effect on soil NO3

−-N when
biosolids were applied in the dormant season than the
growing season at both rates of application regardless of
sampling depth on most sampling dates.

In the second experiment, we applied biosolids or inert
mulch in the dormant or growing season of 1998 [14]. A
4-way interaction between application rate, season of appli-
cation, irrigation, and sampling date affected soil NO3

−-N
(Figure 9). In August 1998, under nonirrigated conditions,
soil NO3

−-N was not significantly different between the
control and 18 Mg ha−1 rates when biosolids were applied
in the dormant season, and it increased significantly at the
34 Mg ha−1 rate (Figure 9(a)). Under irrigated conditions,
biosolids significantly increased soil NO3

−-N in both seasons
of application; however, a greater effect was observed with
dormant than with growing season application at the 34
Mg ha−1 rate (Figure 9(b)). There was no rate effect with
inert mulch at any season of application regardless of
irrigation (Figures 9(c) and 9(d)). Biosolids increased soil
NO3

−-N compared to inert mulch at both 18 and 34 Mg ha−1

rates in each season of application.

7. Biosolids Effects on Water Quality, Soil Water
Infiltration and Soil Erosion

Application of biosolids to the soil surface of arid range-
lands might have hydrological consequences. For example,
topically applied biosolids might affect soil water infiltration
and soil erosion. There might also be effects on soil water

quality and surface runoff water quality. These effects likely
will be affected by the quality of biosolids that are applied as
well as the residence time of biosolids on the soil surface and
the environmental conditions they experience during this
residence time. We followed two experimental approaches to
assess these potential effects.

7.1. Methods. We collected surface runoff water from plots
treated with biosolids at rates of 0, 7, 18, 34, and 90 Mg ha−1

and analyzed a variety of water quality parameters [15]. In
this study, surface runoff was generated using a single-nozzle
portable rainfall simulator. We studied the effect of different
“ages” of biosolids—that is, surface runoff was collected
from plots that had been treated with biosolids 0.5, 6, 12,
or 18 months prior to data collection. Differences in water
quality, therefore, could have been affected not only by rate
of biosolids application but also by differences in initial
biosolids quality as well as the environmental conditions
experienced by biosolids on the soil surface since time of
application.

We also quantified quality of water that we leached
through intact soil cores collected in lysimeters [16]. Cylin-
ders (25.4 cm diameter, 1.5 m length) were inserted into
Armesa fine sandy loam soils and Stellar loam soils, extracted
with the soil intact, and moved to an on-site laboratory.
Biosolids were applied to the surface of lysimeters at 0, 7,
18, 34 and 90 Mg ha−1 rates. Sufficient water was supplied
to produce 1 liter of leachate which was analyzed for a broad
array of constituents.

Using a portable, single-nozzle rainfall simulator, we
also studied effects of surface-applied biosolids on surface
water runoff, soil water infiltration, and soil erosion [17].
We simulated rainfall on bare soil as well as vegetated soil
that had been treated with 0, 7, 18, 34, and 90 Mg ha−1.
We collected data 2.5, 5, 7.5, 10, 15, 20, 25, and 30 minutes
following simulated rainfall.

7.2. Results. In our studies of biosolids effects on surface
water runoff quality, we found that in general, concentrations
of ammonium, nitrate nitrogen, orthophosphate, total dis-
solved phosphorus, copper, and manganese in runoff water
increased with application rate and decreased with time
since application [15]. Highest orthophosphate, PO4

−3-P,
concentrations were present in runoff applied at 90 Mg ha−1

six months prior to simulated rainfall (Figure 10). Although
biosolids P contents (as analyzed in July 1996) were very
similar among the four batches studied, Fe content of
biosolids applied 12 months prior to rainfall simulation was
almost 1% higher than in other batches, and this might
have immobilized P. Orthophosphate levels were well above
background levels in all treated plots—if runoff were to
reach streams, eutrophication is possible. Maximum runoff
NO3

−-N levels in runoff from all treatments were well
below maximum recommended levels for drinking water for
livestock (Figure 11). Ammonium nitrogen, NH4

+-N, was
the main form of inorganic N in runoff water. Maximum
NH4

+-N levels of 98 mg L−1 were measured at application
rates of 90 Mg ha−1 in runoff from Stellar soils treated
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Figure 9: Soil nitrate nitrogen as affected by biosolids application, season of application, mulch type (biosolids or inert mulch), and
irrigation. Biosolids were applied in 1998. (a) Nonirrigated plots treated with biosolids, (b) irrigated plots treated with biosolids; (c)
nonirrigated plots treated with inert mulch, and (d) irrigated plots treated with inert mulch. Solid lines represent dormant season
application; dashed lines represent growing season application (redrawn from [14]).

0.5 months before runoff collection (Figure 12). Potential
NH4

+–N losses in runoff water from biosolids-treated areas
might be high, especially if rainfall occurs soon after biosolids
application. Although ammonium N in runoff water was not
toxic per se, it can affect taste of drinking water and can give
rise to NH3 under alkaline conditions which can potentially
affect fish.

In our lysimeter experiment [16], we found that leachate
concentration of NO3

−-N in the Armesa soil was not
affected by biosolids application; however, all treatments,
including the control, produced leachate with higher NO3

−-
N concentrations than the maximum contaminant level
(MCL) established by USEPA [25] for drinking water
(10 mg L−1) (Figure 13). Application of 90 Mg ha−1 to a
Stellar soil produced higher leachate NO3

−-N concentra-
tions (almost reaching the maximum contaminant level)

than lower application rates. However, applications of 34
Mg ha−1 or less did not increase NO3

−-N over control levels.
Orthophosphate leaching occurred mainly in the Stellar
soil and was increased by biosolids application, but the
levels obtained in the leachate did not represent a threat
to drinking water characteristics. The concentrations of the
trace elements Cd, Ba, Cr, and Be, which are regulated by
USEPA, were below the MCL for drinking water regardless
of biosolids treatment or soil type [16].

In our infiltration and erosion studies [17], we found
that biosolids application increased soil water infiltration,
and this effect was generally the most pronounced in soils
where infiltration rate was initially low (Figure 14). Bare
soil vulnerable to raindrop impact was crusted and had
a lower steady-state infiltration rate than vegetated soil
regardless of biosolids application. Application of 34 and
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Figure 10: Orthophosphate, PO4
−3-P, in runoff water from Stellar

soils as affected by postapplication age (18, 12, 6, or 0.5 months)
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Figure 11: Nitrate nitrogen, NO3
−-N, in runoff water from Stellar

soils as affected by postapplication age (18, 12, 6, or 0.5 months)
and biosolids application rate (redrawn from [15]).

90 Mg ha−1 of biosolids extended the duration of pre-
ponded and transient infiltration and elevated steady-state
infiltration rate. On bare soils, application of 90 Mg ha−1

increased the period of transient-infiltration by about 12 min
beyond that of control (non treated) plots. Cumulative
infiltration was generally greater with 90 Mg ha−1 than
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Figure 12: Ammonium, NH4
+–N, in runoff water from Stellar soils

as affected by postapplication age (18, 12, 6, or 0.5 months) and
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Figure 13: Orthophosphate, PO4
−3-P, and nitrate nitrogen, NO3

−-
N, in soil water leachate from lysimeters with either an Armesa
taxadjunct soil or a Stellar taxadjunct soil treated with 0 to 90
Mg ha−1 (adapted from [16]).

all other application rates; and cumulative infiltration was
greater in plots treated with 34 Mg ha−1 than in control
plots. Infiltration in plots treated with 7 Mg ha−1, however,
was similar to infiltration in control plots. Biosolids also
decreased soil erosion (Figure 15), and this effect was greatest
when biosolids were applied to erodible Stellar soils. This
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Figure 14: Infiltration rate (cm h−1) during a 30-min simulated
rainfall (164 mm h−1) on (a) bare or (b) vegetated Stellar soils as
affected by biosolids application (redrawn from [17]).

effect was likely related to the fact that biosolids lying on the
soil surface increased ground cover which acted to absorb the
energy of falling raindrops.

8. Biosolids Decomposition—Short-Term and
Long-Term Dynamics

Because biosolids remain on the soil surface for many
years following topical application on semiarid rangelands,
there are both short-term and long-term decomposition
considerations. We evaluated short-term carbon dynamics as
affected by temperature via CO2 evolution [24]. Relative to
long-term considerations, when biosolids are incorporated
into the soil during application direct analyses of biosolids
decomposition are not practical and postapplication changes
in biosolids decomposition must be inferred from changes in
soil composition. In contrast, topically applied biosolids exist

0 20 40 60 80

0

0.2

0.4

0.6

0.8

1

Bare stellar Soil
Vegetated stellar Soil
Bare chilicotal soil

C
u

m
u

la
ti

ve
er

os
io

n
(M

g
h

a−
1
)

Biosolids rate (Mg ha−1)

Figure 15: Cumulative erosion (Mg ha−1) during a 30-min simu-
lated rainfall (79 mm) from three soil cover conditions as affected
by biosolids application (redrawn from [17]).
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Figure 16: Ash and total organic carbon content in biosolids as
affected by age of exposure on the soil surface (redrawn from [18]).

on the soil surface in semiarid environments for many years
following application and can be analyzed directly for long-
term composition dynamics [26].

8.1. Methods. Short-term carbon dynamics were studied
with soil and biosolids in temperature-controlled chambers.
Carbon dioxide samples were evaluated with an infrared
CO2 analyzer [24] in chambers at 5, 23, and 38◦C. We also
collected fresh biosolids and biosolids that had resided on
the soil from 2 to 7 years (following single applications) and
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from [18]).

analyzed for a broad array of elements including N, P, S, Cu,
Cr, Pb, Hg, and Zn [18] and talc, iron phosphates, and other
minerals [26].

8.2. Results. We found that total organic carbon decreased
from 340 g kg−1 in fresh biosolids to 180 g kg−1 in biosolids
after 82 months of exposure; in turn, inorganic ash increased
from 339 to 600 g kg−1, corresponding to loss of organic
matter and increase in inorganic material (Figure 16; [26]).
Total nitrogen decreased from 50 g kg−1 in fresh biosolids
to 10 g kg−1 in 82-month old biosolids. Decreases in total
organic carbon with age exceeded decreases in total polysac-
charides (Figure 17); thus, the relative content of polysac-
charides in organic matter increased with age, explaining
the fibrous appearance of older biosolids samples. Total
and inorganic phosphorus contents decreased from 0.9 to
0.2 g kg−1 with age. Successive water extractions yielded
solution phosphorus consistent with dicalcium phosphate
for fresh biosolids and tricalcium phosphate for biosolids for
59-month-old or older samples.

The organic matter in biosolids on the soil surface
decomposed over time, with a concomitant loss in nitrogen
and sulfur; loss of organic matter also concentrated inorganic
materials in the residue [26]. The available phosphorus and
water-soluble phosphorus decreased with exposure age—
rainfall either moved phosphorus from biosolids into the
soil or into surface water runoff. Even after 82 months of
exposure, however, available phosphorus in biosolids was
still 20 times greater than levels required for plant growth.
Elemental ratios suggested that the forms of Pb, Cr, and Hg in
biosolids were insoluble and immobile and that these metals
have not migrated; in contrast, Zn and Cu were either leached
into the soil or lost in surface water runoff.

We also evaluated the source of talc, Fe phosphates, and
other minerals in the biosolids applied to our study site [26].

Talc, which was probably derived from cosmetics, was greater
in the 1992–1994 biosolids than in the 1997–1999 biosolids.
This diminished quantity probably reflects a lessening of its
use due to health concerns. Poorly crystalline Fe phosphates
were formed during the anaerobic digestion of the biosolids.
Glass shards, textile fibers, and zircon grains were sand-sized
components of the biosolids.

In our short-term temperature chamber study, we found
that carbon loss (as quantified by CO2) significantly incr-
eased as temperature increased from 4 h after application
through day 2; after day 2, carbon loss was not significantly
related to temperature [24]. Therefore, we conclude that
there were no temperature limitations to biosolids applica-
tions.

9. Biosolids Effects on Livestock Performance
and Grazing Behavior

The effect of biosolids on vegetation might have a carryover
effect on grazing animal performance. We investigated this
with a field-scale grazing experiment that used crossbred Bos
taurus × Bos indicus Mexican steers [27].

9.1. Methods. A grazing trial was conducted in field plots
that been commercially treated with 18 Mg ha−1 of biosolids;
control plots were not treated with biosolids. We studied
biosolids effects on animal performance as well as grazing
behavior. In our grazing behavior experiments, treated and
control plots were adjacent but not separated with fencing so
that animals had free-choice access cafeteria style to treated
and nontreated rangeland [27].

9.2. Results. Our grazing experiments were conducted dur-
ing two years (2000, 2001) of below-average rainfall [27].
Biosolids did not affect available dry matter in either year of
the study. However, forage quality was improved in biosolids-
treated rangeland; this effect was particularly strong for
crude protein, which was increased 1% to 2% in treated
areas. In vitro organic matter digestibility was not affected
by biosolids in 2000 but was improved in 2001. Although
average daily gain was generally similar between treated
and control areas, biosolids had a positive effect on average
daily gain during periods of higher rainfall. Grazing animals
spent more time in biosolids-treated areas than in control
areas grazing, ruminating, resting, and idling activities. Liver,
muscle, kidney, and heart tissue analyses of grazing animals
showed that biosolids did not affect concentrations of Al, Cu,
Mg, Cd, Mn, Pb, or Zn.

10. Discussion and Conclusions

Topically applied biosolids have pervasive and lasting effects
on desert grasslands and shrublands. We have found that
biosolids reduced soil erosion and soil water runoff and
increased soil water infiltration. The lowest application rate
(7 Mg ha−1) reduced erosion by about 40% on Stellar
soils compared to bare areas not treated with biosolids.
Increased soil water infiltration was associated with reduced
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erosion. These effects are likely explained by two factors—
increased soil surface cover which reduced raindrop impact
and also increased soil organic carbon (especially at the
soil surface) which inhibited crust formation. These effects
were seen at a square-meter level on the ground—and it is
likely that they are also operating at the landscape level as
well.

Water quality issues associated with biosolids application
are important. In general, we found that when biosolids
affected quality of water that was leached through soil that
had been treated with surface-applied biosolids, these effects
were observed at the highest application rate (90 Mg ha−1).
Our measurements showed that at application rates up to 34
Mg ha−1, leachate quality was well within USEPA drinking
water standards. We also found that quality of surface runoff
water generally was not adversely affected by surface-applied
biosolids.

Regulatory agencies base biosolids application guidelines
on “plant available nitrogen” provided by biosolids relative to
nitrogen needs of plants. Thus, it is important to understand
how biosolids affect nitrogen dynamics. We found that
cumulative 210-hour ammonia volatilization losses repre-
sented 16% of applied ammonia at 7 Mg ha−1 and 12% of
applied ammonia at 18 Mg ha−1. Volatilization losses were
also greater at higher temperatures.

Effects of biosolids on soil nitrate nitrogen were compli-
cated by application rate, season of application, soil depth,
and sampling depth. In general, we found that soil nitrate
nitrogen was increased with biosolids application, and this
effect was stronger when biosolids were applied in the
dormant season than in the growing season. Also, soil nitrate
nitrogen moved from surface (0–5 cm) to subsurface (5–
15 cm) levels over time. Our comparisons of the effects
of biosolids and inert mulch on soil nitrate nitrogen
suggested that biosolids are responsible for the increase in
nitrogen.

Biosolids also affected forage production performance
and forage quality. Grasses responded to biosolids within
21 days of application. End-of-season forage production
was also increased by biosolids, and this response was
greater with dormant season application than growing
season application in years of above-normal rainfall. Forage
quality (as reflected by TKN) was also enhanced by biosolids.
These effects were apparent for up to 4 years following
application.

In our physiological studies we found that leaf area
production in desert grasses responded positively to biosolids
application which is in line with the forage production
increase observed in our field studies. However, photo-
synthetic rates were not necessarily increased by biosolids
applications. Under higher irrigation and higher biosolids
rates, plants can grow a larger canopy, but a further increase
in photosynthetic rates would involve higher stomatal con-
ductance and, therefore, higher water losses. We suggest
that higher photosynthetic rates were adjusted by stomatal
regulation and the need of preventing excessive water loss.
Also, photosynthetic rates were not only sensitive to available
water but also to the nitrogen supplied by biosolids. This
explains why plants treated with no biosolids and receiving

high irrigation grew larger but had a low concentration of
foliar nitrogen which resulted in lower photosynthetic rates.
In contrast, similar plants with no biosolids but receiving low
irrigation did not grow as much but maintained relatively
higher levels of foliar nitrogen and higher photosynthetic
rates. The effect of biosolids in desert grasses was not readily
reflected in higher photosynthetic rates. But it was clear
that the nutrient supply by biosolids, in combination with
available water, was likely responsible for the positive effect
of biosolids on plant growth.

With respect to the effect of biosolids on shrubs, biosolids
application at medium rates produced a modest increase in
photosynthetic rates with respect to the control, but biosolids
application at high rates of 34 Mg ha−1 or more decreased
the photosynthetic rates. We suggest that excessively high
biosolids rates might have the negative effect of inter-
cepting precipitation and preventing plants from acquiring
moisture.

Biosolids can affect long-term plant community dynam-
ics through effects on plant recruitment. We showed that
surface-applied biosolids moderated soil surface tempera-
tures and reduced soil water evaporation. Even these ame-
liorative effects, however, might be insufficient to improve
seedling establishment in harsh years. And these effects
might be unnecessary to improve seedling emergence in
years with favorable growing conditions. However, when
environmental conditions are intermediate between these
two extremes, biosolids can enhance early seedling growth
and establishment.

The effect of biosolids on vegetation can lead to effects
on grazing animals. We conducted grazing trials in two
years of below-average rainfall. Although biosolids did
not affect forage production, forage quality was improved
compared to control areas. On average, biosolids did not
affect animal gain—however, when seasonal rainfall was
close to average, animals had improved performance in
biosolids-treated areas. Additionally, animals spent more
time grazing, ruminating, and loafing in biosolids-treated
areas than in control areas. We found that forage quality
was generally improved in biosolids-treated pastures com-
pared to control pastures that were used in grazing trials.
This was attributed to the nitrogen supplied by biosolids
(as detected also in our greenhouse and small-plot field
studies).

Based on our studies, biosolids annual application rates
up to 18 Mg ha−1in desert rangelands appear to be appro-
priate. Biosolids applications of 90 Mg ha−1 represented a
significant risk for negative responses in plant growth and
environmental safety.

Biosolids are being produced at increasingly higher
amounts in the US and the world. These materials are
generally considered as waste products at their production
site, but their high organic matter and nutrient contents
make them a valuable resource when used in a responsible
recycling program. Based on our extensive investigations of
biosolids effects in Chihuahuan desert rangeland over a 10-
year period, we conclude that “beneficial use application,
a regulatory term of the EPA, may also be accurate in an
ecological sense” [5].
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Biosolids are relatively rich in N, P, and S and could be used to substitute mineral fertilization for banana crop. A field experiment
was carried out in a Yellow Oxisol to investigate the effects of biosolids application on soil chemical properties and on banana
leaf ’s nutrient concentration during the first cropping cycle. Soil analysis (pH, organic matter, resin P, exchangeable Ca and K,
available B, DTPA-extracted micronutrients, and heavy metals) and index-leaf analysis (B, Cu, Fe, Mn, Zn, Cd, Cr, Ni, and Pb)
were evaluated. Biosolids can completely substitute mineral N and P fertilizer to banana growth. Soil exchangeable K and leaf-K
concentration must be monitored in order to avoid K deficiency in banana plants. No risk of heavy metal (Cr, Ni, Pb, and Cd)
concentration increase in the index leaf was observed when biosolids were applied at the recommended N rate.

1. Introduction

The amount of residues constantly produced during sewage
treatment process has significantly increased in the State of
São Paulo, Brazil. The sewage sludge (SS), also called bio-
solids when treated by various methods to remove or reduce
pathogens [1], is a residue obtained from the wastewater
treatment process, which is a cleanser procedure to remediate
polluted waters allowing their safe return to nature. Among
the alternatives for the sewage sludge disposal, there is the use
as fertilizer for agriculture. According to Melo and Marques
[2], sewage sludge is a potential source of nutrients for
plants and might be a soil conditioner by improving soil
physical, chemical, and biological properties. Silveira et al.
[3] mentioned that biosolids application in agriculture has
already become a common practice because it may improve
some soil chemical (pH and organic matter) and physical
properties as increase crop yields as well.

Since biosolids contain high amount of N, it is usually
employed as N source to plants, and several studies have
shown that it can completely substitute N fertilizer for several

crops such as sugar cane [4], heart of palm [5], sunflower
[6, 7], and corn [8]. Furthermore, it also can supply part of
P, Ca, Mg, S, and Zn required by the crop [9, 10]. However,
because of its low K content, it is necessary to supplement
this nutrient as mineral fertilizer [9, 11].

Biosolids also contain contaminants such as heavy metals
which must be taken into account in their agricultural use
[12]. Hence, it has created a demand for information on the
suitability of soil extractants, such as DTPA-TEA (diethylene-
triamine-pentaacetic acid), that could predict plant-available
heavy metals in soils [13]. Bovi et al. [5] found a linear
increase of DTPA-extractable Zn, Cu, Fe, Mn, Cd, Pb, and Ni
with increased rate of biosolids application at 0–20 cm soil
depth, and Alcantara et al. [14] also reported an increase in
DTPA-extracted Zn, Cu, Ni, and Cd at 20–40 cm depth in SS-
amended soils, but DTPA-extractable Ni and Cd were found
only at high SS rates.

Soil fertility is the main factor guaranteeing the banana
cropping sustainability. Teixeira [15] pointed out that nutri-
ent exportation by banana bunch, nutrient losses by lixivia-
tion and superficial runoff, and the soil profile acidification
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Table 1: Soil chemical analysis(1) of the experimental area (average values) before banana cropping.

Soil layer pH(CaCl2) OM P(resin) K+ Ca2+ Mg2+ H+Al SB T V

cm g dm−3 mg dm−3 mmolc dm−3 %

0–20 4.0 23 3 1.6 8 2 90 12.1 101.1 12.3

20–40 4.0 18 2 1.2 7 2 92 9.6 101.4 10
(1)

Soil pH measured in 0.01 mol L−1CaCl2 solution; soil : solution = 1 : 2.5 (v/v); resin extraction of exchangeable cations and phosphorus (P), according to
Raij et al. [25].

Table 2: Description of treatments with biosolids (SS) and mineral fertilizers.

Treatment Fertilization(1) Rates

Biosolid (SS) N(2)

t ha−1 (humid SS) t ha−1 (dry SS) Kg ha−1

Control P-K mineral fertilizer (without N) — — —

SS 1 Biosolid + K mineral fertilizer 74 21.3 219

SS 2 Biosolid + K mineral fertilizer 147 42.6 435

SS 3 Biosolid + K mineral fertilizer 294 85.2 870

N 1 Mineral fertilizer (N + P + K) — — 400

N 2 Mineral fertilizer (N + P + K) — — 800
(1)

P and K rates calculated according to recommendations for the State of São Paulo recommended by Soto Ballestero [22]. (2)Biosolids N rate estimated
according to available N calculated according to Bovi et al. [5].

require careful soil fertility management in order to maintain
high yielding, such as 60 t ha−1 year−1.

According to several authors [16–21], the banana plant
inner nutrient status regulates the plant growth, susceptibil-
ity to pests and diseases, and fruit quality and quantity, with
straightforward effects on commercial profits.

Bananas are fast growth plants and demand high levels
of available soil nutrients for their normal development and
production. According to Soto Ballestero [22] and Lahav
[23], the amount of nutrients provided by the soil and soil-
plant recycling system is not enough to supply the crop
demands, and therefore, the application of fertilizers in ad-
equate quantities is required.

The objective of this work was to determine the changes
in chemical attributes of a soil amended with biosolids and
their effects on banana crop nutrient levels, during the first
cropping cycle.

2. Materials and Methods

The experiment was carried out from September 2001 to
September 2002 at the regional research pole of Pariquera-
Açu, State of São Paulo, Brazil (24◦39′S; 47◦55′W). Accord-
ing to Köppen classification, the region climate is Am type
(tropical monsoon), with excessive rainfall during the year,
but dry winter. As published by Sakai and Lepsch [24],
the soil was classified as a clayey texture (34% clay, 9%
silt, and 57% sand) A horizon alic Yellow Oxisol-Pariquera
Unity I.

Before planting, composite soil samples were collected
from 0–20 and 20–40 cm depth, consisting of six subsamples
per plot. Soil analysis was performed for the determination
of soil fertility, according to procedures recommended by
Instituto Agronomico, Campinas, State of São Paulo, and

described by Raij et al. [25]. Soil analysis results (average val-
ues) obtained for each soil depth are presented in Table 1.

The experimental design was in randomized complete
blocks with five replications. The treatments consisted of
three biosolid rates, two mineral nitrogen (N) fertilizer rates,
and one control without N.

The available N in the sewage sludge was calculated by the
formula

SS available N =
(

MF
100

)
× (Kjeldahl-N−NH3-N

)
+ NH3-N +

(
NO3

−-N + NO2
−-N

)
,

(1)

where Kjeldahl-N = total nitrogen (mg kg−1), NH3-N =
nitrogen as ammonia (mg kg−1), NO3

−-N = nitrogen as
nitrate (mg kg−1), NO2

−-N- = nitrogen as nitrite (mg kg−1),
and MF = mineralization fraction (30%), for aerobically
digested sludge. This calculation is used for the SS applica-
tion with subsequent soil incorporation, according to rec-
ommendation of the Company of Environment Sanitation
Technology (CETESB) in the 4.230 directive [26].

All biosolids (SS) rates were manually applied using a
volume correspondent to the treatment mass quantity, as
described in Table 2. SS was applied into the furrows, be-
tween the planting holes, and carefully incorporated. Sam-
ples of the applied biosolids material were collected for
chemical analysis and characterization of parameters defined
in CETESB [27]. Organic carbon, Kjeldahl-N, and inorganic-
N were determined according to methods described by Raij
et al. [25]; other elements (macro- and micronutrients and
heavy metals) were extracted by digestion according to the
method 3051 described in US-EPA [28] and determined by
ICP-AES. Biosolids pH was determined in 1 : 5 water extract
(residue : water) using a potentiometer, and % humidity and
volatile solids were determined by mass loss at 60◦C and
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500◦C, respectively, (Table 3). The biosolids were originated
from the Sludge Treatment Plant of Bichoró controlled by
the Company of Basic Sanitation of the State of São Paulo
(SABESP), located at Mongaguá, State of São Paulo.

Dolomitic limestone was applied to soil for reaching
60% base saturation (V%). Soil preparation consisted of disc
plowing, harrowing, and furrowing to a depth of 35 cm.
Phosphorus (P) was applied at planting (150 kg ha−1 of P2O5

in the furrow) and broadcasted in 2003 (200 kg ha−1 of
P2O5 as triple superphosphate, 41% P2O5). Potassium (K)
was applied (570 kg ha−1 of K2O) as KCl (60% K2O), and
nitrogen (N) as NH4NO3 (32% N) at quantities specified
in Table 2. Both K and N fertilizers were split in four appli-
cations.

Banana plants were spaced 2.5 m between rows and
2.0 m between plants, using in vitro plantlets (obtained from
micropropagation under controlled conditions) of Grande
Naine cultivar (AAA group, Cavendish subgroup).

Composite soil samples were collected to evaluate the
biosolids effects on the chemical soil attributes (soil fertility
and DTPA extractions) as described by Raij et al. [25]. The
initial soil sampling was collected in September 2001 at 0–
20 and 20–40 cm depth layer. After the first cropping cycle
(September 2002), soil samples were taken at 0–20, 20–40,
and 40–60 cm depth.

Banana plant nutrient status was evaluated by means of
leaf tissue analysis, and for that, the third leaf from the apex
was collected during the period of male flowering (two to
three open male flowers), and the blade central portion was
used for chemical analysis according to Martin-Prével [29].
Leaf samples were prepared for chemical analysis according
to procedures described by Bataglia et al. [30].

The analysis of variance was performed on the data,
and means were separated by Student’s t-test (P > .05) or
Dunnett’s test (P > .05).

3. Results and Discussion

Significant effects (P < .05) of treatments were observed on
soil pH values, organic matter, available phosphorus, (P)
and exchangeable potassium (K) and calcium (Ca) con-
centrations after the first cropping cycle (Figure 1). As also
observed by many authors [10, 11, 31], SS addition increased
all soil chemical attributes under investigation except for
exchangeable K which had its concentration significantly
decreased till 60 cm depth. Great increases were found in the
first 20 cm layer because SS was thoroughly mixed with the
soil till 35 cm depth. The increases observed mainly for soil
pH, available P, and exchangeable Ca at the 40–60 cm depth
suggest that the addition of SS had already altered these soil
properties in the first crop cycle, probably due to neutralizing
reactions which favors ion leaching such as HCO3

− and
OH− [32] and by the increase in the amount of dissolved
organic matter in soils [33, 34]. Dissolved organic matter can
facilitate metal transport in soil by acting as a carrier through
formation of soluble metal-organic complexes [35].

The conventional mineral N fertilization caused light
soil acidification (<0.3 pH unity) compared to the control

Table 3: Chemical analysis of biosolids used in the experiment
(average results).

Variable Unity Value

Phosphorus (P) g kg−1∗ 15.4

Potassium (K) g kg−1∗ 0.9

Sodium (Na) g kg−1∗ 0.6

Arsenium (As) mg kg−1∗ <0.1

Cadmium (Cd) mg kg−1∗ 10.3

Lead (Pb) mg kg−1∗ 83.6

Copper (Cu) mg kg−1∗ 139.6

Chromium (Cr) mg kg−1∗ 43.8

Mercury (Hg) mg kg−1∗ <0.1

Molybdenum (Mo) mg kg−1∗ <0.1

Nickel (Ni) mg kg−1∗ 22.2

Selenium (Se) mg kg−1∗ <0.1

Zinc (Zn) mg kg−1∗ 573.4

Boron (B) mg kg−1∗ 22.9

Carbon (organic) g kg−1∗ 222.7

pH 9.9

Humidity % 71.2

Volatile solids %∗ 52.5

Total N (Kjeldahl) g kg−1∗ 32.0

NH4−N mg kg−1∗∗ 558

NO3−N + NO2−N- mg kg−1∗∗ 13.6

Sulfur g kg−1∗ 7.7

Manganese mg kg−1∗ 778

Iron g kg−1∗ 106

Magnesium g kg−1∗ 5.9

Aluminum g kg−1∗ 7.0

Calcium g kg−1∗ 174

Available N∗∗∗ g kg−1∗∗ 2.96
∗

Total concentrations in a dry matter basis; ∗∗original residue element
concentrations; ∗∗∗available N calculated according to Bovi et al. [5].

treatment. On the other hand, soil pH increase was observed
in plots treated with biosolids. Soil acidification observed
in plots treated with mineral N fertilizers was a result of
nitrification of NH4

+ present in the ammonium nitrate to
NO3

− [36] and was also reported by Teixeira et al. [21] under
the Plateau Paulista conditions and by Saes [37] at the Ribeira
Valley, both located in the State of São Paulo.

Results obtained from soil extractants for micronutrients
and heavy metals showed that SS addition significantly
increased the availability of Cu, Mn, Zn, and Ni in the 0–
20 cm depth and Cu, Fe, Mn, and Zn in the two subsequent
soil depths under investigation (Table 4). Concentration of
Ni extracted by the DTPA method was higher only when
SS was applied at the highest rate, which is two times the
amount of N recommended to banana crop.

Plant demand for N was completely supplied only by
the soil organic matter mineralization, since the plant leaf N
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Table 4: Boron and DTPA-extractable metals from SS-treated soil after the first crop cycle at three sampling depths.

Treatment(1) B(5) Cu(6) Fe(6) Mn(6) Zn(6) Cd(6) Cr(6) Ni(6) Pb(6)

mg dm−3

0–20 cm

T0 0.21 b(2) 0.2 c 142 a 1.4 d 0.6 d 0.08 b 0.08 a 0.12 b 0.44 a

TL1 0.21 b 1.3 b 173 a 4.3 c 4.9 c 0.11 ab <0.01 b 0.17 b 0.49 a

TL2 0.21 b 1.9 b 150 a 6.7 b 8.0 b 0.11 ab 0.04 ab 0.21 ab 0.75 a

TL3 0.27 a 3.0 a 177 a 8.4 a 12.0 a 0.15 a 0.02 ab 0.34 a 0.68 a

TM1 0.20 b 0.1 c 143 a 0.9 d 1.1 d 0.09 b 0.04 ab 0.09 b 0.47 a

TM2 0.22 b 0.2 c 160 a 0.8 d 0.5 d 0.08 b <0.01 b 0.15 b 0.50 a

VC (%)(3) 18.4 45.6 22.5 27.5 43.2 33.0 154.2 55.2 54.7

Initial(4) 0.36 0.3 182 1.8 0.6 0.09 0.05 0.07 0.09

20–40 cm

T0 0.17 a 0.2 cd 85 c 0.8 d 0.6 d 0.05 ab <0.01b 0.08 a 0.46 a

TL1 0.18 a 0.6 bc 134 a 2.1 c 2.3 c 0.08 ab 0.03 ab 0.12 a 0.75 a

TL2 0.16 a 0.9 b 114 abc 3.0 b 3.8 b 0.05 ab 0.03 ab 0.14 a 0.52 a

TL3 0.18 a 1.4 a 127 ab 3.9 a 5.9 a 0.09 a 0.05 a 0.18 a 0.62 a

TM1 0.17 a 0.2 d 96 c 0.9 d 0.6 d 0.07 ab 0.04 ab 0.11 a 0.61 a

TM2 0.22 a 0.2 d 99 bc 0.7 d 0.9 d 0.05 b 0.02 ab 0.11 a 0.40 a

VC (%)(3) 22.5 58.5 21.5 33.9 43.6 47.7 97.5 65.9 55.7

Initial(4) 0.32 0.2 127 1.2 0.6 0.07 0.03 0.06 0.08

40–60 cm

T0 0.17 ab 0.2 c 68 c 0.7 c 0.8 c 0.05 bc <0.01 a 0.12 ab 0.76 a

TL1 0.20 a 0.5 bc 110 a 1.8 b 2.2 c 0.07 abc 0.03 a 0.09 ab 0.63 a

TL2 0.15 b 0.9 b 100 ab 2.8 b 4.1 b 0.08 ab 0.04 a 0.15 ab 0.53 ab

TL3 0.17 ab 1.4 a 120 a 4.4 a 6.5 a 0.10 a 0.02 a 0.19 a 0.62 a

TM1 0.17 ab 0.1 c 80 bc 0.8 c 0.9 c 0.05 bc <0.01 a 0.07 b 0.61 a

TM2 0.18 ab 0.1 c 78 c 0.7 c 1.5 c 0.04 c 0.02 a 0.07 b 0.31 b

VC (%)(3) 15.8 66.7 16.6 39.9 47.7 48.0 179.7 67.5 37.9
(1)

See Section 2. (2)Averages followed by the same letters in columns and soil layer do not differ statistically by the Student’s t-test (P > .05). (3)Variation
coefficient. (4)Soil sampling prior to the experiment startup (September/01). (5)Hot water extract. (6)DTPA method.

concentration in the control treatment (no N applied) was
above the critical level [26 g kg−1 of N, according to Lahav
[23] (Figure 2). This was probably due to the prolonged
fallow period before the field experiment beginning. Even
so, significant effect of N application as biosolid or mineral
N was observed. N concentration of banana index leaves for
treatment SS2, which supplied the recommended amount o
N, was not statistically different from its equivalent mineral
source (treatment N1) indicating that the available N in
the sewage sludge calculated by the formula commended
by CETESB [26] can also be successfully used for banana
cropping.

Leaf K concentration significantly decreased with the bio-
solids addition in the first harvesting year (Figure 2) when
compared with control and N1 treatment. Since all treat-
ments received the same amount of K added as KCl
(570 kg ha−1 of K2O) during crop growth, it suggests that
less K was available to the plants in the SS treatments, or
this nutrient was more diluted during shoot development
[15]. The application of biosolids increases the amount of Ca
present in the soil, superior to 10 t ha−1 in the SS-3 treatment,
which can induce K deficiency, since Ca and K uptake by

plants are antagonistic processes [38]. Also, soil exchangeable
Ca concentration increase can induce K displacement in the
soil profile [39], favoring K lixiviation and hence decreasing
exchangeable K concentration in all soil layers in response to
biosolid application, as observed in Figure 1.

The plant leaf K : N ratio decreased in response to
biosolid application as well as to mineral N fertilization
(Figure 3) when compared to the control treatment. The
index-leaf K : N ratio was below 1.4, except for the control
plants. According to Teixeira et al. [21], a value of 1.4 or
greater would indicate greater leaf longevity due to a better
K/N balance. Therefore, although no visual K deficiency
symptoms or lesser leaf duration was observed in the
present work, the results suggest that soils treated with
biosolids require periodical monitoring to check out the soil
exchangeable K and leaf K concentration levels by means of
soil and plant leaf chemical analysis.

Leaf P concentrations were around the critical level
of 2 g kg−1, according to Lahav [23], for all treatments
(Figure 3). It is pointed out that P fertilizer was applied only
in the control and plots treated with mineral fertilizers, and
therefore, it can be concluded that biosolids supplied not
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Figure 1: Soil chemical attributes in plots treated with biosolids (SS) and mineral N fertilizer (N) in three different soil depths. Columns
with the same letters indicate that values do not differ by the Student’s t-test (P > .05).

only N but also available P to banana plants, evidenced by
the significant increase in resin P observed in all depths for
the SS treatments.

Leaf Ca and Mg concentrations were above the critical
level, respectively, 5 g kg−1 and 3 g kg−1 according to Lahav
[23], for all treatments (Figure 4). These results denote that
both nutrients were sufficiently supplied by the application
of dolomitic limestone at the beginning of the experiment,

before the banana planting. They also indicate that the
increase in exchangeable Ca due to the application of a Ca-
enriched SS (Figure 1) did not alter significantly leaf Ca
concentration in banana plants.

Despite the increase observed in DTPA-extracted Cu,
Mn, Zn, Fe, and Ni (Table 4), leaf micronutrients and heavy
metals showed no significant variation as a result of biosolids
addition when compared to the control and the mineral
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Table 5: Micronutrient and heavy metal concentrations in the index-leaf of banana plants from plots treated with biosolids (SS) and mineral
N fertilizer (N).

Treatment B Cu Fe Mn Zn Cd Cr Ni Pb

mg/kg

Control 16.6 13.0 202 343 23.9 <0.1 <0.1 3.1 10.2

SS 1 16.0n(1) 13.2n 132n 559n 23.6n <0.1 <0.1 4.3n 7.5n

SS 2 15.5n 13.3n 150n 436n 23.9n <0.1 <0.1 4.2n 8.9n

SS 3 16.3n 12.3n 137n 441n 23.4n <0.1 <0.1 5.4n 6.4n

N 1 15.4n 13.3n 129n 339n 23.8n 0.9 <0.1 5.2n 11.5n

N 2 15.3n 13.1n 197n 439n 24.0n <0.1 <0.1 5.2n 5.3n

CV (%)(2) 14.2 17.1 42.6 30.3 7.2 — — 33.1 55.3
(1)

Means followed by “n” do not differ from control (without SS) by Dunnett’s test (P > .05); (2)Coefficient of variation.

N source treatments (Table 5), differently from what is
observed by Anjos and Mattiazzo [40] who found that DTPA
was an effective extractor in predicting Cu, Zn, and Mn
availability to corn in two soils amended with biosolids.
All leaf micronutrient concentrations were above the critical
level determined by LAHAV [23] and within the adequate
range reported by the Boletim 100 [41].

4. Conclusions

(1) Biosolids can be used as a single N and P source to ba-
nana plants.

(2) Soil exchangeable K and leaf K concentration must be
monitored in order to avoid K deficiency in plants
grown on Ca-enriched biosolids amended soil.

(3) In the first crop cycle, there is no risk of heavy metal
(Cr, Ni, Pb, and Cd) concentration increase in the
index leaf, when biosolids are applied at the recom-
mended N rate.
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fonte de nitrogênio e fósforo:parâmentros de fertilidade do solo,
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de esgoto e calcário,” Pesquisa Agropecuaria Brasileira, vol. 42,
no. 9, pp. 1307–1317, 2007.

[33] J. Baham and G. Sposito, “Chemistry of water-soluble, metal-
complexing ligands extracted from an anaerobically-digested
sewage sludge,” Journal of Environmental Quality, vol. 12, no.
1, pp. 96–100, 1983.

[34] I. Lamy, S. Bourgeois, and A. Bermond, “Soil cadmium mobil-
ity as a consequence of sewage sludge disposal,” Journal of
Environmental Quality, vol. 22, no. 4, pp. 731–737, 1993.

[35] E. J. M. Temminghoff, S. E. A. T. M. van der Zee, and F. A. M.
de Haan, “Copper mobility in a copper-contaminated sandy
soil as affected by pH and solid and dissolved organic matter,”
Environmental Science and Technology, vol. 31, no. 4, pp. 1109–
1115, 1997.

[36] J. N. Apthorp, M. J. Hedley, and R. W. Tillman, “The effects of
nitrogen fertilizer form on the plant availability of phosphate
from soil, phosphate rock and mono-calcium phosphate,”
Fertilizer Research, vol. 12, no. 3, pp. 269–283, 1987.

[37] L.A. Saes, Resposta da bananeira “Nanicão” à calagem na região
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Since effective disposable way of anaerobically digested biogas slurry is expected, ADS was applied to soil to evaluate its effects on
nematode damage. Damage index of tomato by root-knot nematode was significantly (P < .05) lower and the growth better in
pots applied with ADS (100 and 200 mg NH +

4 -N kg−1) than that in those with chemical fertilizer and control (no ADS). ADS was
applied into radish cultivated fields infested with the root-lesion nematode: a single (100 kg NH +

4 -N ha−1) in 2007 and 2008 and
multiple applications (25, 50, 25 kg NH +

4 -N ha−1 soil) in 2009. Damage to radish was 30% and 50% lower in ADS-treated fields
than that in the control in 2007 and 2009, respectively, although not in 2008. These results suggest that application of ADS to fields
might be feasible for mitigating nematode damage, but the rate and timing should be considered further for the best application
way.

1. Introduction

How to dispose byproduct of biogas plants into our environ-
ment is now becoming an important issue. Direct application
to agricultural land is one of the most probable options.
The byproduct, anaerobically digested slurry (ADS) from
animal wastes, has been evaluated as a potentially important
alternative source to synthetic inputs [1] in sustainable crop
production. In addition, protection of plant-parasitic nema-
todes and phytopathogenic fungi [1–7] by ADS has been
reported, and its ingredients such as ammonium and acetic
acid are proposed as possible mechanisms [6]. In addition, it
is discussed that plant-parasitic nematodes are controlled by
certain kinds of organic amendment through the stimulation
of naturally occurring antagonists [8, 9] for nematodes pests
and/or change of the soil nematode community structure
[10].

We have previously reported on the ability of differ-
ent types of ADS to suppress the root-lesion nematode

Pratylenchus penetrans and root-knot nematode Meloidogyne
incognita in in vitro experiment without the host plants and
the possible mechanisms involved [6]. The objective of this
study was to evaluate the effectiveness of ADS on the plant-
parasitic nematodes in larger scales of experiment, such as
pot and field with the host plants. The Miura Peninsula
in Kanagawa Prefecture is a major radish production area
of Japan, and damage caused by P. penetrans is the major
threat to the farmers since it reduces radish quality [11].
Therefore, potential nematicidal action of ADS was tested for
the damage by nematode in conventional radish cultivated
fields in the area. In addition, effect of ADS on damage to
tomato by root-knot nematode disease M. incognita was also
evaluated in a greenhouse.

2. Materials and Methods

2.1. ADSs Used. ADSs with different raw materials were used:
cow slurry (ADCS), pig slurry (ADPS), and a mixture of
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Table 1: Chemical properties of different types of anaerobically digested slurry.

Materials Abbreviation Total-N
(mg/L)

NH4
+-N

(mg/L)
pH

EC (1 : 20)
(mS/cm)

Solid matter
content

(g/L)

Cow manure slurry ADCS 1,500 1,100 7.8 12 20

Pig slurry ADPS 3,700 3,000 8.3 14 15

Municipla biowastes and excess slurry ADMS 4,800 1,800 7.3 13 50

municipal biowastes, and excess slurry from activated sludge
(ADMS). Some of chemical properties of ADSs are shown in
Table 1.

2.2. Greenhouse Experiment

2.2.1. Damage to Tomato by Root-Knot Nematode. Pot exper-
iments were conducted in a greenhouse at Tokyo University
of Agriculture and Technology (TUAT), Japan. The effect of
ADSs on root galling and final nematode population was
studied in artificial inoculation experiments using a suscep-
tible tomato variety (Solanum lycopersicum var. Fukuju). M.
incognita was extracted from a sweet potato cultivated soil
naturally infested with the nematode using the Baermann
funnel method. Population density of the juvenile second
stage of nematode was counted, and the pure M. incognita
suspension was used as an inoculum after appropriate dilu-
tion.

2.2.2. Plant Material. Tomato seeds (Solanum lycopersicum
var. Fukuju) were pregerminated in a Petri dish for 2 days
at temperature conditions (25◦C) in a biotron (LPH 200,
NK System) (12 hr day and 12 hr night conditions). Then,
three germinated tomato seedlings were planted in a vinyl
pot (9 cm in diameter, 7.5 cm in height) containing 100 g of
soil (no infested soil collected from Fuchu campus, TUAT,
soil texture: clay loam (clay 39%, silt 33%, and sand 28%),
pH (H2O): 6.7 and grown for 30 days. Then, a one-month-
old tomato plant was transplanted into a vinyl pot (11 cm in
diameter, 10 cm in height) filled with 500 g of the soil.

2.2.3. ADS Application Rate and Time. One day prior to
transplanting, ADCS and ADMS were applied into each pot
at rates of 100 and 200 mg NH4

+-N kg−1 soil. Chemical fer-
tilizer (8-8-8, N-P-K) was applied at a rate of 100 mg NH4

+-
N kg−1 soil, and the control without fertilizer was also pre-
pared. Each treatment was replicated seven times in a ran-
domized complete block design.

2.2.4. Inoculation of J2. Tomato plants were inoculated by
pouring 500 J2 in 10 mL of sterile distilled water around the
root zone of a plant the next day after transplanting.

2.2.5. Nematodes Assessment and Disease Index. After one
month cultivation in a greenhouse, individual plants were
uprooted, and the roots were gently shaken to remove the
adhering soil. Root knot index was recorded based on a 0–
10 grade scale as described by Bridge and Page [12]. Soil in

the pot was mixed well, together with the adhering soil with
root and used for nematode extraction with the Baermann
funnel method (seven days, room temperature). After the
observation of root-knot index, nematodes were extracted
from all the roots. After seven days incubation, nematodes
were counted under microscope (×40).

2.3. Field Experiments

2.3.1. Experimental Site and Design. Experiment 1 was done
in 2007 in a farmer field annually cultivated with radish in the
Miura Peninsula, Kanagawa Prefecture, Japan. The soil of the
experimental site is cumulic andosol (clay 6.0%, silt 62.2%,
and sand 31.8%), pH (H20): 6.1, total C: 43.9 g kg−1 soil, and
total N: 3.5 g kg−1 soil. Total six plots each comprising 2 m
× 2 m were divided into two treatments: untreated and ADS
application.

ADCS was applied at a rate of 100 kg NH4
+-N ha−1 soil

on September 7, 2007 into each plot before sowing and, then,
mixed manually with a shovel. In each plot, radish seeds
were sown the next day of application with a conventional
planting distance (25 cm × 50 cm; total 36 plants per plot).
Radish was harvested at December 25, 2007.

Experiment 2 was done with the same experimental
design and treatment in the same field but in a different
place in 2008. ADCS was applied at September 9, 2008, radish
was sown at September 12, 2008, and harvesting was done at
December 25, 2008.

In experiment 3, split application was done in a different
field of the same farmer field in 2009. Six plots, each
comprising 1.5 m× 2 m, were set, and anaerobically digested
pig slurry ADPS was applied three times with different
application rates at October 6, 2009 as basal applica-
tion (25 kg NH4

+-N ha−1), at one month growing period
(November 12, 2009) as middle application (50 kg NH4

+-
N ha−1) and at two months growing period as final applica-
tion (25 kg NH4

+-N ha−1) (December 10, 2009) by pouring
ADSs into the soil around the radish crop. In each plot,
radish seeds were sown at 25 cm × 50 cm distance (total 24
plants per plot). Radishes were harvested at February 2, 2010.
All experiments in Miura were planted with Raphanus sativus
var. T465.

2.3.2. Soil and Plant Sampling. Soil sampling was done be-
fore cultivation time (prior to application of ADS) and at
harvest in each year. Soil samples were collected from 0–
30 cm depth using a root auger (4 cm in diameter, Daiki Riki
Kogyo Co., Ltd., Tokyo, Japan). Five soil cores were taken
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Figure 1: Population of Meloidogyne incognita in soil (a) and tomato roots (b) at one month after application of anaerobically digested slurry
and root-knot gall index (c). Different letters indicate significant differences between the treatments at P < .05. NPK: chemical fertilizer
(8 : 8 : 8 N : P : K), ADCS: cow slurry, ADMS: municipal biowastes and excess slurry, 100: 100 mg NH4

+-N kg−1 soil and 200: 200 mg NH4
+-

N kg−1 soil.

from each plot, and the soil samples were mixed thoroughly
to make a composite sample. Nematodes were extracted
from 20 g in three replications using the Baermann funnel
method (two days, room temperature). The numbers of total
nematodes and P. penetrans were separately counted under a
microscope (×40). Counting was using a composite solution
consisting of three replicate tubes each plot in 2007 and 2008.
In 2009, counting was separately done using each replicate
tube.

At harvest, 10 to 20 plants were uprooted from the middle
area of each plot and the following parameters measured:
the number of spots caused by the root-lesion nematode by
visual inspection and weight and length of radish.

2.4. Statistical Analysis. Differences among mean values of
control and treatment were analyzed by analysis of variance
(ANOVA) using a software Excel statistics 2002 (Social
Survey Research Information, Tokyo, Japan). In field exper-
iment, overall differences among means were tested using
one-way ANOVA for nematode density. Damage (spot num-
ber) data were analyzed with two-way ANOVA including
with treatment and plot interaction.

3. Results

3.1. Nematode Population in Soil and Plant Root. Population
of M. incognita was significantly lower (P < .05) in all ADSs-
treated and control (no ADS) pots than in pots with chemical
fertilizer both in soil and root at harvest (Figures 1(a) and
1(b)).

3.2. Effect of ADS on Damage to Tomato by the Root-Knot
Nematode in Greenhouse Experiment. Gall formations were
significantly lower (P < .05) in the plants treated with
ADCS, MMS than in those in the control and treated with
chemical fertilizer (Figure 1(c)). Significantly taller plant
height was observed in the pots treated with ADMS (100 and
200 mg NH4

+-N kg−1 soil) than in those with ADCS (100 and
200 NH4

+-N kg−1 soil) and chemical fertilizer.

3.3. Field Experiment

3.3.1. Nematode Populations. In 2007 and 2008, population
of free-living nematodes was not significantly different in
control and ADS-treated plots at sowing time. At harvest, no
increase in numbers was observed in both plots (Figure 2(a)).
In 2007, P. penetrans population was lower both in the
control (45%) and ADS plots (70%) at harvest than at
sowing, and the difference was significant (P < .05) in the
ADS plot. In contrast, there was no significant effect on P.
penetrans in 2008.

In 2009, population of free-living nematodes was a little
higher in the ADS plot than in the control at sowing although
there was no significant difference. Like 2007 and 2008
results, a similar decreasing trend was observed at harvest.
Initial population of P. penetrans in the ADS-treated plot was
twice as that of control. At harvest, population of P. penetrans
drastically increased (about 8 times) in the control plot, while
30% decrease was observed in the ADS plot although there
was no significant difference (Figure 2(b)).
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Figure 2: Populations of free-living nematodes (a) and Pratylenchus penetrans (b) at sowing and harvest in radish cultivated fields applied
with anaerobically digested slurry. Error bars indicate standard deviation, and the different letters indicate significant difference (P < .05)
between at sowing and at harvest.

Table 2: Effect of anaerobically digested slurry on root-lesion nematode infested spot number on radish at Miura, Kawashima field.

2007 2008 2009

Control ADS Control ADS Control ADS

Spot number 567± 65 425± 135 32± 34 52± 36 171± 135 87± 92

Plot .000∗∗∗ .000∗∗∗ .000∗∗∗

Treatment .000∗∗∗ .212 .000∗∗∗

Treatment × plot .000∗∗∗ .000∗∗∗ .000∗∗∗

Treatment with or without ADS.
∗∗∗P < .001.

3.3.2. Damage by the Root-Lesion Nematode to Radish. There
was a highly significant interaction effect (P < .001) between
treatment and plot. Therefore, spot numbers on radish were
not significantly different, but were lower by 30% and 50%
in the ADS plot than in the control in 2007 and 2009,
respectively. Higher spot numbers (60%) was found in the
ADS plot than in the control in 2008 (Table 2).

4. Discussion

Although a number of studies have shown that anaerobically
digested slurry may have potential for the control of
plant-parasitic nematode, there is limited research for the
management of root-lesion nematode in field condition. Our
previous study [6] demonstrated acute toxicity of NH3 and
acetic acid in ADS for P. penetrans and M. incognita in in
vitro experiment, in which their populations were reduced by
50% in one week incubation. Thus, ADS was considered as a
valuable liquid fertilizer that might function as a nematicide

for managing plant-parasitic nematode diseases as well as a
fertilizer [7]. The present greenhouse and field study further
supported the suppressive property of ADS to nematode
damage.

In a greenhouse experiment, two types of slurry, ADCS
and ADMS, were applied at rates of 100 and 200 mg NH4

+-
N kg−1, within the conventional ranges of N fertilization. The
results demonstrated that ADS significantly suppressed pop-
ulation of the root-knot nematode and damage to tomato
caused by the nematode, concurrent with the previous
study by Jothi et al. [5]. However, there were no significant
differences in the effectiveness of ADS between 100 and
200 mg NH4

+-N level, although the plant growth became
more vigorous at 200 mg NH4

+-N level.This result indicates
that increase of the application rate of ADS may provide
more nutrients, but not bring more nematicidal action.

Different response to the ADS amendment was observed
in the management of P. penetrans in radish cultivated fields.
In 2007, there was only a little reduction in the number of
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P. penetrans at harvest in the ADS plots compared with that
at sowing, it may be due to the weak toxicity of NH3 and
other volatile organic acids in the field condition, unlikely in
vitro experiment [6]. But, nematode damage to radish was
lower (30%) in the ADS plot than in the control. In this
study, we used ADS as an organic material and expected
increase in number of free-living nematodes in the soil at
harvest. However, populations of free-living nematodes did
not change by the application of ADS, contradicting with
the previous findings that organic amendments stimulate
free-living nematode [1, 13, 14]. Nahar et al. [14] found
the increase in number of free-living nematodes following
application of animal manure (100 kg N ha−1). A similar
trend was observed after application of liquid hog manure
(ca. 260 kg N ha−1) by Mahran et al. [1]. In contrast, Ferris
and Matute [15] reported that significant changes in the
nematode trophic groups and nematode abundance follow-
ing organic amendments in field needed several years’ appli-
cation. McSorley and Gallaher [16] found that more con-
sistent effects on nematode abundance are observed where
organic amendments have been applied for several years. Our
findings seemed to fall in the statements of these studies.

We conducted a field experiment again in 2008 in a
different field with few numbers of P. penetrans and higher
numbers of free-living nematodes. Likewise 2007 field result,
a similar decreasing pattern of free-living nematodes was
observed in both control and ADS plots at harvest. In
contrast, the number of P. penetrans increased in the ADS
plots at harvest and not in the control plot. The mechanism
leading to increased numbers in the ADS plots is not clear. A
possibility may be due to the presence of host and enhanced
root biomass by the ADS application which could favor the
multiplication of P. penetrans [15]. Since the initial inoculum
density was fewer (ca. 6 and 80 individuals 20 g−1 soil in 2008
and 2007, resp.) in both plots in 2008, we expected lower
damage and higher suppressive effect by ADS. The damage
became lower in 2008 than that in 2007 in both plots but
no suppressive effect was observed by ADS. The reason of
inconsistent result with 2007 is not clear.

In this study, difference results of ADS were observed
in greenhouse and field experiment. The reason for such
difference in the ADS effects might be due to the different
experimental condition. In greenhouse study, vinyl pots
(11 cm in diameter and 10 cm height) were used and M.
incognita was artificially inoculated into soil (1000 J2/kg soil).
The effect of ADS on the limited soil volume condition was
apparently seen by decreased population of inoculums at
harvest and decreased gall formations. In the field condition,
ADS was applied to the field soil and mixed well in a plough
layer (0–15 cm). Although population changes during a
growing season were not studied, no significantly reduced
numbers of P. penetrans were observed at harvest compared
with control. It suggested that NH3 toxicity and other volatile
acid from ADS can be weakened easily in field condition
than in greenhouse. It was noticed that wind speed can
contribute to NH3 volatilization in field condition [17],
suggesting that wind might stimulate volatilization of NH3 in
field condition. In addition, effect of ADS on P. penetrans in
lower soil is not expected in the field experiment since it was

mixed in a plough layer. It is known that P. penetrans living
in lower soil (30–60 cm) may cause damage to radish [11]. In
this study, the host root system was clearly seen in deeper
soil up to 50 cm and is the limiting factor for the vertical
distribution of P. penetrans [18]. It was considered that P.
penetrans in lower soil layer can proliferate and, thus, cause
damage to radish. Thus, the probable way that can reduce
the damage to radish by ADS application must be further
studied. Concentration of ammonium and volatile organic
acids containing in ADS decreases with time after application
into soil, and, thereby, the suppressive property of ADS will
decrease. If NH3 toxicity from ADSs is maintained in the soil
throughout the time of cropping season, we can expect more
reduction in population and reproduction of P. penetrans
and thereby more reduction in the damage. Relating to this
hypothesis, ADS was applied as split dosage in 2009 as an
alternative application way to maintain the NH3 toxicity in
field condition throughout a growing season. Population of
P. penetrans became 8 times higher in the control plot at
harvest, but no increase was observed in the plot amended
with ADS, suggesting that the suppressive property of ADS
might be maintained by the split application. Numbers of
spots was 50% lower in the ADS-treated plots than those in
the control and this reduction of damage level was higher
than that of single application in 2007. These results suggest
that split application of ADS seems to suppress the activity
of P. penetrans and its damage to radish more effectively,
but further study should be conducted to decide the best
application rate and timing.

In conclusion, there was no detrimental effect on the
plant growth by the application of ADS both in the green-
house and field trail. However, different results were observed
in greenhouse and field experiment. Although reduction in
the population of P. penetrans in field condition was not in
the satisfactory range in all years, ADS decreased the damage
to radish in field condition in 2 out of 3 years. Split applica-
tion of ADS may be a feasible option for maintaining the sup-
pressive mechanism which leads to minimum damage level
but need to consider more probable ways for improving the
nematicidal efficiency of ADSs to manage nematode disease.
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In most Brazilian cities sewage sludge is dumped into sanitary landfills, even though its use in forest plantations as a fertilizer and
soil conditioner might be an interesting option. Sewage sludge applications might reduce the amounts of mineral fertilizers needed
to sustain the productivity on infertile tropical soils. However, sewage sludge must be applied with care to crops to avoid soil and
water pollution. The aim of our study was to assess the effects of dry and wet sewage sludges on the growth and nutrient cycling of
Eucalyptus grandis plantations established on the most common soil type for Brazilian eucalypt plantations. Biomass production
and nutrient cycling were studied over a 36-month period in a complete randomized block design. Four experimental treatments
were compared: wet sewage sludge, dry sludge, mineral fertilizer, and no fertilizer applications. The two types of sludges as well
as mineral fertilizer increased significantly the biomass of Eucalyptus trees. Wood biomass productions 36 months after planting
were similar in the sewage sludge and mineral fertilization treatments (about 80 tons ha−1) and 86% higher than in the control
treatment. Sewage sludge application also affected positively leaf litter production and significantly increased nutrient transfer
among the components of the ecosystem.

1. Introduction

Sewage sludge resulting from the treatment of urban liquid
residue, channeled to treatment stations through the sewage
system, is a residue rich in organic matter. This sludge
corresponds to only 1% of the volume of sewage waste,
but the treatment and final disposal represents 20 to 40%
of the operational costs of a treatment station [1]. Several
alternatives exist for disposing of the sludge produced in
sewage treatment (solid fraction), such as dumping in
sanitary landfills or incineration. The solid fraction of sewage
sludge can also be applied as fertilizer in agroecosystems,
although it must be used very carefully in order to reduce the
risks of health-related problems for the population, damage
to the environment, or financial loss to farmers [2].

Applying organic matter at the soil surface to improve
its fertility is a traditional practice. Sewage sludge use in

agricultural production systems has become an interesting
alternative to discarding it, as it may increase overall crop
production [3]. Risks associated with sludge application in
forest plantations are lower than in agriculture, since tropical
Eucalyptus plantations are usually managed to produce fire
wood, charcoal, boards, or pulp and paper, and the final
product (wood biomass) is not incorporated into the human
food chain. Moreover, environmental impacts of sewage
sludge applications in forest plantations are usually much
lower than in agriculture since doses required to meet tree
nutrient requirements are low [4]. Sludge applications are
only required the first year of the rotation (every 6 to 7
years), whereas doses of the same order of magnitude may
be applied annually for agricultural crops. Forest plantations
are usually located on low fertile sandy soils and a fast
development of Eucalyptus roots makes it possible to take up
the nutrients released during sludge decomposition [5].
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Studies have been carried out worldwide from the
early 1970s to assess the effectiveness of applying organic
waste residues to forest areas [6] and the effects on tree
growth. In particular, early investigations in the state of
Washington (USA) have shown positive effects of sewage
sludge applications on the development of conifer planta-
tions [7, 8]. Slow and continuous nutrient releases into soil
solutions during sewage sludge decomposition may be an
advantage in comparison with mineral fertilizations, fitting
better nutrient availability with stand requirements [9]. De
Lira et al. [10] observed a significant increase in eucalypt
biomass production resulting from the application of sewage
sludge, with a strong relationship between tree growth and
the enhancement of nitrogen, phosphorus, and base cation
contents within the upper soil layer. Sludge applications
in fast growing plantation forests lead to a return within
the ecosystem of nutrients exported at the harvest. The
slow release of nutrients contained within the sludge makes
it possible to restore soil nutrient stocks throughout the
development cycle of forest plantations [11].

Previous research suggests that the application of sewage
sludge might significantly improve the economic perfor-
mance of forest plantations due to increases in wood produc-
tion [12]. Furthermore, increases in net primary productivity
associated with an increase in nutrient concentration in tree
components (leaves, branches, wood, bark, and roots) lead
to beneficial changes in ecosystem functioning, as a result
of a higher nutrient transfers from the forest biomass to the
litter and subsequently to the soil [13]. The application of
sludge is likely to modify nutrient contents in the foliage
and the retranslocation of nutrients in senescing leaves [14].
In particular, high concentrations of N and P in the sewage
sludge may accelerate the decomposition rates of the litter in
forest plantations [15].

Litterfall production is one of the main ways of nutrient
transfer within the biogeochemical cycle in forest ecosystems
and feeds the nutrient stocks in the litter layer accumulated
in adult plantations [16]. Biogeochemical cycles of nutrients
in forest plantations are largely influenced by tree species,
soil fertility, fertilization regimes (type and doses), and sil-
viculture [17, 18]. In the long term, litterfall production and
chemical composition largely influence nutrient availability
in forest ecosystems [19].

The chemical composition of sewage sludge depends
on the source from which it has been generated, such as
industrial or residential facilities and the processes used in
sewage treatment stations. The São Paulo Sanitation Com-
pany (Companhia de Saneamento Básico—SABESP, Brazil)
started in 2002 an experimental process to thermally dry the
sewage sludge produced in the São Paulo metropolitan area.
Thermal drying is an expensive operation, but it significantly
reduces the water content in the sludge, thus reducing
transportation and field application costs. Furthermore,
drying the sewage improves the quality of the sludge as
it eliminates pathogenic microorganisms. Such aspects are
important when the dried sludge is aimed at agro forest
systems [20]. However, little is still known about the use
and effect of thermal dried sewage sludge as fertilizer on
growing eucalypts plantations. We studied the impact of the

addition of wet (77% water content) and dried (7% water
content) sewage sludges on tree growth and nutrient cycling
in experimental plantations of Eucalyptus grandis, established
on highly weathered soils (Ferrasol) in Brazil.

The objective of our study was to gain insight into the
effects of the application of sewage sludge on the growth
and nutrition of eucalypt plantations over the first half of
the rotation. The effects of sludge applications (wet sewage
sludge or dry sludge) on biomass production, leaf litterfall,
and nutrient cycling were compared to mineral fertilizer
applications (standard forestry practice of the region) and to
a control treatment without nutrient addition.

2. Material and Methods

2.1. Study Area, Experimental Design, and Treatments. This
study was conducted at the Itatinga Experimental Station,
University of São Paulo, São Paulo State, Brazil (23◦02′ S,
48◦38′ W and 830 m altitude). The natural vegetation of the
region is an arboreal savannah (Cerrado). The climate is Cfa
according to the Köppen classification, the average annual
precipitation is 1370 mm, and the average temperature is
19.2◦C (1990 to 2004). The relief is typical of the São Paulo
Western Plateau, with a topography ranging from flat to hilly.

The study area is characterized by very deep (>12 m)
Ferralsols [21] developed on Cretaceous sandstone, Marı́lia
formation, Bauru group, with a clay content ranging from
14% in the A1 horizon to 23% in deep soil layers. The miner-
alogy is dominated by quartz, kaolonite, and oxyhydroxides,
with acidic soil layers containing very small amounts of
available nutrients (Table 1). Soil analyses down to a depth
of 6 m at the study site were indicated by Laclau et al. [22].
This soil type is found in most of eucalypt plantations in the
State of São Paulo, which is the state with the second largest
planted area in Brazil.

The experiment was set up in a former Eucalyptus
saligna plot managed as a coppice, without fertilizer appli-
cation, from 1940 to 1998. The stumps were devitalized
by glyphosate application and E. grandis seedlings were
planted in 1998 with low fertilizer inputs (300 kg ha−1 NPK
10 : 20 : 10). High levels of nutrient exports with the boles,
and the lack of fertilization from 1940 to 1998, made this a
suitable area for expecting a eucalypt response to fertilizer
inputs.

The previous 6-year-old Eucalyptus grandis plantation
was harvested in February 2003, and then replanted with
seedlings of E. grandis. A complete randomized block design
was set up in April 2003, with 4 treatments and 3 blocks. Each
plot had a total area of 384 m2 (24 m× 16 m). The treatments
were C (control), MF (mineral fertilization representative of
the silviculture in commercial plantations), WS (10 Mg ha−1

on a dry basis of wet sludge applied), and DS (10 Mg ha−1

of dry sludge applied). Sewage sludge composition was poor
in two essential nutrients for eucalypt growth: potassium
and boron (Table 2). These nutrients were applied in the
treatments with sludge in order to reach the total amount
of potassium and boron added in the mineral fertilization
treatment. Dolomite was broadcast on the soil surface
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Table 1: Soil analysis of the experimental area before planting.

Exchangeable cations

Depth (cm)
P(1) pH K Ca Mg CEC S-SO4

2− B(2) Cu(2) Fe(2) Mn(2) Zn(2)

Mg g−1 CaCl2 mmolc kg−1 mg kg−1

0–5 3 4.0 0.2 1.7 1.3 27 24 0.08 0.27 35 0.9 0.27

5–10 2 4.0 0.2 1.0 0.7 21 30 0.07 0.20 25 0.4 0.13

10–20 2 4.0 0.2 0.8 0.7 17 34 0.06 0.23 18 0.2 0.10

20–50 2 3.8 0.0 0.8 0.4 14 9.6 0.05 0.22 14 0.2 0.12
(1)

Resin extraction; (2)extractable amounts [23].

(1.2 kg tree−1) in the MF treatment, as in most commercial
eucalypt plantations in Brazil. Liming was an important
point of difference between the mineral-fertilized and sludge
plots and was likely to modify nutrient cycling within these
fast-growing plantations. The amount of Ca applied to the
mineral plots was approximately twice that applied to the
sludge plots, and the amount of Mg was 4-5 times that
applied to the sludge plots (Table 3). We did not apply
exactly the same amounts of nutrients in the MF, WS, and
DS treatments because we aimed at comparing fertilization
regimes likely to be used at large scale in Brazil.

The seedlings were planted between the rows of the
previous plantation after subsoiling (depth 45 cm). Mineral
fertilizer and wet and dry sewage sludge were applied
manually on a 1 m-wide strip in the planting row (at the
soil surface without incorporation) some days after planting.
Weed and ant control were undertaken before and after
planting. High mortality rates occurred within the first days
after sewage sludge application and all dead seedlings were
replaced 15 days after treatment establishment.

2.2. Measurements and Sampling. Circumference at breast
height and height of eucalypt trees were measured at ages
12, 24, and 36 months, excluding 1 buffer row in each
plot. Allometric relationships between tree size and above
ground biomass were established at each age by sampling
10 trees distributed throughout the circumference range in
each of 3 adjacent plots with application of 10 Mg ha−1

of wet sewage sludge, commercial mineral fertilization,
and a control treatment. The trees were separated into
components: leaves, branches, stemwood, and stembark. The
stem of each tree was sawn into 1 m sections at age 12
months and 3 m sections at 24 and 36 months. Diameters,
lengths, and weight were measured in the field. The foliage
was collected from three different sections of the crown of
the trees at each age. Subsamples of each component were
dried at 65◦C to constant weight and ground for chemical
analysis. Allometric relationships were established for each
component at ages 12, 24, and 36 months and applied to the
inventory in each plot of the experiment.

Foliar nutrient concentrations were measured every six
months in fully expanded young leaves collected from the
upper third of the crown in eight central trees within each
plot. Leaf samples were dried (65◦C), weighed, and the
concentrations of N, P, K, Ca, Mg and S were determined
[24].

Table 2: Chemical analysis of wet and dry sewage sludge applied in
the experiment.

Determinations Wet sludge Dry sludge

pH (0.01 M CaCl2) 7.3 6.5

Bulk density 1.03 g cm−3 0.97 g cm−3

Moisture 77% 7.4%

Organic matter 546 g kg−1 530.2 g kg−1

Nitrogen (N) 32 g kg−1 35 g kg−1

C/N 9.4 8.5

Phosphorus (P) 14 g kg−1 17 g kg−1

Potassium (K) 2.2 g kg−1 2.2 g kg−1

Calcium (Ca) 25 g kg−1 24 g kg−1

Magnesium (Mg) 4.9 g kg−1 3.9 g kg−1

Sulfur (S) 6.6 g kg−1 6.8 g kg−1

Copper (Cu) 0.6 g kg−1 0.7 g kg−1

Manganese (Mn) 0.19 g kg−1 0.3 g kg−1

Zinc (Zn) 2.4 g kg−1 3.2 g kg−1

Iron (Fe) 39 g kg−1 45 g kg−1

Boron (B) 0.009 g kg−1 0.002 g kg−1

Sodium (Na) 0.6 g kg−1 0.9 g kg−1

Leaf fall production and nutrient returns to soil were
assessed over the first 36 months after planting. Leaf litter
was collected monthly in 12 plots (4 treatments in 3 blocks)
from six litter traps (0.25 m2 each one) systematically located
in each plot to sample representative distances from the trees
(a total of 18 traps per treatment). The samples were dried
at 65◦C and weighed. Composite samples were made for
each season (summer, fall, winter, and spring) for chemical
analysis to determine the concentrations of N, P, K, Ca, Mg,
and S.

Leaf litter decomposition was measured using litter bags
sprawled on the floor of the experimental areas. Nylon bags
(20 cm × 20 cm) with a 5 mm mesh were filled with 10 g
of air-dried leaf litter material. The mesh was chosen to
interfere a minimum with the processes of leaf degradation
by mesofauna, as well as to facilitate breakdown and leaching
of nutrients from plant material. The collection of the
remaining leaves contained in the sampled bags started when
the trees were 18 months old, and the canopy of eucalypt
stands was already closed, thus providing continuous shade
in all the experimental plots. The litterbags were collected at
1.5, 3, 6, 9, and 12 months after set up in the plots. The leaves
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Table 3: Nutrients added in the treatments through the sewage sludge and mineral fertilizer application to the soil of the experimental forest
stands.

Treatment Age (days by implantation) Input (per tree)
N P K Ca Mg S B Zn

kg ha−1

(1) C (Control) no fertilization — — — — — — — —

TOTAL — — — — — — — —

(2) MF (Mineral fertilizer)

−45 1.2 kg dolomite∗ — — — 440 160 — — —

7 160 g NPK 6 : 30 : 6 + 2% S + 0.5% Zn 16 34 13 — — 5 — 1.5

90 70 g ammonium nitrate 39 — — — — — — —

90 50 g potassium chloride — — 41 — — — — —

90 8 g de Borax — — — — — — 1.5 —

180 180 g NPK 20 : 0 : 20 + 0.5% B 60 — 50 — — — 1.5 —

TOTAL 115 34 105 440 160 5 3 2

(3) WS (10 t ha−1 wet sewage)

7 26 kg wet sewage 320 140 21 248 48 66 0.1 24

7 16 g potassium chloride — — 13 — — — — —

90 50 g potassium chloride — — 41 — — — — —

90 15 g de Borax — — — — — — 2.9 —

180 34 g potassium chloride — — 28 — — — — —

TOTAL 320 140 105 248 48 66 3 24

(4) DS (10 t ha−1 dry sewage)

7 6 kg dry sewage 322 154 21 228 36 63 0.1 32

7 16 g potassium chloride — — 13 — — — — —

90 50 g potassium chloride — — 41 — — — — —

90 15 g de Borax — — — — — — 2.9 —

180 35 g potassium chloride — — 29 — — — — —

TOTAL 322 154 105 228 36 63 3 24
∗

Dolomite was broadcast on the soil surface 45 days before planting.

inside the bags were carefully removed, dried, separated
from soil particles, weighed, and analyzed to determine the
concentration of lignin.

Leaf-litter mass accumulated in the forest floor was
collected every 3 months the third year after planting, from 6
collection points randomly located in each plot (18 positions
per treatment). Square wooden frames with an area of
0.25 m2 were used. The samples were dried at 65◦C, weighed,
and ground for chemical analysis.

Nutrient retranslocations in senescent leaves were calcu-
lated multiplying the mass of leaves in litterfall by the differ-
ence in nutrient concentration in green leaves. A correction
was made to take into account the decrease in leaf mass
during senescence, from the ratio between the biomass of
individual mature green leaves with the mass of the senescent
fallen ones (approximately 18% in our experiment) [25].

2.3. Data Analysis. The measurement variables were submit-
ted to variance analysis (ANOVA) at a 5% confidence level.
The analyses that showed a significant F test were submitted
to multiple-comparison tests through a Tukey range test.

3. Results and Discussion

3.1. Tree Growth. Treatment establishment led to significant
differences in tree mortality the first days after planting.
Whilst wet sewage sludge application led to a mortality of

about 20%, tree mortality in the other treatments was <5%.
Large losses of N by volatilization of ammonia have been
reported by Robinson and Röper [26] after application of
wet sewage sludge. Wet sludge application in our experiment
led to large emissions of NH3 (with a strong smell) and
eucalypt leaves close to the sludge burnt the first days after
application. Using 15N-calibrated collectors in an adjacent
experiment showed that 15–20% of total N within the same
wet sludge was volatilized the first days after application [27].
Our experiment suggests that a minimum delay of 1 week
should be respected between wet sewage sludge application
and planting of eucalypt seedlings to avoid large mortality
rates due to the volatilization of NH3.

Wood biomass accumulation 12 months after planting
was 9.2, 7.8, 7.0, and 3.2 Mg ha−1in the dry sludge, wet
sewage sludge, mineral fertilization, and control treatments,
respectively, (Table 4). Wood biomass was significantly
higher (P < .05) in the treatment with dry sewage application
than in the treatment with mineral fertilizer inputs at 12
months after planting. However, wood biomass production
was no longer significantly different at 36 months after
planting, between the treatments with sewage sludge and
mineral fertilization application (about 80 Mg ha−1). The
higher biomass production in the dry sludge treatment than
in the wet sludge treatment (consistently in each year) may
result from the initial seedling mortality generated by the
ammonia volatilization. Even though dead seedlings were



Applied and Environmental Soil Science 5

Table 4: Aboveground tree biomass accumulated at 12, 24, and 36 months after planting.

Treatment
Biomass (Mg ha−1)

Leaf Bark Wood Branch Total

12 months

Control 1.1 b 0.6 b 3.2 C 1.5 b 6.5 c

Mineral fertilizer 1.4 b 1.1 a 7.0 b 2.3 a 11.8 b

Wet sewage 2.6 a 1.2 a 7.8 ab 2.3 a 13.9 ab

Dry sewage 2.9 a 1.3 a 9.2 a 2.6 a 15.9 a

24 months

Control 4.1 b 2.4 b 13.2 b 4.3 b 24.0 b

Mineral fertilizer 7.2 a 4.8 a 34.5 a 8.0 a 54.6 a

Wet sewage 7.4 a 4.4 a 31.1 a 7.4 a 50.3 a

Dry sewage 8.6 a 5.3 a 37.6 a 8.8 a 60.3 a

36 months

Control 2.1 c 4.2 c 41.4 C 4.0 c 51.7 C

Mineral fertilizer 3.9 a b 6.6 b 76.8 a b 6.0 a b 93.3 a b

Wet sewage 3.6 b 6.5 b 71.3 b 5.7 b 87.2 B

Dry sewage 4.4 a 8.0 a 87.5 a 6.6 a 106.5 A

Significant differences (P < .05) among treatments at a given age are indicated by different letters in the same column.

replanted 15 days after experiment establishment, large inter-
tree competition led to a decrease in stand productivity
in the treatment with wet sewage sludge application. A
similar behavior has been demonstrated in other eucalypt
plantations [28].

Biomass production of all above ground tree components
was about twice as high in the 3 treatments with nutrient
addition than in the control treatment at 36 months of
age (Table 4). This strong response of eucalypt trees to
nutrient availability at our study site might result from
large exportations of nutrients from the plots over 60 years
of short-rotation silviculture without any fertilization from
1940 to 1998. Biomass accumulation was comparable in the
plots with mineral fertilizer and sludge applications at age 36
months, even though almost 3 times more N was added and
4 times as much P in the sludge treatments. This pattern was
consistent with other field experiments in Brazilian eucalypt
plantations showing that the amounts of nutrients applied in
the MF treatment in our experiment were not limiting tree
growth [29, 30]. Eucalyptus grandis trees do not respond to
higher amounts of N, P, K, Ca, and Mg or micronutrient
additions in this region [31]. Comparisons with other doses
of sewage sludge at the same study site (up to 40 Mg ha−1

on a dry basis of sludge applied) showed that the dose
of 10 Mg ha−1 in our study was sufficient to maximize
the production of Eucalyptus grandis plantations [32]. The
similar tree growth in the plots with mineral fertilizer and
sludge applications showed that sludge mineralization led
to a sufficiently fast release of nutrients to meet the high
tree requirements (in N and P in particular) to establish the
crown the first years after planting [33]. The total amounts
of N and P supplied in the sludge were then in excess of
requirements for these young trees. Contrarily to agricultural
crops, Eucalyptus grandis trees are not affected by aluminium
toxicity [34]. Many experiments in forest companies show

that tree response to dolomite application is low in this
area, and the higher amounts of Ca and Mg supplied in
the MF plots than in WS and DS plots were unlikely to
modify tree growth. By contrast, sap flow measurements
and soil water content monitoring at this study site showed
that tree transpiration is limited by the annual rainfall after
canopy closure and that the main factor limiting tree growth
is probably soil water supply (unpublished data). Biomass
production in the MF, WS, and DS treatments was however
very high in comparison with other commercial eucalypt
plantations in Brazil and other forests worldwide [35, 36].

3.2. Nutrient Cycling. Foliar concentrations showed large
differences in tree nutrition between treatments (Figure 1).
The concentrations of P in the foliage over 36 months
after planting suggest that sludge application increased P
availability and P nutrition. The lowest concentrations were
observed in the treatment with application of mineral
fertilizers, probably as a result of a dilution effect of P in a
large biomass of leaves, and the lower overall rate of P applied
compared to the sludge treatments. The concentrations of
N and S were significantly higher in the plots with sludge
application than in the control treatment only the first year
after planting. Leaf concentrations of K were little affected by
the treatments the first year after planting, but they remained
significantly lower in the control than in the other treatments
from 18 months after planting onwards. A great influence of
K availability on the growth of E. grandis trees is commonly
observed in Brazil [37] and foliar K concentrations show that
K deficiency was strongly limiting tree growth in our control
treatment. Whilst Ca concentrations were little affected by
the treatments over the study, Mg concentrations were
significantly higher in the MF treatment than in the other
treatments, as a result of the large amount of Mg added with
the dolomite.
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Figure 1: Nutrient concentrations within leaves sampled at 6, 12, 18, 24, 30 and 36 months after planting. Vertical bars represent the
minimum significant value (Tukey—P < .05) and ns mean a not significant difference.

The application of sewage sludge affected not only tree
nutrition but also nutrient cycling within the ecosystem.
Leaf litterfall amounted to 5.2–5.4 Mg ha−1 yr−1in the plots
with wet sewage sludge, dry sludge, or fertilizer applica-
tions. However, leaf litterfall was 35% lower in the control
treatment (Table 5). Only leaf litterfall was considered in
our experiment because leaves are the main component of
nutrient transfer from the crown to the soil within the first
three years after planting Eucalyptus grandis in the Sao Paulo

state [38]. The highest leaf fall amounts were found in all
treatments during the driest months throughout the study
period (Figure 2).

Environmental factors, such as climatic variations, are
likely to largely modify leaf fall and thus the nutrient cycling
processes. The highest leaf fall occuring at times of water
deficits may be a result of the eucalypts’ “strategy” to reduce
water consumption through a sharp decrease in leaf area.
Even though this behavior was observed in all the treatments
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Table 5: Average nutrient concentrations in leaf litter and total amounts of dry matter and nutrients returning to the soil via litterfall from
12 to 36 months after planting.

Treatment Dry matter N P K Ca Mg S

Concentrations (g kg−1)

Control 10.2 a 0.4 a 0.9 b 6.1 c 1.7 b 1.4 a

Mineral fertilizer 9.5 b 0.3 a 2.3 a 8.1 a 2.8 a 1.3 a

Wet sewage 9.8 a b 0.4 a 2.1 a 6.7 b c 1.7 b 1.3 a

Dry sewage 9.3 b 0.4 a 2.0 a 7.2 b 1.7 b 1.3 a

Annual amounts of dry matter and nutrients in litterfall

Mg ha−1 year−1 kg ha−1 year−1

Control 4.0 b 46 a 1.6 b 3 b 24 b 6 c 7 a

Mineral fertilizer 5.2 a 54 a 1.6 b 10 a 41 a 14 a 7 a

Wet sewage 5.3 a 56 a 2.2 a 10 a 35 a 9 b 7 a

Dry sewage 5.4 a 55 a 2.3 a 10 a 37 a 9 b 6 a

Significant differences (P < .05) among treatments indicated by different letters in the same column.
Nutrient concentration is an arithmetic average obtained in the analysis performed during the study (12–36 months), nutrient returned value is the sum of
all periods.

Table 6: Nutrient retranslocation (%) in senescent leaves during 1 to 3 years after planting.

Treatment N P K Ca Mg S

Control 56.9% b 71.4% a 81.3% a −17.5% a 32.5% a 31.1% a

Mineral fertilizer 62.5% a b 77.0% a 69.7% b −27.0% a 14.8% b 33.6% a

Wet sewage 62.0% a b 70.1% a 70.7% b −26.6% a 29.7% a 32.8% a

Dry sewage 64.0% a 70.2% a 68.7% b −21.2% a 31.4% a 37.3% a

Significant differences (P < .05) among treatments indicated by different letters in the same column.

the leaf fall was lower and occurred later in the control
treatment, possibly due to less competition for water among
the trees of the same stand and consequently less water stress.
Tree foliage biomass in the control treatment was about
half that in the other treatments for the first 3 years after
planting (Table 4), and a lower evaporative demand in this
treatment might have reduced intertree competition during
dry periods.

Concentrations of N, K, Ca, and Mg in the leaf litterfall
were affected by the treatments (Table 5). Nitrogen concen-
trations were significantly higher in the control treatment
than in the treatments with application of mineral fertilizers
and dry sewage sludge. A low resorption efficiency of N in
the control treatment (Table 6) was consistent with the lack
of differences between treatments in foliar N concentrations
from age 1 year onwards, suggesting that nitrogen was not
limiting eucalypt growth, which has been observed elsewhere
in this region [39]. By contrast, the concentrations of K in
leaf litterfall in the control treatment were half that of the
other treatments and were a result of a resorption efficiency
for this nutrient being significantly higher in the control
treatment than in other treatments. The highest Ca and Mg
concentrations were found in the plots with mineral fertilizer
addition, probably as a result of the large availability in
the soil after dolomite application. No statistical differences
between the treatments were found for P and S concen-
trations within the leaf litterfall. This suggests that other
nutrients were limiting tree growth in this area (probably K).

The highest retranslocation of K and Mg were found in
the treatments with the lowest foliar concentrations. Other
studies in eucalypt plantations have shown that the highest
retranslocation of N and P occurs for the trees with the
highest concentrations of these elements in fully expanded
young leaves [40]. Low differences in N and P concentrations
within the fully expanded young leaves sampled the second
and the third years after planting in our study might explain
the low differences in retranslocation between treatments
for these elements. Retranslocation of nutrients during leaf
senescence in our study were slightly higher than the values
observed in Eucalyptus globulus and slightly lower than in
Pinus radiata plantations in Australia [41]. Negative values
of Ca retranslocation were most probably a result of an
accumulation of Ca in senescent leaves, as already shown for
other tree species [42, 43].

Mineral fertilizer and sludge applications led to large
differences in returns to the soil by litterfall for P, K, Ca,
and Mg (Table 5). They were probably partly explained by
the large differences between the amounts of N, P, S, Ca,
and Mg applied to the mineral-fertilized plots and the sludge
plots (Table 3). Application of sewage sludge and mineral
fertilizers led to significantly larger amounts of K and Ca
returning to soil with leaf litterfall than in the control
treatment. Application of 10 Mg ha−1 of sludge led to an
increase of about 35% in the amount of P returning to the
soil through litterfall in comparison with the mineral fertil-
ization and control treatments. However, the proportion of



8 Applied and Environmental Soil Science

Table 7: Mean dry matter and nutrient amounts in the leaf litter accumulated on the soil surface in each treatment (average for the four
seasons, the third year after planting).

Treatment
Biomass N P K Ca Mg S

Mg ha−1 kg ha−1

Control 2.9 a 37.4 a 1.3 a 1.5 B 18.9 b 5.7 B 2.5 a

Mineral fertilizer 3.9 a 46.7 a 1.6 a 2.5 A 26.2 a 7.9 A 2.9 a

Wet sewage 3.3 a 39.3 a 1.6 a 2.3 a b 19.6 b 4.6 B 2.2 a

Dry sewage 3.7 a 44.0 a 1.9 a 2.8 A 24.7 a 5.5 B 2.7 a

Significant differences (P < .05) among treatments indicated by different letters in the same column.
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Figure 2: Monthly litterfall production (a), and rainfall and mean
temperature (b), from May 2004 to March 2006. Vertical bars
indicate least significant differences between treatments (P < .05).
Differences were not significant when bars are not indicated.

P returned to the soil from 1 to 3 years after planting was
very small (<1.5%) in comparison with the amounts applied.
By contrast, N cycling through litterfall corresponded to a
large proportion of the amount of N contained in wet and
dry sludges (approximately 30%), with about 110 kg N ha−1

returning to the soil from 12 to 36 months after planting
in the plots with application of wet and dry sludges.
The amount of N commonly applied by Brazilian forest
companies for the whole eucalypt rotation is of the same
order of magnitude. The amount of Mg returning to the
soil with litterfall was higher in the mineral fertilization
treatment than in the treatments with sludge application
and the control treatment, probably as a result of the large
amount of Mg applied in the dolomite. The amounts of N
and S in leaf litterfall were not significantly different between
treatments, despite 3 times more N and 12 times more S
applied in the MF than in the WS and DS treatments.

Leaf decomposition rates in the forest floor, assessed
through litter bags, tended to decrease over time (Figure 3).
Soluble compounds are commonly released during the initial
stages of the process, followed by the most recalcitrant
compounds such as lignin [44]. Litter bags in our study were
installed in the field at the onset of the rainy season, so favor-
able climatic conditions contributed to the fast early decay
observed (25% initial biomass decomposed within 90 days).
The decomposition rate of leaf litter produced by eucalypt
trees depended on the treatments. However, concentrations
of lignin were not significantly different between treatments.
An increase occurred in all the treatments throughout the
degradation process, from 35% in the initial stage, to 42%
at 90 days after litter bag installation, and 65% after 360 days
of in situ decomposition. Leaf litter bags in the plots with
sludge applications (wet and dry) exhibited 51% and 20%
higher decomposition rates after 12 months of incubation
than in the control and mineral fertilization treatments,
respectively (Figure 3). A similar positive effect of nutrient
availability on litter decomposition rates was reported by
Kozovits et al. [45], after addition of N and P mineral
fertilizers in a neotropical savanna. Higher decomposition
rates in treatments with nutrient addition (with mineral
fertilizer or sludge) were likely to result from a stimulation
of micro-organisms by enhanced nutrient availability within
leaf litter, and/or indirectly, through changes in microclimate
under fertilized trees. Indeed, light, temperature, and soil
moisture conditions were probably modified by the higher
leaf biomass in the MF, WS, and DS plots than in the control
plots.

Dry matter of leaf litter in the forest floor the third
year after planting as well as N, P, and S contents were
not significantly affected by mineral fertilizer and sludge
additions (Table 7). By contrast, the amounts of K, Ca and
Mg stored within leaves in the forest floor were lower in the
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Figure 3: Dry matter (%) of leaf litter remaining after different
times of decomposition within the litter bags distributed on the
forest floor in the 4 treatments (time zero was October 2004).
Vertical bars represent the minimum significant value (P < .05) and
ns means not significant.

control treatment than in the treatments with the highest
inputs of each nutrient. The application of sludge led to
large additions of N and P and enhanced nutrient recycling
through an increase in leaf fall. However, sludge application
did not result in significant changes in dry matter, and N
and P contents of leaf litter accumulated in the forest floor.
Nutrient storage within leaf litter at the soil surface results
from a balance between the inputs through leaf fall and the
outputs with litter decomposition. High litter decomposition
rates after sludge application compensated for the increase in
nutrient inputs in leaf fall and led to an unchanged storage
of N, P, and S in the leaf component of the forest floor. A
similar pattern was found in response to nutrient addition in
Australian eucalypt forests [46].

4. Conclusions

In this experiment the application of wet and dry sludge
(supplemented with K and B) in the planting rows was a
large source of nutrients for eucalypt trees and significantly
increased the wood biomass production in comparison with
the control treatment. Moreover, the application of wet
and dry sewage sludge enhanced the biological cycling of
nutrients, which was reflected by higher foliar nutrient
concentrations and nutrient returns to the soil through
litterfall over the first half of the rotation. Wet or dry sludge
applications did not have significantly different effects on
nutrient cycling in Eucalyptus grandis stands. Our study
shows that sewage sludge application in eucalypt plantations
may be a valuable option for the final disposal of this residue,
reducing considerably the requirements in mineral fertilizers.
However, large amounts of ammonia volatilization may
cause seedling mortality if planting occur the first days after
wet sewage sludge application. Complementary studies are
necessary to assess other important environmental impacts

of sludge application, in particular, the fate of heavy metals
in soils and surface waters.
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The effects of disposal of sludge from water treatment plant (WTS) in area damaged by laterite extraction and its consequences
to soil and groundwater were investigated. Therefore, the presence and concentration of anthropogenic elements and chemical
compounds were determinated. WTS disposal’s influence was characterized by electroresistivity method. The WTS’s geochemical
dispersion was noticed in the first meters of the nonsaturated zone from the lending area. Lateritic profiles were characterized due
to the large variation in chemical composition between the horizons. Infiltration and percolation of rainwater through the WTS
have caused migration of total dissolved solids to the groundwater. WTS’s disposing area has more similarities to local preserved
vegetation than to gravel bed area. WTS can be considered a noninert residue if disposed in degraded areas located in regions with
similar geological and hydrochemical characteristics.

1. Introduction

The global scale environmental changes resulting from
anthropic process of space occupation and urbanization
impose fees which are incompatible with the carrying
capacity of natural ecosystems. In this context, surface waters
have been increasingly penalized with several launches of
waste resulting from populational growth and disorderly
occupation of protected areas.

Thus, water quality worsens, and making it drinkable
requires treatment with greater quantities of chemicals than
usual to be applied. As a result, waste increases in water
treatment plants (WTPs) such as the sludge generated in
clarifiers and water resulting from the filter washing.

In Brazil, there are about 7,500 WTPs, called con-
ventional or traditional, which use coagulation/floccula-
tion/sedimentation and filtration systems for water treat-
ment. These systems generate wastes in the clarifiers and

filters that, in most cases, are released directly into rivers,
lakes, and reservoirs, aggravating the environmental issue [1–
3].

The chemical sludge produced by the water treatment
plants is an extremely gelatinous material composed by alu-
minum hydroxides, inorganic particles such as clay and silt,
color colloids and microorganisms including plankton, and
other organic and inorganic materials, which are removed
from the treated water, or from the chemicals added to the
process [4, 5]. Its pH range is from 5 to 7, which is insoluble
in the range of natural water pH.

It is estimated that in Brazil about 2,000 tons/day of WTS
are dumped directly into waterways without any treatment
[6]. This practice contributes to the organic pollution, which
may consume the oxygen dissolved in the water course,
leading to anaerobic conditions, producing odors, excessive
growth of algae, and fish mortality [7]. Some studies have
shown the chronic toxicity of this material to aquatic
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organisms, as well as the degradation of water quality and
sediment [8–10].

Several alternatives have been presented for the recovery
of such waste, particularly the immobilization of phosphorus
(P), which avoids the risk of water eutrophication and, under
certain conditions, can even provide gains in agriculture [11–
17].

Due to the characteristics of chemical sludge, its use
on degraded areas or parks can benefit the soil [7].
R. C. A. Moreira et al. [5] studied the influence of provision-
ing WTS in a gravel pit. They analyzed minerals and sample
composition taken from several surveys, employing geo-
physical prospecting techniques in the area. Results showed
that geochemical distribution of elements in subsurface was
strongly associated with the variation of mineral composi-
tion and granulometry in soils profiles. Nutrients were being
transferred to deep soil layers, enabling development of local
vegetation. These facts were considered positive for the use
of this material in recovering degraded areas. Lenzi et al. [18]
also identified applications of sludge in soil remediation. A.
A. Moreira et al. [19] characterized the sludge from the Rio
Descoberto Water Treatment Plant and found high levels of
micronutrients such as Zn, Fe, Mn, and Cu, and also organic
matter. Potential acidity was considered high, providing that
conditions for the retention of anions in the WTS were
largely favourable. However, low effective cation exchange
capacity, CEC, indicated that the material can release ions
into the water column. These results, associated with the
deficiency in Ca2+, K+, and P, made the use of the WTS
impracticable as a soil amendment, but favorable to recover
degraded areas.

At the Rio Descoberto Water Treatment Plant, sludge
from filter washing is centrifuged and, since March 1997, sent
to the deactivated gravel bed [20]. This WTP has a nominal
capacity of 6,000 L/s, uses ferric aluminum sulfate coagulant
to treat water from the Descoberto Lake, and works heavily
with automated processes. WTS annual production in this
plant exceeds 2,000 tons.

In the Distrito Federal, activities for sand, gravel, clay,
and grit extraction respond for almost all degraded areas
[21]. This type of mining is characterized by low investment,
lack of technological support in the early stages of produc-
tion, environmental control, and recovery of mined areas.
Use of gravel bed for final sludge disposal is adopted in the
Distrito Federal, but few studies have shown the risks that
material components can bring to these mined areas.

Barroso and Cordeiro [22] warn from the toxic action
of metals and the presence of Al in the WTS, with positive
or negative effects to the treatment processes, disposal and
reuse of the waste. The Al mobility in the soil or in the
treated water can be harmful, especially because this element
is not considered essential for plants and animals, and no
biochemical function in organisms is known to be dependent
on this metal [23]. The Al is partitioned in the biota
by its differences in acid-base affinity, by its kinetic, by
temporal form, and spatially by the membranes and the
compartments. One aspect of the toxicity of this metal,
although not unique, is the chemical combination between
metal and ligands in the organism [24].

Echart and Cavalli-Molina [25] studied the phytotoxicity
of the Al and found that the metal is one of the major
causes of reduced growth in economically important plants
occurring in acid soils. That is because in tropical and
subtropical humid soils, with high rainfall, soluble nutrients
such as Ca, Mg, K, and other basic elements are leached,
resulting in the decrease of pH and mineralization of organic
matter by soil microorganisms. At low pH, the H+ acts on
minerals by releasing ions Al, which are predominantly held
by negative charges of the clay soil in equilibrium with the
Al3+ in solution [26].

This study intended to identify the effects of WTS
disposal in a degraded area by laterite extraction (gravel
bed) and its consequences to soil and groundwater. It was
intended to determine the existence, concentration, and
mobility of anthropogenic elements and chemical com-
pounds through geophysical and geochemical studies by
comparing the local subdued to WTS’s disposal and other
adjacent regions still less impacted, as a baseline.

2. Experimental Part

2.1. Study Area. This study was carried out in the Distrito
Federal, central Brazil. Climate in the region is character-
ized by two distinct periods, a dry season, from May to
September, with low rainfall, high evaporation rates, and
low values of relative humidity, sometimes below 15%; a
rainy season, from October to April, with approximately a
rainfall of 1,450 mm (October/2007 to April/2008, Melchior
Sewage Treatment Plant; source: PHIHM/CAESB). Average
temperature varies from 19◦C between June and July to 22◦C
between March and September [27].

In the Distrito Federal, there are metasedimentary rocks
belonging to Paranoá, Canastra, Araxá, and Bambuı́ groups,
mainly distinguished by regional correlations with other
areas of the Brası́lia Belt, deformation intensity, metamor-
phism, and the nature of the lithotype.

The Paranoá Group corresponds to a psamo-pelitic-
carbonated unit of Mesoproterozoic age interpreted as
a sequence of plataformal deposition with variations in
water depth over time [28]. Freitas-Silva and Campos [29]
describe the tertiary-quaternary coverage as coming from
chemical weathering processes during the Cenozoic, mainly
under geological, climatic, topographical, and morphologi-
cal constraints, among others. These processes provided the
development of an extensive weathering mantle that reaches
thicknesses greater than 50 meters.

The studied site, which corresponds to a disabled gravel
pit, is located near the city of Ceilândia, DF (Figure 1).
In this area, water treatment residue from Descoberto
Lake is being disposed directly into the exposed regolith,
after extraction of lateritic crust. The lateritic ferruginous
breastplates constitute the so-called “gravel,” which occur
at the edges of the plateaus (altitude 1050–1150 m). This
gravel is positioned on the R4 Unit from Paranoá Group, of
Meso/Neoproterozoic age, according to the Geological Map
of Distrito Federal, [30].

Mineral composition of the soils in the area varies in
content of quartz and illite, corresponding to the own
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Table 1: Monitoring wells located upstream (Upstream P), down-
stream (Downstream P), and in the area of disposal of WTS (WTS
P). Datum: Astro Chuá.

Monitoring well UTML UTMN Elevation (m)

Upstream P 804752 8246764 1101

Downstream P 804903 8246729 1096

WTS P 804944 8246833 1101

lithotype—the clayey metarhythmite (R4)—formed by the
intercalation of sandy and pelitic levels. Intensity of illite
peaks tends to be large in the sample relating to pelitic
levels, in which quartz is the constitutional trait or was not
identified. Moreover, this is the minor constituent in sand
levels. Goethite corresponds to the lateritic level formed by
supergene enrichment in iron and is present throughout the
study area [31].

The original soil profile in the gravel-mine no longer
exists, due to the removal of the lateritic coverage. The
sludge is disposed directly on the regolith, defined as that
decomposed material that lies on the matrix rock, without
transportation.

The WTS disposal area corresponds to a plateau with
about 75,000 m2, with an average slope of 3.5% at its longest
extension (NE–SW). The drainage lines have a south-east
direction preferably, culminating at about 500 meters in the
Córrego do Meio (also known as Matadouro).

Although the area has been modified in its original
aspect, it is still possible to identify savanna fragments
vegetation in preserved areas.

The depth of phreatic surface is higher than 10 m
throughout the studied area. Two wells were found in the
region, one deep well downstream of the area and one
shallow well upstream (cistern). Although both are disabled,
the cistern is being used as a septic tank.

The WTS disposal local is surrounded by access roads
and small farms, occurring degraded areas with low rate of
revegetation. It is customary in the local community, the use
of gullies and ravines as garbage dumps, which facilitates
transport of contaminants from waste into the phreatic
surface and drainage.

2.2. Sampling. Soil samples were collected between Septem-
ber and October 2006 during the drilling of three monitoring
wells. At every three meters of drilling, a representative
sample of this range was taken.

Samples were bagged, labeled, and transported to the
Companhia de Saneamento Ambiental do Distrito Federal—
CAESB Central Laboratory. Samples were harrowed by
hand and submitted to air drying in a ventilated area.
Once drying was complete, samples were quartered, and
aliquots plus cross-check samples were submitted to analysis.
Subsequently, the fraction of interest of granulometry less
than or equal to 2 mm was separated.

Finally, samples of groundwater were collected using
monitoring wells to assess water quality in the impacted area.
Well locations are indicated in Table 1.

Groundwater samples were collected monthly from
December 2006 to November 2007, using polyethylene
samplers for each well. Well static level was measured before
the collection of water samples, and a blank sample was taken
to verify contaminations in the collected material.

2.3. Water Analysis. Water temperature, pH parameters,
conductivity, and total dissolved solids (TDS) were measured
in loco. Groundwater samples were stored refrigerated in
polyethylene bottles (for chemical and physical analysis),
in polyethylene bottles containing 1.5 mL of HNO3/L (for
analysis of trace elements), and in sterilized glass bottles (for
bacteriological analysis). Time between the first collection
and the first analysis in the laboratory was always less than
4 hours. Analysis of turbidity, Cl−, K, Na, Al, Ca, nitrogen
of nitrates (NO3

−), nitrogen of nitrites (NO2
−), ammoniacal

nitrogen, free CO2, SO4
2−, Se, Hg, Sb, Pb, Ag, Mg, Fe, As,

Ni, Cd, Cu, Cr, Mn, Ba, Co, Zn, Li, P, HCO3
−, CO3

2−,
total alkalinity, total hardness, consumed oxygen, F−, total
coliforms, and thermotolerant coliforms of the samples were
carried out in the laboratory [32].

2.4. Geophysical Methods. Significant deviations from the
normal standard of geophysical measurements, which are
the anomalies by the environmental standpoint, can indi-
cate the presence of contaminants in the subsurface. This
interpretation can indicate intensity of contamination, in
order to provide important information for diagnostic activ-
ities, monitoring contaminants propagation and monitoring
recovery of a degraded area.

The eletroresistivity method is one of the most used
in environmental studies and is based on conduction of
electric current in different materials. The method consists
of setting four electrodes on the land surface, two current
electrodes (A and B), and two potential electrodes (M and
N). An electric current is applied through the electrodes A
and B on the ground and with the electrodes M and N the
difference of potential associated with the electric current
is measured. Knowing the applied current, the geometry of
the electrodes arrangement, and the measured potential, it is
possible to calculate the value of apparent electric resistivity
[33]. Propagation of the electrical current in soils and rocks
is caused by the displacement of dissolved ions in water
contained in pores and cracks, being affected mainly by the
mineralogical composition, porosity, water quantity, and the
content and nature of dissolved salts. Among these factors,
salinity, pore connectivity, temperature, and water quantity
are the most important and represent a great potential
for applications in environmental and hydrological studies,
where the presence of water in the saturated zone and the
increased concentration of contaminants can be investigated.

Metal stakes are usually employed as electrodes. There are
different ways to arrange the electrodes in relation to each
other, and to transport them on the ground to be studied.
The Wenner array, designed by the North American Frank
Wenner in 1915, is normally used for horizontal electrical
profiling, which is characterized by the equidistant disposal
of potential and current electrodes, according to a straight
line [34–36]. The Schlumberger array, created by the french
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Conrad Schlumberger in 1912 [35, 36], is rather used for
vertical electric sounding, which is the determination of the
vertical variation of resistivity under a given point on the
ground. In this array, the electrodes are distributed along a
straight line, and the distance between the current electrodes
(AB) is higher than or equal to three-times the distance
between the potential electrodes (MN) [35]. Both arrays can
be used for surveys or profiling.

Five vertical electrical soundings in the gravel bed were
carried out in May 2004. As a result, a high contrast between
chemical sludge resistivity, laterite, and the local soil was
observed, enabling the execution of new detailed surveys and
subsequent drilling of research wells.

Two more geophysical surveys were conducted in the
gravel pit for the research of the influence area of the
chemical sludge after the success of the previous experiment.
Two devices were used in this case: a resistivimeter model
ER–300, manufactured by PERGEO, which allows applying
voltages up to 500 volts to ground, used as a source of
continuous current, and a millivoltmeter, manufactured by
TECTROL, which measures voltages between 0 to 3,000 mV,
and allows the compensation of soil natural potential.

In the first survey, performed on February 24 and 25,
2005, a rectangular grid with 6 × 10 points spaced by
50 meters was established (Figure 1), and the electrical
resistivity method was used with the Wenner array and a
one meter spacing of the electrodes. In the second survey,
carried out in August 2005, one of the lines of the previous
study was chosen and corresponded to 1D, 2D, 3D, 4D, 5D,
6D, 7D, 8D, 9D and 10D points (Figure 1). In this case, the
eletroresistivity method with the Schlumberger arrangement
for implementation of vertical electrical soundings was used.
Data was processed in the Geophysical Laboratory of the
Institute of Geosciences of the University of Brasilia—UNB.

2.5. Geochemical Methods. The fundamental geochemical
characteristic of anthropogenic contaminant emissions is
just the chemical imbalance, with the consequent existence
of elements in the mobile phases.

Analytical procedures were performed in the Geochem-
istry Laboratory of the Institute of Geosciences, University
of Brasilia and in the Central Laboratory of Information and
Monitoring Unit of Water Resources—HIDROLAB/CAESB.
To ensure reliability of data, samples of geochemical refer-
ence were analyzed in the same batch as that prepared for the
study samples. Only parameters with concentration above
the quantification limit and error below 10% relative to the
reference samples values were accepted for evaluation.

Analyses of pH (soil : water); organic carbon; organic
matter; cation exchange capacity (CEC); exchangeable Al3+,
Na+, K+, Ca2+, and Mg2+; available P, Pb, Zn, Cu, and
Mn; potential acidity (H+ + Al3+) was performed following
EMBRAPA [37].

Determination of Si, Al, Fe, Ca, Ti, Sr, Cu, Zn, Y,
Be, Ba, Co, Ni, Mn, Cr, and V concentrations were made
using optical emission spectrometer with inductively cou-
pled plasma (ICP-OES) from Spectroanalytical Instruments
GmbH brand, model Spectroflame FVM03, equipped with
monochromator and polychromators in vacuum and air. For
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Figure 1: Location of the points of geophysical researches in the
gravel pit. Datum: Astro Chuá.

this analysis, samples were prepared by acid decomposition
with HF/HNO3/HClO4/HCl or alkaline fusion, depending
on the analyte [38]. Analyses by atomic absorption spec-
trometry with electrothermal source for the Pb element were
processed with graphite furnace from GBC brand, model
GF 3000, coupled with an atomic absorption spectropho-
tometer from GBC brand, model 932 AA.

All chemical analyses were performed using high purity
water (resistivity of 18.2 MΩcm) and reagents with analytical
purity. The nitric acid was purified by subboiling process
with a MARCONI quartz distiller, model MA-075.

2.6. Results Analysis. An element or a substance can be
considered either a contaminant or an anomaly when it
occurs in the environment with concentrations above levels
considered as background or baseline. From the environmen-
tal viewpoint, a significant anomaly is associated with human
intervention, whether direct or indirect. The anomalies
are considered nonsignificant when it is caused by natural
processes such as mineralization or other concentrations,
provided that those do not present consequences from
the environmental perspective [39]. Plume dispersion of
a contaminant is the area affected by its occurrence and
geochemical mobility.

The objective of grouping analysis is to gather elements
of similar concentrations into groups, so elements belonging
to the same group are similar to each other according to
the measured variables, and elements in different groups are
different in relation to the same measurements [40]. The
Hierarchical Agglomerative Technique was used to group the
data in samples of soil and water, according to the degree
of “association or kinship”. The method of the Hierarchical
Tree, associated with the Ward Method, was also used
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adopting the Euclidean distance and normalization of the
results for the Z-Score. This method allowed the analysis
of quantitative p-variables, regardless of the multivariate
normal distribution nature of the data [40]. Results were
plotted as a dendrogram.

Previous studies have shown dispersion of chemicals in
the gravel pit from the WTS disposal area [31]. Similarly, it
was possible to choose suitable locations to install monitor-
ing wells and to estimate, by interpolation, the concentration
of various analytes at depths between 10 and 20 cm from the
surface. These results were used in graphics relative to the
vertical profiles.

To evaluate the degree of WTS influence in the disposal
area, the index of geoaccumulation, Igeo, proposed by Müller
[41], was modified. Obtained value allows us to classify levels
of metal enrichment into seven classes, with progressive
intensities of contamination.

This index is calculated using the formula:

Igeo = log 2
(

CN

1, 5CB

)
, (1)

where CN = concentration of the element n in the sample
to be classified, CB = average concentration of the element
in the control area (upstream monitoring well), and 1,5 =
correction factor for possible variations from the baseline
caused by lithologic differences.

This index consists of seven distinct classes, ranging
from 0 to 6 and is related to the increasing contamination
level. The highest value corresponds to an enrichment of
approximately 100-times compared to the reference level.

The determination of investigated depths in the geo-
physical methods is obtained by comparing data readings
with theoretical models of the subsurface stratification. The
software SOUNDER [42] and RES2DINV [43], provide
a semiautomatic interpretation of the values of electric
resistivity and were used in this study.

3. Results and Discussion

The first geophysical survey provided data for mapping
the plume of the chemical sludge in the subsurface to a
theoretical depth of 50 cm (Figure 2(a)).

The second survey enabled the evaluation of the WTS
plume extension in the subsurface by measuring the electrical
resistivity at various levels until reaching the theoretical
depth of 4 meters (Figure 2(b)).

Geophysical surveys allowed mapping the WTS area
of influence in the gravel pit horizontally and vertically.
Results permitted to affirm that the sludge is a noninert
waste, and that its disposal requires certain precautions, as
recommended by the 2004 ABNT NBR 10.004 [44].

Average scores and standard deviations of the soil
samples, chemical analysis obtained during the drilling of
monitoring wells are listed in Table 2. Background levels
were determined based on the average values and standard
deviations of the samples from the upstream well (Table 2
and Figure 3). To enable comparison of these results with
others in the literature, Table 2 was added to the benchmarks
established by Schellmann [45] for shale and sandstones.
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Figure 2: Geophysical surveys in the gravel pit. The central spots
correspond to the plume resulting from the chemical sludge in the
study area. (a) Horizontal mapping, highlights in white correspond
to collection points located in the WTS disposal area. (b) Vertical
electric sounding, especially emphasis is given to the area between
150 and 300 meters, where there is the sludge disposal. Graphic
scales are different due to different times during data collection.

The hierarchical classification was calculated from the
results of the major (Si, Al, Fe, Ti, and K), minor (Ca
and Mg), and trace elements (P, Be, Na, Mn, Co, Cu,
Zn, Ba, Pb, Sr, and Y) analyses, besides the determination
of CEC, free acidity, and pH of the soil samples taken
during the drilling of the monitoring wells. By using
the Hierarchical Tree Method, it was possible to separate
horizons of each lateritic profile (Figure 4). Costa [46]
established the behavioral patterns of elements content and
the chemical compounds, when they were observed from
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Figure 3: Vertical profiles of various parameters analyzed in samples obtained from monitoring well drillings. Highlighted bands on each
graph correspond to background levels (range of two standard deviations of the samples average value from the control area—Upstream
monitoring well). (a) Results of potential acidity, CEC, pH, organic matter, exchangeable-Al, and available-Pb; (b) Results of Mn, available-
Mn, available-P, available-Zn, exchangeable-Na, and exchangeable-Ca.
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Table 2: Results of the chemical analysis of samples taken every three meters from the drilling wells.

Upstream well (n = 10) Downstream well
(n = 10)

WTS well (n = 10) Schellmann
benchmarks (1980)

Parameters Unit
Limit of

detection
Average

Standard
deviation

Average
Standard
deviation

Average
Standard
deviation

Shale
(n = 74)

Sandstones
(n = 23)

Organic C mg/kg 0.06 1,030 900 800 1130 7,830 16,420

Organic
matter

g/kg 0.1 1.76 1.51 1.38 1.94 13.51 28.34

CEC cmolc/kg 0.02 2.46 0.38 2.30 0.30 3.09 2.80

Caexchangeable cmolc/kg 0.01 0.1311 0.2769 0.2551 0.6158 0.7648 1.8697

Mgexchangeable cmolc/kg 0.01 0.2692 0.1634 0.2976 0.1720 0.3288 0.1708

Naexchangeable cmolc/kg 0.0004 0.0019 0.0039 0.0027 0.0071 0.0080 0.0234

Kexchangeable cmolc/kg 0.0004 0.0916 0.0334 0.0953 0.0319 0.0882 0.0222

Potential
acidity

cmolc/kg 0.05 1.97 0.47 1.65 0.64 1.90 0.74

Alexchangeable cmolc/kg 0.05 0.5944 0.2814 0.4165 0.1899 0.4368 0.1829

pH 6.09 0.11 5.70 0.08 5.50 0.31

Al2O3
mg of

Al2O3/kg
529 191,000 40,300 166,820 32,964 174,640 32,075 269,000 106,000

CaO
mg of

CaO/kg
112 2,500 1,100 2,930 678 1,560 795 1,200 1,100

TiO2
mg of

TiO2/kg
28 13,000 3,000 10,780 2,195 9,490 1,208 13,600 8,200

Na mg of Na/kg 4 213 233 130 22 183 167 1,400 3,560

Mn mg of Mn/kg 0.03 42.69 15.84 498.77 302.17 235.97 103.28 540 1,630

Fe2O3
mg of

Fe2O3/kg
41 104,500 72,800 133,530 50,492 93,910 19,093 197,000 163,000

SiO2
mg of

SiO2/kg
169 579,700 142,900 580,000 127,387 584,150 145,370 392,000 637,000

MgO
mg of

MgO/kg
166 4,200 1,900 8,590 2,818 2,730 988 2,500 2,600

Co mg of Co/kg 1.1 6.81 6.53 15.68 8.76 14.07 5.34 13 38

K mg of K/kg 4 23,215 19,724 30,853 22,694 18,497 12,138 3,490 4,650

Cu mg of Cu/kg 0.097 25.30 18.40 27.36 7.20 16.93 5.11 40 37

Zn mg of Zn/kg 0.43 32.59 16.69 54.03 18.75 43.42 7.67 25 10

Ba mg of Ba/kg 0.13 166.09 37.19 264.71 81.20 162.12 28.94 122 295

Pb mg of Pb/kg 1 29.22 11.28 22.55 9.17 13.43 10.70 38 48

Y mg of Y/kg 0.22 21.27 3.92 19.10 3.06 20.04 2.10 21 12

Sr mg of Sr/kg 0.99 44.19 27.30 47.80 5.98 36.39 12.01 34 26

Pavailable mg of P/kg 0.002 0.52 0.34 1.54 0.94 7.42 20.41

Znavailable mg of Zn/kg 0.43 0.33 0.55 0.31 0.32 0.59 1.05

Mnavailable mg of Mn/kg 0.03 1.17 1.44 1.97 2.08 15.94 44.80

Cuavailable mg of Cu/kg 0.097 0.49 0.42 0.50 0.16 0.40 0.09

Pbavailable mg of Pb/kg 0.01 2.07 0.32 1.47 0.30 2.29 0.70

Be mg of Be/kg 0.74 1.40 0.45 2.30 0.55 2.12 0.53

Mnavailable/Mn % 2.44 1.72 0.99 2.24 3.66 8.69

Cuavailable/Cu % 2.68 2.93 1.99 0.95 2.55 1.00

Pbavailable/Pb % 8.24 3.73 7.69 3.48 29.84 19.70

Znavailable/Zn % 0.88 0.97 0.70 0.76 1.47 2.71
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Figure 4: Hierarchical classification of samples extracted from the research well drillings. Analyses of major elements, mostly in the form of
oxides, were placed in parallel to indicate the diagnostic horizons. (a) WTS well, (b) upstream well, and (c) downstream well.

bottom to top in a lateritic profile. Several of these patterns
were identified in the study areas. Among them, the intense
decrease (leaching) of SiO2 contents, the strong increase
in Fe contents as oxy-hydroxides, the large increase in Al
contents, the gradual increase in the concentrations of Ti,
the strong increase in P, Sr, Ba contents at the top of the
profile, the strong growth only on the basis of the profile
in Mn contents (this one most evident in the downstream
monitoring well) were noted. These patterns were iden-
tified in all three profiles, although the sample taken in
the upper portion of the WTS well has shown distinct
characteristics in comparison with other horizons, indicating
that changes in the composition are due from the chemical
sludge deposited in the area. The standards set by Costa
[46] corroborate the results obtained by the hierarchical

classification, showing that this method may be considered
appropriate for the evaluation of samples taken in the gravel
pit.

According to the values obtained for the geoaccumu-
lation indexes, parameters are classified into seven classes
related to the degree of pollution, following Table 3. The
geoaccumulation indexes showed that several samples from
the WTS monitoring well presented results that can be
considered from moderate to highly polluted (Table 4).

The average scores and the standard deviations of soil
samples chemical analysis obtained by the drilling of research
wells are listed in Table 2. Background levels were determined
from the average values and the standard deviations of
samples from the upstream monitoring well (Table 2 and
Figure 3). To enable comparison of these results with others
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Table 3: Classification of the parameters by the geoaccumulation
index, according to the degree of pollution.

Classification Class of Igeo Igeo

Extremely polluted 6 >5

Heavily to extremely polluted 5 >4 a 5

Heavily polluted 4 >3 a 4

Moderately to heavily polluted 3 >2 a 3

Moderately polluted 2 >1 a 2

Unpolluted to moderately polluted 1 >0 a 1

Practically unpolluted 0 <0

in the literature, the benchmarks established by Schellmann
[45] for shale and sandstones were added to Table 2.

In Figure 3, it is possible to note the extension of these
changes over the lateritic profiles when comparing measured
values with those obtained in the control area (upstream
monitoring well). In the WTS disposal area, near the ground
surface, positive significant anomalies of Mn, available-Mn,
CEC, potential acidity, available-P, exchangeable-Ca, organic
matter, and exchangeable-Na were identified besides lower
pH than the basic level. The available-Pb was considered
anomalous both in low concentrations (depth of 0.15 m)
and in high concentrations (depth of 15 m). However,
the influence of sludge is drastically reduced to 3 m and
practically disappears in other investigated depths (Figures 3
and 4).

R. C. A. Moreira et al. [31] compared the WTS disposal
area with surrounding areas and noted the presence of
gibbsite and kaolinite minerals. Despite the predominance of
these minerals, which have aluminum in their composition,
the concentrations of exchangeable-Al were considered low.
They also observed that the CEC was high compared to
the adjacent areas, had low availability of Pb and high
concentration of organic matter and some chemical elements
such as Ca, Cu, Al and Mn, as well as the available
elements Ca, Zn, P, and Mn. The low mobility of cationic
metals in the soil can be assigned to the formation of
innersphere complexes (specific adsorption) with minerals
[47]. This behavior is well known in the case of Pb, and
this interaction tends to become increasingly strong with
time, making the bioavailability of this element gradually
reduced. Even under low pH and high potential acidity,
low contents of exchangeable-Al may be linked to physico-
chemical interactions of Al with organic matter and soil
minerals, creating conditions for the complexation of Al,
transforming this element in a less toxic form to the plants
[48]. Previous studies have found already that contents
of saturation for Al in WTS from Rio Descoberto WTP
were indeed very low [19]. The available-Mn in WTS was
originated in the ferric aluminum sulphate coagulant [31].
The ratio between the concentration of available-Mn and
total Mn was the highest in the WTS disposal area and
indicated that sludge showed high percentages of Mn exactly
in the form most easily assimilated by plants. Thus, the
WTS disposal in the gravel pit has contributed significantly
not only to the increasing concentration of Mn in the
soil, but also with the increase in mobility of this element.
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Figure 6: Monthly variation of TDS concentrations of the monitor-
ing wells.

Similarly, the high levels of organic matter in this area can be
considered positive, since it favored the improvement of soil
structure. This is a preponderant factor for the recovery of
gravel pits through revegetation [49].

Measurements of water levels from inspection wells,
from December 2006 to February 2008, showed that the
phreatic surface varies seasonally (Figure 5). The TDS in
the monitoring wells was analyzed in the inspection wells
from December 2006 to November 2007, and a seasonal
variation in the concentrations of these solids was also
found (Figure 6). The elevation of phreatic surface favored
leaching of chemicals in the metarrythmites, increasing the
concentration of TDS in the samples.

Santos et al. [50] classified the main aquifers exploited
in the Distrito Federal for public supply through diagrams
of the most abundant ions and also for hierarchical clas-
sifications. The wells located on the R4 Subsystem showed
bicarbonated calcium or sodium character, depending on
the variations of the lithologies that compose these aquifers.
The pH showed wide variation (from 5.5 to 7.5), as well
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Table 4: Geoaccumulation indexes obtained in soil samples from the WTS monitoring well.

Depth Igeo Class

(m) 0 1 2 3 4 5 6

0, 15
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, Zn, Be, Co
Mgex, Kex, K, Na CEC Mn, Znav MO, Caex, Naex Mnav, Pav

3
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, MO, Mgex,
Naex, Kex, CEC, Na, K, Znav, Pav, Zn

Be, Co Mnav, Mn Caex

6

SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,
Sr, Cu, Y, Ba, Pb, Pbav, Cuav, MO, Caex,

Mgex, Naex, Kex, CEC, Na, K, Mnav, Znav,
Pav, Zn, Be

Mn, Co

9
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, Caex, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Znav

Pav, Zn, Be, Co Mn

12
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, Caex, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Znav

Pav, Zn, Be, Co Mn

15
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, CuavMO, Caex, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Znav

Pav, Pbav, Zn, Be, Co Mn

18
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, MO, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Znav, Zn, Be

Caex, Pav, Co Mn

21
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, Caex, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Znav, Zn

Pav, Be, Co Mn

24
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, Caex, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Znav, Zn

Pav, Be, Co Mn

27
SiO2, Alex, Al2O3, TiO2, CaO, MgO, Fe2O3,

Sr, Cu, Y, Ba, Pb, Pbav, Cuav, Caex, Mgex,
Naex, Kex, CEC, Na, K, Mnav, Zn, Be, Co

Znav, Pav Mn

as the electrical conductivity (from 6 to 90 μS · cm−1) and
water hardness (between 20 and 40 mg of CaCO3· L−1).

The gravel pit monitoring wells showed similar results to
those found by Santos et al. [50], although in some samples,
especially in the second half of 2007, the results were lower
than those reported in all wells. In general, groundwater
samples showed weak mineralization (trace mineral waters),
with average concentrations of TDS ranging between 21.5
and 36.7 mg/L (Table 5). The waters of monitoring wells have
calcium and/or magnesium bicarbonated facies (Figure 7).

Boaventura and Freitas [51] established inorganic indica-
tors of groundwater quality in the Distrito Federal territory.
In the forty deep wells investigated, pH, conductivity, total
dissolved solids, Na, K, Ca, Mg, Fe, Al, Cu, Cd, Cr, Mn,
and Zn parameters were analyzed. Low conductivity, pH less
than 5, and concentration of Na, K, and Ca below 0.45 mg/L
were considered as characteristic of samples less disturbed
by human activities. Concentrations of trace elements tend
to be low, an increase of conductivity can be understood as
the first sign of change in water quality. Anomalies of Na,
Cl−, and NO−

3 were related to the sewage dilution as well as
high concentration values of Al and Cu associated with the
alkalinity and water pH greater than 5.
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Figure 7: Piper diagrams relating to the samples of water from
research wells.

From these characteristics, no changes were noted
regarding concentration of Na, Cl−, NO−

3 , and K. However,
the WTS disposal area showed small elevation of pH, caused
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Table 5: Results of water analysis.

Parameters Unit
Upstream well (n = 12) Downstream well (n = 12) WTS well (n = 12)

L. D.
Average Standard deviation Average Standard deviation Average Standard deviation

Depth m 15.59 3.85 18.60 3.22 17.91 3.87

pH 5.3 0.5 5.4 0.5 5.8 0.5

Conductivity μS/cm 31.7 24.2 33.0 18.3 54.0 29.2

TDS mg/L 21.5 16.4 22.4 12.5 36.7 19.9

Hardness mg CaCO3/L 7.5 5.3 11.7 8.2 18.5 15.8

Total alkalinity mg CaCO3/L 6.0 4.5 8.2 7.0 16.1 14.4

Turbidity NTU 52.0 91.2 365.4 1,105.8 10.1 11.2 0.1

Consumed oxygen mg/L 2.4 1.1 3.4 1.9 2.9 1.3

Na mg/L 0.5 0.3 0.4 0.5 0.4 0.4 0.01

K mg/L 0.3 0.1 0.4 0.2 0.3 0.1 0.01

Mg mg/L 0.7 0.5 0.9 0.4 1.0 0.5 0.0

Ca mg/L 1.8 1.8 3.2 3.1 5.8 5.7 0.02

Mn mg/L 0.033 0.019 0.039 0.013 0.027 0.005 0.015

Fe mg/L 0.268 0.236 1.371 3.946 0.185 0.103 0.010

Ammonia nitrogen mg/L 0.029 0.021 0.039 0.050 0.034 0.038 0.020

Ba mg/L 0.009 0.008 0.023 0.019 0.021 0.018 0.003

Zn mg/L 0.041 0.026 0.029 0.010 0.036 0.017 0.012

Cu mg/L 0.004 0.003 0.004 0.002 0.018 0.049 0.001

Cl mg/L 0.7 0.4 0.7 0.2 0.8 0.5 0.1

SO2−
4 mg/L L 1.0 — L 1.0 — L 1.0 — 1.0

NO−
3 mg/L 0.125 0.064 0.273 0.152 0.052 0.033 0.010

HCO−
3 mg/L 7.27 5.55 10.83 8.40 19.68 17.52

Al mg/L 0.704 1.291 0.396 0.417 0.268 0.200 0.002

P mg/L 0.032 0.018 0.083 0.067 0.051 0.037 0.002

Free CO2 mg/L 46.75 26.12 63.60 67.06 36.22 18.36

Pb mg/L 0.194 0.136 0.170 0.115 0.297 0.169 0.004

Thermotolerant coliforms MPN/100 mL Abs. — Abs. — Abs. —

Total coliforms MPN/100 mL 54.6 156.6 635.2 1059.6 275.8 690.5

Abs.: absence; L. D.: method limit of detection; MPN: most probable number, L: lower than; G: greater than.

by the increase of Ca concentration and alkalinity, and
increase in the electrical conductivity, hardness, and TDS
(Table 5). This is because Ca is an element that can provide
geochemical mobility by leaching in different horizons
during the lateritic weathering [52].

Although levels of Pb in samples extracted during the
drilling of WTS monitoring well are below reference values
(Table 2) and the average values obtained from samples of
other wells, the relation available-Pb/Pb in this laterite profile
shows that mobility of this element is higher in the area
of deposit of the sludge. It seems contradictory that the
WTS has immobilized Pb in the soil and the WTS well have
been the monitoring well with the highest concentration
of this metal in water among the waterbodies investigated.
Remember that average concentrations of Pb are high in all
monitoring wells, even in the upstream wells of the WTS
disposal area. In this case, the high natural levels of Pb
can be dissociated from human activity. It is known that
under certain conditions, Pb solubility can be increased.
Between pH of 6 and 8, solubility of Pb is a complex

function of pH and free CO2 [53]. Under low alkalinity and
pH below 6.5, water may have a significant increase in the
solubility of Pb, reaching values as high as several hundred
of μg/L [54]. Therefore, as the wells had these conditions,
the explanation for high levels of Pb can be attributed more
to the groundwater characteristics than to the WTS disposal
itself. In other words, the WTS is not the source of Pb to the
groundwater but, indirectly, changes in the hydrochemistry,
as the increase of pH and alkalinity, may be increasing
chemical activity and allowing the mobilization of Pb, since
WTS is the source of bicarbonates and Ca. It is possible
that the application of some compounds to correct the soil
pH, which is not considered as a pollutant, produces similar
effects as the WTS.

4. Conclusions

The upper portion from the lateritic profile of the chem-
ical sludge storage area showed positive anomalies of
organic matter, cation exchange capacity, potential acidity,
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exchangeable-Ca, exchangeable-Na, available-Mn, available-
P, and Mn, as well as negative anomalous values of pH and
available-Pb, which are evidences of the noninert character
of this material.

Although the investigated groundwater is considered
weakly mineralized (trace minerals water), infiltration and
percolation of rainwater through the WTS have caused
the migration of total dissolved solids to the groundwater,
especially in the form of bicarbonates and Ca. It is possible
that this effect has mobilized Pb and had caused an increase
in the already high concentrations of this chemical element
in the groundwater. However, after ten years of WTS
disposal in the gravel pit, the environmental impact on
the groundwater can be considered low, because changes in
chemical composition of these waters in the Piper diagram
were not even noticed.

Thus, the WTS can be considered a noninert residue if
disposed in degraded areas located in regions with similar
geological and hydrochemical characteristics.
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de Engenharia Sanitária e Ambiental, pp. 1555–1565, ABES,
Rio de Janeiro, Brazil, 1999, Cd-Rom (II–084).

[3] M. P. S. Parsekian, Análise e proposta de formas de gerenci-
amento de estações de tratamento de águas de abastecimento
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[6] J. S. Cordeiro, “Importância do tratamento e disposição
adequada dos lodos de ETAs,” in Noções Gerais de Tratamento
de Disposição Final de Lodos de ETA, M. A. P. Reali, Ed., pp.
1–19, ABES/PROSAB, Rio de Janeiro, Brazil, 1999.

[7] L. C. G. T. Machado, M. X. Ponte, L. N. A. Lopes, and J. A. R.
Pereira, “Utilização de resı́duo de ETA como insumo agrı́cola,”
in Anais dos do 23o Congresso Brasileiro de Engenharia Sanitária
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em áreas degradadas,” in Resumo Expandido, IX Congresso
Brasileiro de Geoquı́mica, pp. 76–78, 2003.

[20] A. B. D. Barbosa, “A experiência da CAESB em recuperação de
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As heat-dried biosolids become more widely produced and marketed, it is important to improve estimates of N availability
from these materials. Objectives were to compare plant-available N among three different heat-dried biosolids and determine if
current guidelines were adequate for estimating application rates. Heat-dried biosolids were surface applied to tall fescue (Festuca
arundinacea Schreb.) in Washington State, USA, and forage yield and N uptake measured for two growing seasons following
application. Three rates of urea and a zero-N control were used to calculate N fertilizer efficiency regressions. Application year
plant-available N (estimated as urea N equivalent) for two biosolids exceeded 60% of total N applied, while urea N equivalent for
the third biosolids was 45%. Residual (second-year) urea N equivalent ranged from 5 to 10%. Guidelines for the Pacific Northwest
USA recommend mineralization estimates of 35 to 40% for heat-dried biosolids, but this research shows that some heat-dried
materials fall well above that range.

1. Introduction

Heat-dried biosolids are convenient to use in a variety of
applications. The Class A heat-dried product is suitable as
a fertilizer on lawns and gardens as well as for agricultural
crops. Heat-dried biosolids are easy to transport and handle
and are applied like inorganic fertilizers, except at higher
rates.

Because a large proportion of the nitrogen (N) in
biosolids is in organic form, biosolids act as a slow-release
N source, dependent on biological transformation of the
organic N into available forms. Accurate estimates of the
mineralization rate of biosolids N are critical to developing
application rate recommendations that meet plant needs
without compromising environmental quality. Smith and
Durham [1] used laboratory incubation to compare five
different biosolids sources with and without heat drying,
and found that the mineralization rates of the heat-dried
biosolids were more than double the undried (dewatered
only) materials. This rapid mineralization more than com-
pensated for the lower initial ammonium N in the heat-
dried biosolids. Rigby et al. [2] observed similar results in
a field incubation, estimating mineralizable N from heat-
dried biosolids at twice that for dewatered biosolids. Mat-

suoka et al. [3] and Moritsuka et al. [4] produced heat-dried
biosolids in an experimental scale vessel reaching final tem-
peratures of 120 and 180◦C. They found increased available
N in the 120◦C heat-dried biosolids compared with undried
biosolids in laboratory incubation and pot studies. Heat
drying to a final temperature of 180◦C reduced available N.

Few quantitative field estimates of N availability from
heat-dried biosolids have been published. Cogger et al. [5]
estimated 32% and 44% first-year plant available N% (PAN)
for two heat-dried biosolids compared with ammonium
nitrate applied to tall fescue (Festuca arundinacea Schreb.)
in western Washington State, USA. Plant-available N%
from dewatered and air-dried biosolids ranged from 29 to
43% in the same study. Gavalda et al. [6] reported 45%
PAN (estimated as urea N equivalent) in a field study on
maize (Zea mays L.) in southwestern France. In a long-
term comparison of one heat-dried and one dewatered Class
A biosolids, Cogger et al. [7] found the heat-dried and
dewatered biosolids had similar long-term N availability
following repeated applications.

As heat-dried biosolids become more widely produced
and marketed, it is important to improve our understanding
of N availability from these materials. In this study we com-
pare two heat-dried biosolids from new facilities in western
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Table 1: Biosolids nitrogen, pH, and solids.

Biosolids dry product Total N (g kg−1) Ammonium-N (g kg−1) C: N Solids (g kg−1) pH

Soundgro 57 3.5 5.4 950 7.0

Milorganite 63 2.5 5.4 960 6.2

Sumner 51 2.5 6.1 890 6.7

Table 2: Particle size distribution of biosolids dry products.

>4.76 mm 2 to 4.76 mm 1 to 2 mm 0.425 to 1 mm <0.425 mm

Percent

Soundgro 0 53 33 13 <1

Sumner 7 40 37 14 2

Milorganite 0 13 72 14 0

Washington with Milorganite, a well-established heat-dried
product from Milwaukee, WI, USA. Our objectives were to
compare amount and timing of N availability among these
materials and determine if current guidelines were adequate
for estimating application rates.

2. Methods

2.1. Biosolids. Heat-dried biosolids sources included Milor-
ganite, Soundgro from Pierce County, WA, and Sumner
biosolids from the City of Sumner, Washington. Milorganite
is marketed nationally as a lawn fertilizer. Milorganite is
dried in a rotary kiln drier at 450–650◦C for 40 minutes. It
was at the high end of the range of first-year PAN (44%)
in the Cogger et al. [5] study cited above. Pierce County
began producing Soundgro in 2006. Soundgro is dried in
a rotating drum Andritz dryer with an inlet temperature
of 455 to 480◦C and outlet temperature of 100◦C (Andritz
Group; Gras, Austria). The facility at Sumner, Washington
also opened in 2006. It produces heat-dried biosolids on a
smaller scale using a Fenton dryer (Fenton Environmental
Technologies, Inc; Brownwood, Tex, USA). The Fenton
process at the Sumner plant uses thermal oil indirect drying
at 150◦C for four hours. Annual production is approximately
39,000 Mg yr−1 for Milorganite, 2200 Mg yr−1 for Soundgro,
and 270 Mg yr−1 for Sumner biosolids, on a dry weight basis.
Biosolids properties are shown in Tables 1 and 2.

2.2. Field Experiment. The experiment was done at the
Washington State University Puyallup Research and Exten-
sion Center, located in western Washington State, 60 km
south of Seattle. The soil is a Puyallup fine sandy loam (coarse
loamy over sandy, mixed, isotic, mesic Vitrandic Haploxe-
rolls) as classified by the US Department of Agriculture
Soil Taxonomy [8]. It is a deep, well-drained soil formed in
recent alluvium, and contains 470 g kg−1 sand, 460 g kg−1 silt,
70 g kg−1 clay, and 16 g kg−1 organic C. The climate is typical
of the maritime Pacific Northwest with cool, wet winters, and
mild, dry summers. Mean January temperature is 4◦C, mean
July temperature is 18◦C, and mean annual precipitation is

1020 mm. A pronounced summer dry season necessitates
supplemental irrigation for crops and pastures most years.

A stand of tall fescue “A.U. Triumph” was established in
2005 and maintained with irrigation, inorganic fertilizers,
mowing, and harvesting until the start of the experiment.
The experiment consisted of two trials on adjacent areas
of the tall fescue stand. Trial A began in 2007 and Trial
B in 2008. Each trial was a randomized complete block
design with 10 treatments and four replications. Individual
plots measured 1.6 × 4.6 m. Treatments included three
heat-dried biosolids (Pierce County Soundgro, Sumner, and
Milorganite) each applied at a single rate, but at two timings
(all in April, or split between April and June) for a total
of six biosolids treatments (Table 3). The remaining four
treatments were three inorganic N (urea) rates and a zero-
N control (Table 3). Biosolids and inorganic N treatments
were applied by hand to the surface of the tall fescue stand
with no incorporation. Each trial was continued through two
growing seasons, to evaluate application year and residual
year response to the biosolids applications.

Initial application rates were estimated to supply
250 kg ha−1 plant available N based on 40% availability of
N from the heat-dried biosolids [9]. Tall fescue showed
less response to the Sumner biosolids than to Soundgro
or Milorganite in a short-season preliminary experiment
in 2006 (data not shown), so the Sumner biosolids were
applied at higher rates in Trials A and B (Table 3). Rates
for all biosolids in Trial B (2008) were adjusted downward
based on the 2007 results. Urea N rates ranged from 90 to
270 kg ha−1 N split over four applications in 2007, and were
increased to 112 to 336 kg ha−1 N split over five applications
in 2008 and 2009. In the residual (second) year of both trials
no biosolids applications were made, but all biosolids plots
received 168 kg ha−1 N as urea split over five applications
(Table 3) to maintain grass vigor and obtain values for grass
yield and N uptake near the center of the urea fertilizer
response curves.

At the beginning of the experiment soil pH was 6.5.
Ammonium acetate extractable K was 125 mg kg−1, Ca
5.5 cmolc kg−1, Mg 0.4 cmolc kg−1, and Bray-1 extractable
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Table 3: Biosolids and urea N fertilizer application amounts and timing for the ten treatments.

Annual application rate (kg ha−1 total N)

Year N source
Application

timing
Application

dates
Soundgro Milorg Sumner

Zero N
Control

Low
Urea

Med
Urea

High
Urea

Trial A

Application Yr 2007
Biosolids Single (1X) 16 Apr 630 592 907

Biosolids
Split

(0.5× 2 appl)
16 Apr, 14 Jun 630 592 907

Urea
Split

(0.25× 4 appl)
17 Apr to 20 Jul 0 90 180 270

Residual Yr 2008
Biosolids

Split
(0.2× 5 appl)

5 Mar to 8 Aug 168 U∗ 168 U 168 U

Biosolids
Split

(0.2× 5 appl)
5 Mar to 8 Aug 168 U 168 U 168 U

Urea
Split

(0.2× 5 appl)
5 Mar to 8 Aug 0 112 224 336

Trial B

Application Yr 2008
Biosolids Single (1X) 25 Apr 441 414 635

Biosolids
Split

(0.5× 2 appl)
25 Apr, 3 Jul 441 414 635

Urea
Split

(0.2× 5 appl)
25 Apr to 12 Sep 0 112 224 336

Residual Yr 2009
Biosolids

Split
(0.2× 5 appl)

4 Mar to 22 Jul 168 U 168 U 168 U

Biosolids
Split

(0.2× 5 appl)
4 Mar to 22 Jul 168 U 168 U 168 U

Urea
Split

(0.2× 5 appl)
4 Mar to 22 Jul 0 112 224 336

168 U: In residual yr, 168 kg N ha−1 of urea-N applied to all biosolids treatments, following same urea application schedule as urea the treatment plots.

Table 4: Monthly mean temperature, monthly precipitation, and irrigation applied during the growing season, March–October 2007–2009.

Mean temperature Precipitation Irrigation

2007 2008 2009 2007 2008 2009 2007 2008 2009
◦C mm mm and (number)

March 8.6 5.8 5.6 138 86 121

April 9.6 7.7 9.1 32 46 87

May 12.5 13.2 12.8 28 22 77 38 (2)

June 15.1 14.3 16.9 32 27 13 51 (2) 25 (1) 58 (3)

July 18.8 17.2 19.6 29 23 0 51 (2) 71 (3) 89 (4)

August 16.9 17.9 17.7 42 47 30 51 (2) 25 (1) 18 (1)

September 14.2 14.4 15.3 54 9 70 23 (1) 25 (1) 18 (1)

October 9.4 9.9 10.3 90 63 133

Numbers in parentheses in irrigation columns are number of irrigations in that month.

P 255 mg kg−1. Soil test P and Ca were adequate for grass
forage production, while K was low, and Mg borderline
[10]. To ensure adequate levels of all nutrients except N,
all plots received supplemental potassium (176 kg ha−1 K),
sulfur (45 kg ha−1), and magnesium (22 kg ha−1) applied
as KCl (0-0-62) and K2SO4·2MgSO4 (0-0-22-22 S-11 Mg)
each spring. The tall fescue was irrigated as needed to
prevent moisture stress and maintain growth throughout the
summer. Growing season rainfall, irrigation, and temper-

atures during the experimental period are summarized in
Table 4.

The tall fescue was harvested six times per year at the
early boot stage using a small-plot forage harvester. A 1 ×
4.6 m swath was harvested from each plot at a height of 5 cm.
Because the initial biosolids applications were made after the
first harvest of the application year, only five harvests are
included in the application year experimental period for both
trials. The second (residual) year includes all six harvests.
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Figure 1: Comparison of single and split biosolids applications on
tall fescue dry matter yield by harvest, Trial A application year.

The harvested forage from each plot was weighed wet, and
a subsample (approximately 500 g) was collected and oven
dried at 55◦C to determine dry matter. The dried subsample
was then ground and analyzed for total N.

Soils from selected plots (Soundgro and Sumner split
application and 270 kg ha−1 urea N) were sampled in Octo-
ber 2007 to determine residual soil nitrate-N at the onset of
the rainy season. Samples were collected in 30 cm increments
to a depth of 90 cm using a hydraulic probe with a 4 cm
diameter. A minimum of three subsamples per depth and
plot were collected and composited.

Total N was determined for biosolids and grass sam-
ples using a combustion analyzer (LECO Instruments,
St. Joseph, MI). Biosolids ammonium N and soil nitrate
N concentrations were measured after extraction with
2 M KCl. Ammonium-N was determined using an auto-
mated salicylate-nitroprusside method and nitrate-N deter-
mined by an automated cadmium reduction method [11].

2.3. Data Analysis. Nitrogen uptake was calculated as the
product of the yield and N concentration of the grass
tissue. Statistics for yield and N uptake from the biosolids
treatments were computed by ANOVA using a factorial
design and the SAS General Linear Models procedure [12].

Apparent N recovery N from the biosolids was calculated
in a two-step process. First, we used a linear regression of the
N uptake at the different urea rates to calculate the fertilizer
uptake efficiency of urea and background soil N availability:

N uptake = urea efficiency×N rate + background soil N,
(1)

where

(i) N rate is the amount of urea N applied at each rate
(kg ha−1),

(ii) urea efficiency is the slope of the N uptake versus N
rate regression (unitless) and represents the propor-
tion of urea N taken up into the harvested fescue,

(iii) background soil N (kg ha−1) is the intercept and
represents fescue N uptake from the unamended soil,

Separate equations were calculated for each trial each
year. Because clover became established in the zero-N plots
in 2008 and 2009 and added fixed N to the system, we did
not include N uptake from those plots in the urea regression
equations after 2007, using only the fertilized plots for those
years.

Apparent N recovery is an estimate of N uptake from
the biosolids. It is the difference between N uptake from
the biosolids treatment and N uptake in the zero-N control
plots (assumed to be background soil N). When expressed as
a percentage of total N applied, it estimates the fraction of
the biosolids N captured in the harvested plant tissue. We
calculated apparent N recovery for the application year of
each trial by subtracting the intercept of the appropriate urea
regression from the biosolids N uptake for the same trial.
Dividing by the biosolids total N applied gives the apparent
N recovery percentage:

Apparent N recovery %

=
{(

treatment N uptake− background soil N
)

applied N

}
× 100,

(2)

where

(i) treatment N uptake (kg ha−1) is the amount of N
captured in the harvested portion of the fescue for
each treatment,

(ii) applied N (kg ha−1) is the total amount of N applied
in each biosolids treatment.

For the residual year of each trial, we modified the
apparent N recovery equation to account for the 168 kg ha−1

that was applied to all of the biosolids treatments that year:

Apparent N recovery %

=
{(

treatment N uptake−N168
)

applied N

}
× 100,

(3)

where

(i) N168 represents N uptake from the 168 kg ha−1 urea
N treatment, derived from the appropriate urea N
uptake regression for each trial.

Plant-available N (PAN) is an estimate of N release from
the biosolids. PAN differs from apparent N recovery in that it
includes available N that was not taken up into the harvested
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Table 5: Tall fescue dry matter yield and N uptake, Trials A and B, application year.

Biosolids Source Application Timing
Yield (Mg ha−1) N uptake (kg ha−1)

Trial A 2007 Trial B 2008 Trial A 2007 Trial B 2008

Soundgro
Single 13.0 9.8 371 259

Split 12.9 10.8 335 269

Sumner
Single 13.2 9.6 370 276

Split 13.1 10.6 355 281

Milorganite
Single 11.8 9.8 348 265

Split 13.3 10.9 345 269

Significance
Source NS NS NS NS

Timing NS ∗∗ NS NS
∗∗

Signficant at P < .01
NS: Not significant (P > .05).

Table 6: Tall fescue dry matter yield and N uptake, Trials A and B, residual year.

Biosolids Source Application Timing
Yield (Mg ha−1) N uptake (kg ha−1)

Trial A 2008 Trial B 2009 Trial A 2008 Trial B 2009

Soundgro
Single 11.4 10.9 253 231

Split 10.9 11.1 236 246

Sumner
Single 11.7 11.3 262 248

Split 11.3 11.0 250 242

Milorganite
Single 10.1 10.1 220 214

Split 10.8 10.7 236 227

Significance
Source ∗ NS ∗ ∗∗

Timing NS NS NS NS
∗

Significant at P < .05.
∗∗Significant at P < .01.
NS: Not significant.

Table 7: Apparent N recovery and urea N equivalent from biosolids, application year. Single and split application data pooled.

Apparent N recovery (kg ha−1) Apparent N recovery (%) Urea N equivalent (%)

Treatment Trial A 2007 Trial B 2008 Trial A 2007 Trial B 2008 Trial A 2007 Trial B 2008

Soundgro 240 159 38 36 61 72

Sumner 250 174 27 27 44 54

Milorganite 233 162 39 39 63 78

part of the plant. This could include N in roots and crowns,
or N lost to leaching or volatilization. PAN is used to compare
N availability among different soil amendments. In this study
we used urea N equivalent as a surrogate for PAN. Urea
N equivalent (expressed as % biosolids N) is calculated by
dividing the treatment apparent N recovery (%) by the urea
efficiency (slope) for the appropriate trial and year

Urea N equivalent %

=
(
biosolids treatment apparent N recovery %

)
urea efficiency

.

(4)

3. Results

3.1. Tall Fescue Yield and N Uptake. Tall fescue yield and N
uptake from the biosolids treatments in the application and

residual years are shown in Tables 5 and 6. Lower yields in
the Trial B application year compared with Trial A reflect
lower rates of biosolids application (Table 1). No treatment
interactions between biosolids source and application timing
were observed for either yield or N uptake. There was no
significant effect of biosolids source on tall fescue yield or N
uptake during the application year for either trial (Table 5).
The biosolids were not applied at uniform rates, however,
as the rate of the sumner product was about 50% higher
than Soundgro and Milorganite (Table 1). Biosolids source
did affect yield in the residual year of Trial A and N uptake in
the residual year of both trials with lower yield and N uptake
from Milorganite (Table 6).

Splitting the biosolids application over two dates had
only small effects on full-season tall fescue yield or N
uptake. The only significant effect was increased yield with
split application in the application year of Trial B. Split
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Table 8: Apparent N recovery and urea N equivalent from biosolids, residual year. Single and split application data pooled.

Apparent N recovery (kg ha−1) Apparent N recovery (%) Urea N equivalent (%)

Treatment Trial A 2008 Trial B 2009 Trial A 2008 Trial B 2009 Trial A 2008 Trial B 2009

Soundgro 35 28 6 6 9 10

Sumner 46 34 5 5 8 8

Milorganite 18 10 3 2 5 4
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Figure 2: Harvested tall fescue N uptake versus inorganic N (urea) rate.

applications did result in more uniform yields across harvests
in the application year (Trial A shown in Figure 1).

3.2. Biosolids Apparent N Recovery and Urea N Equivalent.
Urea N uptake regressions were used in the calculation of
biosolids apparent N recovery and urea N equivalent. A
separate urea uptake regression was calculated for each trial
each year (Figure 2). Intercepts (background soil N) were
similar across the regressions, but the slope (urea uptake

efficiency) was significantly lower in the Trial B application
year than in the other regressions.

Apparent N recovery % for the application year was
similar across the two trials and was similar between
Soundgro and Milorganite (Table 7). Apparent N recovery
% was lower for the Sumner biosolids. Apparent N recovery
% for Milorganite in this study (39%) was greater than
that reported in previous research (33%) [5]. Application
year urea N equivalent averaged 62% for Soundgro and
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Milorganite in Trial A and 75% in Trial B (Table 7). The very
high results in Trial B are likely an artifact of the low urea
uptake efficiency observed in the fertilizer plots for the Trial
B application year. Much less N was released in the residual
year, with urea N equivalent estimated from 8 to 10% of N
applied for the Soundgro and Sumner products, and 4 to 5%
for Milorganite (Table 8).

Postharvest soil nitrate N was low in the samples
collected in 2007, and not different among the treatments
sampled, averaging 4.0 mg kg−1 in the 0 to 30 cm depth,
2.8 mg kg−1 at 30 to 60 cm, and 2.7 mg kg−1 and 60 to 90 cm.
This is consistent with results from treated and control
plots in previous biosolids experiments done under similar
conditions [7] and indicates little potential for leaching loss
from the plots.

First-year available N from Milorganite and Soundgro
was higher than previously reported for heat-dried biosolids
under field conditions [5, 6]. Similarly high first-year
available N has been observed in laboratory incubations [1].
They reported 58 to 59% available N from lab incubations of
three heat-dried biosolids. The Sumner biosolids had lower
available N, but still equal to or greater than observed for
biosolids produced without heat drying. Second-year urea
N equivalent in this study was similar to field PAN values
for heat-dried biosolids reported previously [5, 6]. The heat
dried biosolids all tended to release N rapidly, with most
of the yield response occurring in the first two harvests
following an application (Figure 1).

These results show that first year available N (as urea
N equivalent) for Milorganite and Soundgro exceed 60%,
which is greater than previously reported in the literature.
Current guidelines for the Pacific Northwest of the USA
recommend using mineralization estimates of 35 to 40%
for heat-dried biosolids [9], but this research shows that
at least some heat-dried materials fall above that range,
meaning that these materials are effective at lower application
rates. We expect these results can be extended to other
temperate regions with adequate growing season rainfall or
irrigation, based on the results of a previous multilocation
field and modeling study of biosolids N availability [13].
Future research is needed to determine the relationship
between specific heat drying processes and available N to
improve estimates of N release from heat-dried products.
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The annual olive oil production in Cyprus is in the range of 2700–3100 t y−1, resulting in the generation of significant amount
of waste. The cocomposting of the olive oil solid residue (OOSR) and the treated wastewaters (with Fenton) from the olive oil
production process with the application of reed beds has been studied as an integrated method for the treatment of wastewater
containing high organic and toxic pollutants under warm climate conditions. The experimental results indicated that the olive mill
wastewater (OMW) is detoxified at the end of the Fenton process. Specifically, COD is reduced up to 65% (minimum 54.32%) by
the application of Fenton and another 10–28% by the application of red beds as a third stage. The final cocomposted material of
OOSR with the treated olive mile wastewater (TOMW) presents optimum characteristics and is suitable for agricultural purpose.

1. Introduction

Olive oil production is considered one of the oldest agri-
cultural industries in the Mediterranean countries. Approxi-
mately 1.8×106 t of olive oil is produced annually worldwide,
where the majority of it is produced in the Mediterranean
basin [1–3]. The average amount of olive mill wastewa-
ter (OMW) produced during the milling process is 1.2–
1.8 m3 t−1. OMW resulting from the production processes
in the Mediterranean region surpasses 30 million t per year
[2, 3]. The treatment of liquid wastes produced from olive
oil production is still a major challenge facing this industry.
The main problem is attributed to its dark colour, high
organic content, and toxicity, which are due to the presence
of phenolic compounds [3, 4]. Chemical oxidation demand
(COD) values of OMW may reach 150 g L−1, most of which
are in a particulate form. Suspended solids up to 190 g L−1

have been recorded [3, 5]. A common way of dealing with
the OMW in many Mediterranean countries is to discharge
it directly into sewer network, convey it to a central lagoon,
or store it in a small pond beside the mill, where it is

left to evaporate until the next season. These ponds often
leak causing ground water pollution and unpleasant odours
problems. Since the setting up of more stringent regulations
concerning public waste disposal, there is a growing interest
in the development of new technologies and procedures for
the purification of this wastewater.

Today, olive tree in Cyprus is grown in compact groves
or, more often, mixed with other crops such as fruit trees,
carobs, and cereals. It is also found scattered on uncultivated
land, steep slopes, rocky ground, or in residential areas. Some
12000 families are engaged in olive growing. The total area
under olive cultivation is about 7400–8000 ha with about
2.2–2.7 million productive trees. It is estimated that olive
trees hold 44.7% of the total agricultural area under perma-
nent crops, followed by trees producing shelled nuts with
18.5%, citrus fruit with 17.3%, and fruit trees of temperate
crops with 12.4%, [6]. This represents approximately 5.6% of
the country’s cropped area and contributed 2.7–2.9% of total
agricultural output. The annual average olive production is
about 13500–15500 t, equivalent to 2700–3100 t of olive oil.
However, owing to the biennial bearing of the trees and the
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cultivation of the olives under rain-fed conditions, yields
are extremely erratic, and olive production exhibits extreme
fluctuations from year to year [7].

Olive mill wastewaters (OMWs) constitute a serious
environmental problem in the Mediterranean Sea region due
to the unique features associated with this type of agro-
waste, namely, seasonal and localized production (typically
between October and March), low flowrates (between 10 and
100 m3 d−1), and high and diverse organic load [8, 9]. The
quantity of olive oil mill solid waste and washing effluents
(OMW) generated, and consequently the environmental
impact, depends on the method of olive oil extraction used
[10]. The traditional cold press method typically generates
about 50% of OMW relatively to the initial weight of the
olives, while the continuous centrifugation process generates
80–110% of OMW due to the continuous washing of the
olive paste with warm water prior to oil separation from
the paste. It is estimated that the annual OMW production
in the Mediterranean Sea area exceeds 30 × 106 m3. OMW
may have COD values as high as about 220 g L−1, and the
organic matter mainly consists of oil, polysaccharides, sugars,
polyphenols, polyalcohols, proteins, organic acids, phenols,
lipids, and tannins, the former with concentrations that
reach up to 10 g L−1 that are known to be biorecalcitrant
[4, 9].

The major concerns regarding OMW treatment are: (i)
organic compounds are difficult to biodegrade, (ii) seasonal
production, and (iii) Olive oil manufacturing industries large
areas [9, 10].

In Cyprus today are based 28 small olive mills which have
the ability to treat all the production of olives and to produce
olive oil. The annual olive oil production is in the range of
2700–3100 t y−1 resulting in the generation of about 18225–
20925 t y−1 of OMW (which is equal with the water con-
sumption) which causes serious environmental problems,
mainly due to its high organic content, 9180–10450 t y−1 of
olive oil solid residue (OOSR), and 1620–1860 t y−1 leaves.
Lagooning as physical evaporation and irrigation for the
OMW and typical composting for the olive oil solid residue
(OOSR) are the main typical systems for the treatment of
those waste until now in Cyprus.

Biological and physicochemical methods commonly used
for OMW treatment include lime precipitation, incineration,
land filling lagooning, anaerobic digestion, and composting
are commonly used in Cyprus. Those methods (physico-
chemical) have the disadvantages of high cost and low
efficiency. More specificly, (a) lime precipitation results in
40% reduction of the organic matter but the production
of large quantities of sludge. Moreover, the effluents after
precipitation as well as the chemical organic sludges that are
produced, have all the toxicity of the initial vegetation water
leading to serious disposal problems [11]; (b) incineration
(with or without concentration) is reliable but expensive
and complicated by high energy demand. Incineration is a
popular technology for solid waste management that can
greatly reduce the overall quantity of waste. However, at the
same time, it is also associated with serious air pollution
concerns [12, 13]; (c) landfilling is another means for
handling solid waste, but it goes hand in hand with land

occupation, groundwater contamination, and air pollution
[12, 14]; (d) lagooning is mainly a physical method for water
evaporation, since a very limited biological degradation
takes place; however, it has significant cost disadvantages
due to land requirements and the necessity for taking
special measures to protect public health [15]. Biological
methods (anaerobic digestion and composting) have certain
clear benefits due to their potential for the utilization
of byproducts (compost for fertilizing, biogas for energy
production, natural colouring substances, and proteins for
cattle feed enrichment). Anaerobic digestion has the benefit
of energy production but also relatively low efficiency (80%)
compared to the high capital cost of the high-technology
installations and equipment [3, 16]. Composting is the opti-
mum method from the environmental point of view, as the
organic matter is totally recovered. Furthermore, it has low
fixed cost, and the final product could be marketable as a
high-quality soil conditioner [17]. Composting is becoming
more and more popular in waste management. In North
America, composting is expected to become as popular as
the collection of plastic bottles in the near future. Although
it is a little overstated, an undeniable fact is that composting
has more advantages when compared with land filling and
incineration [12, 14, 17–22].

The objective of this paper is to study the feasibility
of using an integrated method—including oxidation, com-
posting, reed beds (as a natural filtration process), and
irrigation—for the treatment of wastewater containing high
organic and toxic pollutants from olive oil industries under
warm climate conditions, in order to be a final solution for
the treatment of OWM and OOSR.

2. Material and Methods

2.1. State of the Art

2.1.1. Oxidation Using Fenton Reactions. Fenton’s method
was discovered about 100 years ago, but its application as
an oxidizing process for destroying toxic organics was not
applied until the late 1960s [23]. Fenton reaction wastewater
treatment processes are known to be very effective in
the removal of many hazardous organic pollutants from
water. The main advantage is the complete destruction of
contaminants to harmless compounds, for example, CO2,
water and inorganic salts. The Fenton reaction causes the
dissociation of the oxidant and the formation of highly
reactive hydroxyl radicals that attack and destroy the organic
pollutants. Recently, advanced oxidation processes (AOP)
have been proposed to treat relatively low-strength industrial
wastewaters containing non-biodegradable substances toxic
to microorganisms. Among them, the Fenton method is
cost-effective, easy to apply and effective with relatively low-
strength wastewater containing organic compounds and has
been applied to the decolorization of textile wastewater [24–
27].

The Fenton method consists of four stages. First, pH
is adjusted to low acidity. Then, main oxidation reaction
takes place at pH value of 3–5. The wastewater is then
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neutralized at pH of 7-8 and finally precipitation occurs [28].
The oxidation mechanism in the Fenton process involves the
reactive hydroxyl radical generated under acidic conditions
by the catalytic decomposition of hydrogen peroxide, which
reacts unselectively within 1×10−3 s, with organic substances
(RH), which are based on carbon chains or rings and also
contain hydrogen, oxygen, nitrogen, or other elements. The
reaction mechanism is as follows [26, 29, 30]:

Fe2+ + H2O2 −→ Fe3+ + OH− + •OH,

RH + •OH −→ R• + H2O,

R• + Fe3+ −→ product + Fe2+,

Fe2+ + •OH −→ Fe3+ + OH−,

Fe3+ + H2O2 −→ Fe2+ + H+ + HO2
•.

(1)

Only a few applications of Fenton oxidation to high-
strength wastewater such as effluent from a baker’s yeast
industry effluent or olive oil mill wastewater have been
reported [2, 31].

The Fenton oxidative process is a method of chemical
oxidation and coagulation of organic compounds. It is
performed by the implementation of hydrogen peroxide
(H2O2) and a ferrous salt (Fenton’s reagent) [3, 29, 32–34].
With the addition of Fenton’s reagent, first, soluble organics
are successfully oxidized, and then, with the coagulation
procedure, insoluble organics are successfully removed.
Fenton’s reagent is suitable to process a wide variety of
effluents regardless of their contaminant concentrations and
nature. It is an economical system characterized by its simple
application and possibility of using perfectly mixed tank
reactors. The system can also be adapted to different volumes
and conditions [28].

Compared to other AOPs, Fenton’s reaction presents sev-
eral advantages. H2O2 is environmentally friendly, since
it slowly decomposes into oxygen and water. Besides, the
abundance, lack of toxicity, and ease of removal from
water makes Fe2+ the most commonly used transition metal
for Fenton’s reaction applications. Consequently, numerous
research and fieled studies have been carried out to take
advantage of the potential benefits of the use of Fenton’s
reaction as a remediation process for the treatment water and
wastewater [30, 35, 36].

2.1.2. Composting. Composting of organic wastes is a
microbiologically mediated process with which the readily
degradable organic matter in organic wastes is degraded
and stabilized. During the process, part of organic C is
released as CO2, part incorporated into microbial cells, and
part humified. The organic nitrogen primarily as protein
prior to composting is mineralized to inorganic N (NH4–N
and NO3–N), which is then resynthesized into other forms
of organic N in microbial biomass and humic substances
during the composting process. Degradation of organic C
during composting is carried out by bacteria, fungi, and
actinomycetes, depending on the stage of degradation, the
characteristics of materials, and temperature [19, 37, 38].

Composting provides a simple and a cost-effective alternative
treatment method for sewage sludge by decomposing organic
matter, producing a stabilized residue and disinfecting
pathogens [17, 20, 39, 40]. The composted product can also
be used as a fertilizer or soil conditioner because of its large
content of stabilized organic matter [39]. Compost contains
many essential nutrients and improves soil physical and
chemical properties. It is without a doubt a valuable product
as compost improves soil organic matter content, nutrient
availability soil aeration, and water holding capacity and
reduces soil bulk density.

2.1.3. Treatment with Reed Beds. Plant species used in treat-
ment wetlands have to be able to grow in watery, muddy,
anaerobic conditions, and at the same time, they must be
able to tolerate oscillations in water level, high salinity, and
variations between high and low pH [41]. The exclusive use
of helophytes for wastewater purification was suggested by
several investigators [42–45]. The procedures are numerous
and differ according to the type of water circulation through
the plantations, species selection, and system structure
(number of basins, dimensions, etc.) [45]. A general, reed
beds present the following advantages: (i) operation does not
require any electricity, fuel supply, or specific maintenance
and can be characterized as cost-effective method, (ii) no
mechanical systems are involved in the system, as reed beds
do not break down, (iii) they break down organic materials,
(iv) they are a natural filtration process, and (v) they remove
nutrients such as nitrogen and phosphorus.

Among these helophytes, common reed (Phrugmites aus-
tralis) is one of the cosmopolitan species that is commonly
found on banks of lakes, rivers, and canyons, where it forms
very dense beds [46, 47]. Phragmites australis was successfully
applied to wastewater purification either through reed beds
[45, 48, 49] or through natural ponds [45, 50]. Also, it is
used in treatment wetlands for wastewater as well as sludge
treatment [51]. Hardej and Ozimek [52] evaluated the effect
of sewage sludge on growth and morphometric parameters
of P. australis and demonstrated the high adaptation capacity
of the common reed to the sewage sludge environment,
observing that the shoot density was over two times greater
than that commonly found in natural systems.

Among the constructed treatment wetlands, the hori-
zontal subsurface flow (SSF) type is a widely applied con-
cept. Pretreated wastewater flows horizontally through the
artificial filter bed, usually consisting of a matrix of sand
or gravel, which is rooted by helophytes. This matrix is
colonised by a layer of attached microorganisms (biofilm).
Pollutant reduction is achieved by a combination of physical,
chemical, and biological processes: sedimentation, filtration,
precipitation, sorption, plant uptake, microbial decomposi-
tion, and microbial nitrogen transformations [53–55].

Horizontal subsurface (SSF-h) constructed wetlands
have been extensively used for the treatment of domestic
wastewater [50, 56, 57] and, less frequently, of industrial
sewages [58]. The use of SSF-h systems for OMW disposal
can be assimilated to a direct discharge to the soil, carried out
in completely controlled conditions of sewage application
and without any pollution risk for agricultural soils and
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groundwater. Despite the potential benefits which could
be expected from the use of SSF-h reed beds for OMW
treatment, there is a lack of data about their ability in OMW
pollutant removal [57].

2.2. Collection and Characterization of Raw Materials. The
OMW and the OOSR have been collected from 3 several olive
mills based in 3 different districts of Cyprus: the district of
Famagusta (DF) which is in the eastern part of the Island,
the District of Larnaca (DL) which is about 40 km away from
the olive mills of DF on the south and the district of Paphos
(DP) which is about 300 km away from the olive mills of DF
and 250 km from the olive mill of DL on the west.

The sampling durations were for about 4 months from
October to January, and every second week, 50 kg of OOSR
and 50 L of OMW were taken, and the samples were stored
in the fridge at 4◦C.

For all the raw materials and prepared samples for
composting, the following parameters were measured: mois-
ture, total solids (TSs), total volatile solids (TVSs), ash,
pH value, electronic conductivity (EC), salinity, chemical
oxygen demand (COD), biological oxygen demand (BOD5),
total organic carbon (TOC), organic matter (OM), total
phosphorous (P2O5), Cl2, total kjeldahl nitrogen (TKN),
C/N ratio, C/P ratio, COD/BOD5 ratio, fats and oils, and Cl2
[59–62]. The total phenolic compounds was determined col-
orimetrically at 725 nm on a Shimadzu UV 1240 spectropho-
tometer using the Folin-Ciocalteau reagent according to the
procedures described in detail elsewhere [9, 63]. Caffeic acid
was used as a standard to quantify the concentration of
phenols in OMW. Humic substances were extracted [61, 64]
according to the following scheme: 2.5 g of sample were
shaken for 24 h in ambient temperature using 100 mL of
NaOH 0.5 N. Suspensions were filtered through whatman no.
1 filter paper. Then, the filtrate was dried at 80◦C. The E4/E6
ratio which indicates the characterization of the humics
(if the substrate is characterized as humic or fulvic acids)
were determined after the extraction of the samples with
NaHCO3 0.05 N (1 : 10) in 465 and 665 nm as described by
Schnitzer [64] and Zorpas et al. [61]. Lignin and cellulose
were determined by a digestion technique of the samples with
72% sulphuric acid according to Zorpas et al. [61]. Total
proteins and sugars were determined using colorimetric
method as proposed by Gaudy [65]. The analysis of sodium,
magnesium, potassium and calcium content, specific weight,
porosity, and other extraction substances were determined
according to Handbook of Reference Methods for Soil
Analysis [66].

2.3. Experimental Procedure. The OMW from each district
(DF, DL, and DP) was subjected to Fenton oxidation treat-
ment (Figure 1). The oxidation was carried out batchwise
at 25◦C in an agitated (200 rpm) temperature and pH
controlled glass reactor of 1 L capacity for 4 h. First, the
wastewater sample was diluted, if necessary. Next, H2SO4

(98%) and Fenton reagent were added. As a ferrous salt,
FeSO4 · 7H2O was used, and the hydrogen peroxide was
of 30% concentration. After oxidation, vigorous stirring,

neutralization with lime, coagulation with a weak anionic
polyelectrolyte (2540 Praestol, 0.1%), and flocculation in a
jar test apparatus, the sample was filtered, and the super-
natant liquid was analyzed in terms of COD.

The treated olive mill wastewater (TOMW) is the result
of the Fenton oxidation treatment which was mixed with the
OOSR for further treatment using the composting methods.
Two several compost systems according to the following
scheme:

CS1A: OOSRF + OMWF,

CS1B: OOSRF + TOMWF,

CS2A1: OOSRF + OMWF,

CS2B1: OOSRF + TOMWF,

(2)

where F referred to the wastes produced from Famagusta’s
olive mill.

After the treatment of OMW with Fenton treatment, the
treated olive mill wastewater (TOMW) with the produced
sludges from the Fenton process were proceed for further
treatment in two different systems (Figure 1): (i) in lagoon-
ing for physical evaporation and with typical red beds and
(ii) with cocomposting with OOSR. The amount added to
the system was equal with the final moisture of 60± 5%. For
the composting of the OOSR with the TOMW, two different
systems were used. First, we add to the systems the OOSR
and then the TOMW. The amount added to the system was
equal with the final moisture of 60± 5%.

(a) Compost System 1 (CS1): a typical windrow system
of 6 m length and 1.5 m height. The samples were
aerated using an aerated air force. The samples
were aerated using an aerated air force (oxygen
concentration range in the reactor was between 5–
8%). The temperature (reach from 35◦C to 45◦C in
the surface and from 65◦C to 75◦C in the centre) was
monitored by the air and the mechanical stir of the
windrow every 7–10 days. The moisture was around
60± 5%. Any time that the moisture was less than
40% in the surfaces, the windrow were stirred, and
a treated liquid waste was added. The amount added
to the system was equal with the final moisture of
60± 5%.

(b) Compost System 2 (CS2): an in-vessel reactor of
1 m3 active volume [17, 19, 67]. The thermophilic
phase in the reactor lasted 15 d. The temperature
in the center of the reactor was about 60◦C–65◦C
and the moisture percentage between 60± 5%. The
samples were aerated using an aerated air force
(oxygen concentration range in the reactor was
between 5–8%). A temperature indicator controller
was controlling the operation of the fan in order to
maintain the temperature at about 60◦C, according
to the following principle: minimum air flow (2.3 m3

per m3 active volume) was provided at low tempera-
ture (<30◦C), and maximum air flow (28 m3 per m3

active volume was provided at high temperature
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Figure 1: Flowchart of the process method with the profile view of reed bed section.

(>60◦C). The minimum airflow corresponds to the
minimum oxygen demand for the microorganisms
and the maximum to the necessary air for cooling.
After the thermophilic period, in which the organic
material was biodegraded, the compost was piled to
an enclosed package, where it remained for about
four months to mature.

The fundamental principle of a cocomposting sys-
tem is the biodegradation of the organic matter through
exothermic aerobic bioreactions which take place in the
thermophilic region with the simultaneous evaporation of
the moisture of the wastewater due to the release of thermal
energy [68]. As a critical parameters for the growth of
microorganisms and bioreactions are the oxygen demand,
the moisture (which must be in the range of 60± 5%), the
temperature (which must be retained between 60◦C–65◦C),
and the carbon/nitrogen (C/N) ratio. After the thermophilic
period in which the organic material was biodegraded, the
compost was piled to an enclosed package, where it remained
for about 3 months to mature.

In order to implement further treatment of the TOMW,
all the quantities that remained from the oxidation process
was passed then from horizontals bounds with P. australis
(as indicated from Figure 1).

Seed germination and root length test were performed
on water extracts obtained by mixing 10 g of each sample
with 20 mL of distilled water (DDW) for 2 h. Suspensions
were centrifuged at 5000 rpm for 30 min before being filtered
through Whatman no. 1 filter paper. 10 mL of each test
solution was pipetted into a sterilized plastic petri dish. Also,
one blank with only DDW was carried out. Twenty lettuce
seed were placed in each petri dish and incubated at 22◦C in

the dark for 7 d. The Germination Index (GI) was calculated
according to the following formula, [39, 69]:

GI = (%G)(%L)
100

, (3)

where %G is the grow index,

%L
(
Root Length

) = (
Root Length of Treatment

)(
Root Length of Control

) ∗ 100.

(4)

It is important to know that if the 0 < GI < 26, the substrate
is characterized as very phytotoxic, 27 < GI < 66, the
substrate is characterized as phytotoxic, 67 < GI < 100,
the substrate is characterized as nonphytotoxic and if the
GI > 101, then the substrate is characterized as phytonutrient
[17, 19].

2.4. Controlling Parameters Analysis. The aim of the exper-
imental procedure was to determine the influence of some
basic process parameters on the effectiveness of the oxidation
treatment in terms of %COD removal from the OMW. These
parameters are dilution of wastewater, heptahydrated ferrous
sulphate concentration, hydrogen peroxide concentration,
and sulphuric acid concentration. These parameters are
referred to as “controlling parameters” of the system. The
effect of the controlling parameters on the optimization
parameter was estimated by performing a 24 factorial experi-
ment. In general, by using a 2n factorial design, n controlling
parameters interrelate to an optimization parameter through
an appropriate linear model. Their significance can also
be estimated and assessed [69, 70]. Then, most significant
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variables are altered stepwise, aiming at the determination of
the optimal experimental conditions. The levels of the con-
trolling parameters are given in Table 1. The experimental
area of the factorial design was predetermined in previous
preliminary trials. In the 24 factorial designs, 16 experiments
were carried out. Four extra experiments in the centre of the
design (level 0) were also conducted for statistical purposes.
Each experiment was repeated three times, and the results
presented are the mean values.

2.5. Statistical Analysis. Statistical analysis was carried out
using the Microsoft Excel 2010.

3. Results and Discussion

The results obtained indicated that OMW under investiga-
tion is characterized by its extremely high content of organic
compounds, which is reflected by the high values of BOD,
COD, and TOC. Tables 2 and 3 present the physicochemical
characteristics of the OMW and the OOSR from the three
several olive mills. As indicated in Table 2, the COD and the
BOD5 are considered very high which causes serious envi-
ronmental problems [8–10]. The higher COD presented in
the OMW-DL which is 127.4± 36.3 mg L−1, followed by the
OMW-DP which is at 122.9± 34.5 mg L−1 and the OMW-
DF with COD at 118.3± 32.1 mg L−1. The total humics is
considered to be very low (less than 1.4 mg L−1), while the
E4/E6 is below 5. The E4/E6 ratio shows the characterization
of humic materials. As the E4/E6 ratio is below 5, the samples
are characterized as humic acid (whereas if the ratio is
above 5, the sample is characterized as fulvic acid), [19, 61,
64]. The COD/BOD ratio ranges from 2.98 : 1 to 4.05 : 1,
which indicates the presence of poor biodegradable organic
compounds and/or toxic ones [3]. The GI is presented to
be less than 26, and the substrate is characterized as very
phytotoxic either for the OMW and for the OOSR. The
C/N ratio both of the substrates (OMW and OOSR) is
considered to be at very satisfactory levels for composting
process. The variation of the EC is due to the different quality
of the water used in the production line. Similar results
from the characteristic of OMW from Greece are found in
Stoller [9]. El Hajjouji et al. [71] mention that the chemical
characteristics of the OMW from Morocco is for COD
19.2 gO2 L−1, pH is 5, and total phenols is at 1.67 mg L−1.
El-Gohary et al. [3] mention that the COD, TOC, and
BOD values, ranged from 102900 to 207300 mg O2 L−1, from
30000 to 93000 and from 78528 to 135400 mg O2 L−1, respec-
tively, form OMW.

Table 4 presents COD removal efficiency results of the
factorial experiments in all the OMW.

Fenton processes are suitable to treat a wide variety of
effluents irrespective of their concentration and origin and
are characterised by their simple and versatile operation.
As olive oil manufacturing industries are usually small
plants with a low, seasonal wastewater flow, a small Fenton
unit would suffice to cope efficiently with the effluents
produced. Rivas et al. [72] estimated that OMW treatment
(15 mg L−1 of inlet COD and 80–90% COD reduction

achieved in residence times between 1 and 8 h depending
on the operating conditions employed) by Fenton’s reagent
would cost USD 3.2/(m3 of wastewater treated and mg L−1

of COD removed). This value is greater than that of the
conventional biological treatment of OME by about an
order of magnitude, since H2O2 consumption comprises a
significant fraction of the operating costs. In this respect,
studies are needed to optimise the dosage of the Fenton’s
components used, thus avoiding waste of costly chemicals
[10].

From this data, a mathematical model was constructed.
Its adequacy was checked by the Fisher criterion. According
to the latter, the following ratio should follow the F-distribu-
tion with level of importance p = 5%:

F = S2
ad

S2
Y

, (5)

where S2
Y is the standard deviation and S2

ad sthe following
equation:

S2
ad =

∑N
i=1

(
Yi − Ŷi

)2

f
, (6)

where Yi is the experimental i value, Ŷi is the estimated I
value from the model determined, f is the number of degrees
of freedom, and N is the number of trials.

As far as the determination of statistically important
parameters is concerned, the procedure mentioned below
was followed. The coefficient deviation is defined as

S2
(
bj

)
= S2

Y

N
, (7)

where N is the number of trials.
The importance of the coefficient was checked by

t =
∣∣∣bj

∣∣∣
S
(
bj

) , (8)

where bj is the j linear coefficient. “t” should follow the
Student distribution for importance level p = 5% and
degrees of freedom those of the deviation S2(Y ). After the
mathematical model construction and the determination
of statistically important parameters, an effort to find the
optimum conditions for the effectiveness of the Fenton
oxidation treatment of wood-processing industry wastewater
was made. This was performed through a steepest ascent
method [69].

El-Gohary et al. [3] investigated a similar system for
the treatment of the OMW with Fenton and anaerobic
treatment (USBR: upflow anaerobic reactor). The use of
an integrated treatment scheme consisting of wet hydrogen
peroxide catalytic oxidation (WHPCO) followed by two-
stage upflow anaerobic sludge blanket (UASB) reactor (10 : l
each) for the treatment of olive mill wastewater. The diluted
wastewater (1 : 1) was pretreated according to El-Gohary
et al. [3] using Fenton’s reaction. Optimum operating
conditions namely, pH, H2O2 dose, Fe+2, COD : H2O2 ratio,
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Table 1: Controlling parameters and their levels in the factorial experiment.

Controlling parameters Variation intervals

Units
Representation +1 0 −1

as Level Level Level

Wastewater dilution % X1 0 50 100

FeSO4 · 7H2O addition g L−1 X2 4.0 5.0 6.0

H2O2 (30%) addition mL L−1 X3 2.0 2.50 3.50

H2SO4 (98%) addition mL L−1 X4 0.50 0.25 0.75

Table 2: Composition of the olive mill wastewater.

Characteristics OMW-DF OMW-DL OMW-DP

Total solids (TS), % 6.33± 1.81 6.09± 1.05 6.59± 0.98

Total volatile solids, % of TS 90.36± 3.31 91.93± 4.15 88.12± 3.69

Total organic carbon content, % of TS 62.71± 6.27 60.17± 5.99 64.30± 7.12

Total kjeldahl nitrogen, % of TS 1.28± 0.17 1.31± 0.20 1.25± 0.19

Total phosphorous as P2O5, % of TS 0.84± 0.17 0.92± 0.11 0.88± 0.11

Total phenolic compounds g L−1 8.71± 0.51 9.02± 0.39 490± 0.28

pH 5.66± 0.3 5.52± 0.4 5.58± 0.3

EC mS cm−1 2120± 57 1984± 33 1277± 12

Salinity mg L−1 CaCO3 1058± 91 901± 28 645± 48

BOD5, g L−1 17.3± 5.5 20.1± 9.7 13.7± 3.4

COD, g L−1 70.1± 12.3 57.4± 6.3 45.9± 4.5

COD/BOD5 ratio 4.05± 0.91 3.01± 0.87 2.98± 0.92

Ash, % of TS 9.71± 3.21 8.99± 2.18 9.25± 3.05

C/N ratio 52.25± 5.24 45.93± 4.15 51.44± 6.02

C/P ratio 74.65± 3.81 65.40± 6.17 73.68± 4.15

Specific weight, gr cm−3 1.048± 0.033 1.057± 0.029 1.022± 0.041

Fats and oils, mg L−1 1.46± 0.20 1.45± 0.22 6307.5± 279

Germination index, % 18± 5 16± 7 11± 6

Humics, % 0.94± 0.12 1.04± 0.27 0.89± 0.21

E4/E6 1.34± 0.03 1.53± 0.05 1.44± 0.03

K mg L−1 3.1± 0.45 2.87± 0.50 2.17± 0.21

Ca mg L−1 271.4± 14.1 248.7± 16.9 210.6± 12.2

Mg mg L−1 32.8± 5.3 28.2± 4.7 22.9± 6.1

Na mg L−1 344.3± 15.1 322.6± 16.9 209.1± 17.2

Cl2 mg L−1 401.4± 51.4 367.8± 41.9 212.3± 24.7

TS: total solids; EC: electronic conductivity; COD: chemical oxygen demand; BOD: biological oxygen demand.

and Fe+2 : H2O2 ratio, were determined. The UASB reactor
was fed continuously with the pretreated wastewater. The
final results according to El-Gohary et al. [3] indicated that
the quality of the treated effluent was quite satisfactory.
Residual concentrations of COD, BOD5, TOC, TSS, and oil
and grease, and total phenols were 4055, 2029, 2050, 279, and
97 mg L−1. Corresponding removal were 91%, 85%, 86%,
99%, and 95%, respectively. The degradation of polyphenolic
compounds by Fenton’s reaction was ranged from 80% to
95%. These results according to El-Gohary et al. [3] indicate
that Fenton’s reaction is very efficient as a pretreatment step
for degradation of polyphenolic compounds from OMW.
Therefore, sludge produced from OMW treatment and
solid residues of olive mills could be converted to valuable
products [3].

The TOMWF has been proceeding in cocomposting with
the OOSR from the same olive mill in two several compost
systems as described above.

Table 5 shows the characterisation of the final product
after 120 d of maturity. It was obvious that the B1 sample
of CS2 was presented with better characteristics than the
other final products. The compost quality with respect to
agricultural use depends on its inorganic nitrogen content.
It should not exceed 10% of the total nitrogen, and the
ammonia content should be less than the 0.04% of the dry
matter [73]. The final total concentration did not exceed
the above limit, rendering the compost to be a good soil
conditioner.

Phenolic compounds commonly found in OME can be
classified in three major families as follows:
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Table 3: Composition of the olive oil solid residue.

Characteristics OOSR-DF OOSR-DL OOSR-DP

Moisture 48.71± 2.01 50.12± 1.92 62.1± 2.12

Total solids (TS), % 86.00± 3.33 85.34± 4.01 77.98± 6.71

Total organic carbon content, % of TS 51.45± 4.48 46.79± 3.32 47.12± 3.61

Total kjeldahl nitrogen, % of TS 1.06± 0.15 1.12± 0.07 0.79± 0.10

Total phosphorous as P2O5, % of TS 0.11± 0.01 0.13± 0.01 0.07± 0.01

Fats and oils, % of TS 4.65± 1.09 4.89± 1.21 6.02± 0.93

Total proteins, % of TS 3.29± 0.12 3.97± 0.19 2.43± 0.19

Total sugars, % of TS 1.07± 0.09 1.12± 0.11 0.96± 0.04

Cellulose, % of TS 22.27± 0.44 19.31± 0.96 16.30± 0.47

Hemicellulose, % of TS 16.57± 0.94 14.90± 0.78 9.45± 1.02

Ash, % of TS 3.65± 0.25 4.01± 0.44 3.12± 0.17

Other extraction substances, % of TS 8.38± 0.35 9.45± 0.59 7.12± 0.28

Lignin, % of TS 11.95± 0.45 14.41± 0.87 9.39± 0.68

Potassium as K2O, % of TS 0.83± 0.11 0.91± 0.07 0.87± 0.11

Calcium content, % of TS 0.72± 0.08 0.67± 0.03 0.65± 0.04

C/N ratio 48.53± 5.03 41.77± 3.97 59.64± 4.45

C/P ratio 467.72± 42.1 359.92± 53.9 673.14± 79.98

Specific weight, gr cm−3 1.09± 0.02 1.12± 0.08 1.35± 0.04

porosity, % 52.4± 5.5 49.3± 4.9 28.6± 6.6

Germination index, % 17± 3 21± 5 16± 9

Humics, % 1.03± 0.08 1.18± 0.31 0.92± 0.30

E4/E6 ratio 1.00± 0.05 0.95± 0.07 1.10± 0.13

TS: total solids.

Table 4: Percent COD removal efficiency results of the factorial experiment.

Trial X1 X2 X3 X4 % COD efficiency in OMW-DF % COD efficiency in OMW-DL % COD efficiency in OMW-DP

(1) + + + + 67.06 64.90 63.65

(2) − + + + 60.14 60.92 59.75

(3) + − + + 67.68 65.52 64.26

(4) − − + + 54.67 55.38 54.32

(5) + + − + 64.37 65.21 63.95

(6) − + − + 61.37 62.17 60.97

(7) + − − + 65.53 66.38 65.10

(8) − − − + 69.53 70.39 68.10

(9) + + + − 69.37 68.22 64.95

(10) − + + − 63.76 64.58 63.34

(11) + − + − 64.83 65.68 64.41

(12) − − + − 62.99 63.80 62.58

(13) + + − − 64.99 65.83 64.57

(14) − + − − 61.83 62.63 61.43

(15) + − − − 66.45 67.31 66.02

(16) − − − − 64.30 65.13 63.88

(17) 0 0 0 0 63.37 64.19 62.96

(18) 0 0 0 0 63.91 64.74 63.50

(19) 0 0 0 0 63.68 64.51 63.27

(20) 0 0 0 0 64.37 65.21 63.95

COD: chemical oxygen demand.
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Table 5: Physicochemical characteristics of mature compost (120 d).

Parameters CS1A CS1A1 CS2B CS2B1

Moisture % 32.1± 5.03 26.8± 2.35 28.2± 1.99 22.5± 2.19

pH 7.2± 0.05 7.7± 0.03 7.7± 0.03 7.6± 0.01

Ash, % of dry matter 25.85± 1.87 29.68± 1.33 28.81± 1.66 27.10± 1.51

Organic matter, % of dry matter 74.15± 3.09 70.32± 4.12 71.19± 2.99 72.90± 1.97

Total organic carbon, % of dry matter 40.7± 4.31 37.27± 3.16 40.58± 3.01 39.01± 2.19

Total kjeldahl nitrogen,% 1.13± 0.16 1.33± 0.22 1.30± 0.14 1.44± 0.11

Total phosphorous % 0.45± 0.11 0.55± 0.05 0.61± 0.12 0.52± 0.07

C/N ratio 36.01± 3.41 28.02± 2.13 31.22± 3.04 27.09± 2.21

C/P ratio 90.44± 12.91 67.76± 7.01 66.52± 9.18 75.01± 5.66

Humic substances, % of dry matter 5.84± 1.09 6.35± 0.97 7.04± 1.13 7.15± 0.88

Total phenolic compounds, mg/kg 212± 34 192± 23 188± 51 173± 19

Germination index 124± 21 138± 12 177± 19 201± 9

Grow index % 73± 5 77± 6 77± 10 92± 3

(i) cinnamic acid (C6H5CH=CHCOOH) derivatives
such as coumaric, caffeic, and ferulic acids,

(ii) benzoic acid (C6H5COOH) derivatives such as vanil-
lic, gallic, veratric, syringic, protocatechuic, and
hydroxybenxoic acids,

(iii) tyrosol and related compounds such as hydroxyty-
rosol and hydroxyphenylacetic acid.

Herrera et al. [74] applied Fenton and photo-Fenton
with simulated solar light, and the efficiency was 60% and
100% TOC removal after 25 h of Fenton and photo-Fenton,
respectively, with 10 mM H2O2 added stepwise and 2.6 mM
Fe3+ (Initial pCA= 3.9 mM). Several recent studies [75–
81] have dealt with the treatment of synthetic solutions
containing one or more of the above compounds by means of
AOP, and all of them indicated a strong decrease of the initial
amount.

Figure 2 shows the variation of pH, GI, C/N ratio and
humics formations. pH is a parameter which greatly affects
the composting process. The optimum pH values are 6–7.5
for bacterial development, while fungi prefer an environment
in the range of 5.5–8.0 [17, 20, 73, 82]. Usually during
composting, the pH values are initially low because of
volatile acids production, then the pH increases (due to
the NH4–N), and in the final stage of composting, a
decrease in the pH is expected [21]. Actually, pH higher
than 8.5 joined temperatures in the thermophilic range
favors ammonification that may contribute to the unpleasant
odours’ emissions from composting process.

As shown in Figure 2, the C/N ratio rapidly decreased
during the first 10 d (for all the samples except for the CS1B
which is decreasing until the 25 d). The nitrogen is usually
affected by the action of the proteolytic bacteria and by the
temperature. At high temperatures, the nitrogen is released
to the atmosphere, and the C/N ratio is increasing. Lower
C/N ratio increases the loss of nitrogen by leaching (e.g.,
nitrate mobilization) and ammonia volatilization whereas
higher levels necessitate progressively longer composting
time as nitrogen becomes the microbial limiting nutrient
[83]. It is obvious from Figure 2 that the total nitrogen

seemed to increase during 10–20 d. This was caused by a
decrease in the substrate carbon resulting from CO2 loss
plus the action of the azotobacterial which fix nitrogen from
the atmosphere. The microbial biomass mainly consists of
protein; therefore, the C/N-ratio is about 6.25 : 1, and C : P
ratio is about 100 : 1 [17]. Assuming that in the composting
process about 20% of the organic carbon is transformed
into microbial biomass, then the appropriate initial ratios
of C/N and C/P must be about 30 and 500, respectively.
Table 5 shows that the ratio C/N is from 27.09± 2.13 for
SC2B1 to 36.01± 3.41 for SC1A cured compost while the
C/P ratio is from 66.52± 9.18 for SC2B to 90.44± 12.91
for SC1A. From Table 5 and Figure 2, it is clear that the
quantities of nitrogen are suitable for composting, while
the quantities of phosphorous are in satisfactory levels, but
an extra addition of phosphorus nutrient is subjected. The
C/N ratio for this stabilized compost was considered very
satisfactory for agricultural use.

C/N ratio is used to assess stability and maturity. A
composting process results in the fall of C/N ratio because
of microbial activities (the conservation of nitrogen and the
transformation of carbon to CO2 and humic substances).
It has been reported that when the C/N ratio is less than
20, the compost will be mature and can be used without
any restriction [84]. The ideal C/N ratio or well-matured
compost is about 10, which is usually difficult to achieve. A
final C/N equal to or greater than 30 is thought to inhibit the
mineralization of nitrogen and may actually tie up nitrogen
from the soil [13].

Germination index is a parameter usually used to charac-
terize the compost products. During the composting process
(until the 15th d), the GI was 22–31 due to the fact that
compost was immature. The appearance of the phytotoxicity
in the first step of the composting process has to do with
the decomposition of the organic matter. The immature
composts seem to have high phytotoxicity due to the fact
that phytotoxic compounds (ammonia, ethylene oxide, low
molecular weigh organic acids, or organic pollutants such as
phenolic compounds) [19] are produced by microorganisms
and also because at the first step of composting, the pH
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Figure 2: (a) Germination index during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes.
(b) pH variation, during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes. (c) Humic
substances variation, during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes. (d) C/N
ratio variation during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes.

is initially low, due to the acid formation (pH < 5.5) and
ammonias (pH > 8.5) [17, 22]. From the 20–75 d (which
we have the formation of humics, Figure 2), the GI were
up to 70 almost for all the samples. Specifically, at 75 d,
the GI is 72± 3 for SC1A, 93± 7 for SCA1, 112± 13 for
SC2B and 138± 15 for SC2B1 compost. From Figure 2 it is
obvious that it is unable to use the substrate for cultivation
before the 80 d of maturity. The substrate is characterized as
nonphytotoxic after 80 d of maturity for the SC1A, 50 d of
maturity of the SC1A1, 40 d of maturity of the SC2B, and
30 d of the SC2B1. It is obvious that the implementation of
the control conditions at the first step of composting using
an in-vessel reactor promotes a better soil condoner faster
than the typical windrow systems. Total humics are presented
at satisfactory levels. The GI after 120 d of composting and
maturity is 124± 21 for SC1A, 138± 12 for SC1A1, 177± 19
for SC2B and 201± 9 for SC2B1, while the humics are
presented from 5.84± 1.09% for the SC1A to 7.15± 0.88%
for the SC2B1.The Grow Index (%G) at the same time was
at 73± 5, 77± 6, 77± 10, 92± 3 for SC1A, SC1A1, SC2B,
SC2B1, respectively.

Comparing the results with other studies caring before,
it was found that the GI from pig compost is 160 while from
compost from a mixture of pig slurry and wood shavings
is up to 217 [85]. According to some other researchers
[39], the GI after 150 d of composting and maturity from
sewage sludge compost with zeolites is 147 for oats, 108
for peppers, and 96 for eggplant cultivations. Composting
is an effective way for handling biodegradable fraction of
waste streams and generating a lucrative product compost.
In today’s markets, the rapid growth of waste compost calls
for a high attention to its product quality. To protect the lands
and plants on which the compost is applied, it is also critical
to have its quality properly assessed. However, evaluation
of the composting product quality has been a challenging
task due to the existence of numerous physiochemical and
biological indicators and various evaluation standards [13,
86]. Alburquerque et al. [87] exhibited GI values higher than
70%, which indicated a clear detoxification of the initial
substrate and was related with the suitable stability and
maturity of the AL compost (AL is the main olive mill
byproduct in Spain known as “alperujo”).
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Figure 3: COD removal using reed beds.

Figure 3 presents the COD removal from the application
of reed beds after the treatment of the OMW with Fenton.
The COD is reduced from 10–28%. Del Bubba et al. [57]
mention that the application of reed bed for the olive mill
wastewater (OMW) treatment has the ability to reduce COD
up to 68.9%, the TKN up to 12.4%, and the total P up to
54.5%

4. Conclusions

The solution of the environmental problems caused by the
production of olive oil is essential for the future of the
olive oil industry. The treatment of liquid wastes produced
from olive oil production is still a major challenge facing
this industry. The main problem is attributed to its dark
colour, high organic content, and toxicity which are due
to the presence of phenolic compounds. In this study, a
combination of chemical oxidation (by the application of
Fenton), reed beds and, composting has been applied for the
treatment of the heavy polluted wastewaters from olive mill
industries. The following conclusions can be drawn from
this study. Firstly, the removal efficiency obtained from the
implementation of Fenton indicated a COD removal up to
65%. Secondly, the use of reed bed as tetrially treatment
gives additional benefits as the reduction of COD existed up
to 28%. Thirdly, the final compost characteristic makes the
compost suitable for agricultural requirements and suggests
that it can be used as an effective product for plant growth
according to the European guidelines [88, 89]. From all
the above, it can be concluded that as far as the pollution
problems caused by olive oil production are regarded, a
solution based on the principles of the clean technology
concept could be the detoxification of wastewaters and the
composting with the olive oil solid residues.
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In order to predict the mineral N release associated with the use of organic waste as fertilizer in agricultural plant production, the
adequacy of the SOILN NO model has been evaluated. The original thought was that the model calibrated to data from simple
incubation experiments could predict the mineral N release from organic waste products used as N fertilizer on agricultural land.
First, the model was calibrated to mineral N data achieved in a laboratory experiment where different organic wastes were added
to soil and incubated at 15◦C for 8 weeks. Secondly, the calibrated model was tested by use of NO3

− leaching data from soil
columns with barley growing in 4 different soil types, added organic waste and exposed to natural climatic conditions during three
growing seasons. The SOILN NO model reproduced relatively well the NO3

− leaching from some of the soils included in the
outdoor experiment, but failed to reproduce others. Use of the calibrated model often induced underestimation of the observed
NO3

− leaching. To achieve a satisfactory simulation of the NO3
− leaching, recalibration of the model had to be carried out. Thus,

SOILN NO calibrated to data from simple incubation experiments in the laboratory could not directly be used as a tool to predict
the N-leaching following organic waste application in more natural agronomic plant production systems. The results emphasised
the need for site- and system-specific data for model calibration before using a model for predictive purposes related to fertilizer
N value of organic wastes applied to agricultural land.

1. Introduction

In order to achieve sustainable food production there is
a high focus on recycling of nutrients by utilisation of
organic waste as a fertilizer in agricultural plant production.
Effective and safe use of organic wastes in agricultural
plant production requires risks and benefits to be weighed
and documented. Heavy metal and organic contaminant
accumulation, as well as transmission of pathogenic bacteria,
are among the identified risks. These risks are continuously
managed by advances in the waste processing technology.
On the other hand, obvious positive effects of organic
waste application on soil structure, porosity, water retention
capability, cation exchange capacity, and biological activity
have been identified, for example [1, 2]. The nutrient value
of organic waste has shown to be dependent of type of waste,
both origin and processing method [3]. A general condition

for using organic wastes as fertilizers is the ability to predict
their mineralization dynamics during decomposition in
soil and thereby the release of plant available nutrients.
To know and be able to predict the production of mineral
N compounds in soil during decomposition of organic
waste are important in order to advice farmers. The farmers
need to know the mineral N generation from the organic
waste in order to adapt the application so maximum yield
can be achieved and the potential risk for nitrate (NO3

−)
leaching during the growth dormant periods minimized.
The utilisation of organic waste products can benefit highly
from assessment of individual waste characteristics [4].
Several factors, for example, the biosolids treatment process,
its C : N and lignin : N ratio, as well as prevailing climatic
factors and soil characteristics at the site of application,
may influence the fate of the waste organic N in soil
[5–7]. In order to predict the N dynamics connected to
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organic waste decomposition in soil, mechanistic models
where process dependencies of those factors mentioned
are included may be useful tools. Several dynamic models
describing the process of organic matter decomposition and
mineralization of N in soil have been developed. Among the
process-orientated N models are, for example, the one based
on the simple and basic equation proposed by, Standford
and Smith [8], to more complex models as those developed
by for example, Molina et al. [9] and Johnsson et al. [10].
They have in common that the organic matter decay is
described by first-order kinetics. In most of the models the
organic matter is fractionated into different stability pools,
which each are assumed homogenous. The first-order rate
coefficient determining the stability of the pool and thus the
rate of at which pool decay. To be of value for prediction
a model must be thoroughly evaluated towards replicated
measurements from appropriate experiments.

It has been shown that simple laboratory incubation
experiments give relatively precise predictions of mineral N
released from recently incorporated organic matter during
decomposition in soil [11–15]. Thus, it can be assumed
that calibration of model parameters to data from routine
incubation tests, and thereafter simulation of more realistic
agronomic systems by the calibrated model could provide a
simple predictive tool for advising farmers of the N Fertilizer
value and potential nitrate (NO3

−) leaching loss of organic
wastes on a site and waste type-specific basis. However,
modelling studies at the field scale level in comparison with
laboratory scale modelling is still scarce [16]. Field scale
modelling poses the challenge of including the influence of
climate, soil texture, and plant growth on soil C- and N
dynamics.

The objective of this study was to assess the transferability
of the SOILN NO model [17] tuned to data from an
incubation experiment to a more realistic field scenario. The
following two hypotheses were tested.

(1) SOILN NO reproduces the mineral N generation
following decomposition of organic wastes in soil,
studied in a laboratory incubation experiment by
adjusting initial distribution of organic N in the
different stability pools and parameters included in
the management routine.

(2) SOILN NO calibrated to data from the incubation
experiment, simulates the measured NO3

− leaching
following organic waste application in a soil column
experiment with barley growing in 4 different soils.

The hypothesis are connected to the target that a mech-
anistic model calibrated to data from simple incubation
experiments in the laboratory, may provide a tool to predict
mineral N release from decomposition of organic waste
products in field.

2. Material and Methods

The data used for model calibration was generated in a
laboratory incubation experiment, while the data used for
model testing was produced in an outdoor soil column
(lysimeter) experiment.

2.1. Incubation Experiment. The incubation experiment was
conducted in the laboratory to measure transformation
of organic N to ammonium (NH4

+) and NO3
− (here;

NH4
+ + NO3

− =mineral N) during decomposition of
different organic wastes in soil. 10 g soil was prepared
for the incubation experiment. The soil was sampled in
an experimental field at Ås, south east Norway (10◦45′ E,
59◦40′ N), elevated 70 m above sea level. The soil parent
material was a postglacial clay and the soil was a loam,
classified as a typic haplaquept with 21% clay, 40% silt and
39% sand [18].

One set of the soil beakers was kept as unaffected controls
(control). To the rest, different kinds of organic wastes were
added. The organic wastes were

(1) raw, primary (before stabilising or sanitary treat-
ments) Sewage Sludge (SS1),

(2) stabilised, sanitary treated, and digested (anaerobic)
Sewage Sludge (SS2),

(3) primary source sorted (not composted) Organic
Waste (OW3),

(4) easily composted (aerobic) Organic Waste (OW4),

(5) rotator treated (composted, and mixed with bark and
chips) Sewage Sludge compost (SS5).

Stabilised wastes have often been found to be highly resistant
to microbial degradation in soils [12, 19, 20]. Decomposition
of such stable material in soil is usually associated with
a smooth and gentle path of mineral N production. It is
relatively easy to tune a model to reproduce such a stable data
set by calibration of parameters. However, a test of dynamic
models to such data is generally of low value. In order to
test the model dynamic properly, data including significant
variation should be sought reproduced by the model. Secur-
ing an appropriate data set for model validation, organic
matters high in energy were included in our experiment.
These organic matters were assumed to intensively stimulate
the microbial fauna and were thus expected to give significant
effects on the N dynamic during decomposition in soil.
Based on this expectation the following organic matters were
included:

(6) Meat Flour (MF),

(7) Cow Fodder pellets (CF).

The soil probes were added SS2 in an amount corresponding
to 0.30 mg total N/g dry soil, whereas the other organic
materials were added in an amounts corresponding to
0.15 mg total N/g dry soil (Table 1). The beakers with
soil/organic matter were incubated at 15◦C for 8 weeks in
a dark chamber. The soil moisture during the incubation
was adjusted to 25.4 vol%, corresponding to 55% of the
soil’s water holding capacity. The evapotranspiration loss was
replenished by addition of deionised water along the inner
surface of a loosely closed PVC bag surrounding the soil
beakers.

Every week, beakers were removed and stored frozen
until analysis of NH4

+ and NO3
− concentration in

the soil/organic matter mixture could be performed.
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Table 1: Total C, total N and C : N ratio in the soil and the
organic matters (g kg−1) DM) used in the laboratory incubation
experiment.

Material Total C Total N C : N

Soil. 35.81 3.58 10.00

SS1 347.81 27.47 12.66

SS2 267.40 22.77 11.74

OW3 517.18 31.35 16.50

OW4 321.51 22.91 14.03

SS5 272.90 9.15 29.83

MF 425.55 93.11 4.57

CF 471.21 29.82 15.80

SS1 = raw, primary (before stabilising or sanitary treatments) sewage sludge.
SS2 = stabilised, sanitary treated and digested (anaerobic) sewage sludge.
OW3 = primary source sorted (not composted) organic waste.
OW4 = easily composted (aerobic) organic waste.
SS5 = rotator treated (composted and mixed with bark and chips) sewage
sludge compost.
MF = meat flour.
CF = cow fodder pellets.

The soil/organic matter probes were extracted according to
a modified method of Bremner [21] by 2 mol L−1 KCl. The
extracts were analysed for NH4

+ and NO3
− by FIA (flow

injection analysis). The number of replicates is two.

2.2. Lysimeter Experiment. In an outdoor lysimeter experi-
ment at Ås 32 cylinders, 110 cm deep and 80 cm in diameter,
were situated above an underground cellar. The bottom of
the cylinders had a cross formed recession to the outlet
which was filled with cleaned gravel in order to secure good
drainage. In order to collect soil leachate from the bottom
of the lysimeters, an outlet with a plastic pipe lead to a 35 L
collecting can. The soils had been filled in the cylinders layer
by layer and 4 different soils were included in the experiment.
The different soils included (A–D) differed both in texture
and organic matter content (Table 2). One of the soils, soil C,
was from the same area as the soil sampled for the laboratory
incubation experiment and was thus almost identical to that
soil. The lysimeters received natural precipitation during a
2.5-year period. In spring inorganic fertilzer (NPK fertilizer)
and organic wastes (Table 3) were added to the soil in
the lysimeters. The treatment plan was factorial, included
four different soil types and four Fertilizer/organic waste
treatments, all combinations in two replicates. The control
treatment within each type of soil received a yearly base
fertilisation of 12 g m−2 NPK Fertilizer. In the organic matter
treatments, the OW4 or CF from the incubation experiment
was applied in addition to a basic NPK fertilisation (Table 3).
A treatment combining application of OW4 and CF was
also included (Table 3). Barley (Pernilla) was grown in all
the three growing seasons (Table 3). Leachate was collected
weekly or when measurable amount of leachate was available.
When leachate was collected also the soil temperature in
the upper 5 cm was measured. NO3

− concentration in the
leachate was measured by FIA. Plant material was sampled

at harvests and total N concentration in grain and straw was
measured by a CHN-analyser (LECO EC-12).

2.3. Model Description. SOILN NO is a mechanistic model
simulating the transformations of C and N in soil. The model
is based on the SOILN model by Johnsson et al. [10] but
extended towards a more detailed description of mineral-
isation, immobilization, and denitrification. SOILN NO is
described in detail by Vold [17] and only a brief description
is included here. In SOILN NO soil organic matter is divided
in three different stability pools: a readily decomposable
fraction (litter 1), a more slowly decomposable one (litter 2),
and a pool representing stable humus fraction. The microbial
organic matter decomposition and the corresponding C and
N transformations are described by first-order reaction rate
kinetics, where each organic matter pool has a specific decay
rate constant. The C and N flows are assumed proportional
and the C : N ratios of the different organic matter pools
which have to be given initially. Both mineralisation and
assimilation of C and N are governed by a microbial growth
yield factor, a humification coefficient and the C : N ratio of
newly formed microbial biomass products.

The management routine, a submodel representing agro-
nomic practices like addition of manure and litter material
(green manure), was used in this model application and
some details connected to this submodel need explanation.
Manure total N content is partitioned into fractions called
manure N “NH4

+”, “bedding,” and “faeces”. The manure N
NH4

+ fraction is added to the soil initial NH4
+ content. The

manure N bedding fraction is divided between the litter 1
and 2 pools according to a partition factor (LF BEDDING),
and the C flow from bedding decomposition is propor-
tional to the N flow, specified by the bedding C : N ratio
(CN BEDDING). The manure N faeces fraction is treated
as a separate pool of organic N. As the other organic
matter pools decomposed by micro-organisms, also the
faeces fraction has a separate set of parameters like a first-
order decay rate coefficient, a microbial efficiency factor, and
a humification coefficient which influence the rate of decom-
position and translocation. Similar to the bedding fraction,
the C flow from faeces decomposition is proportional to the
N flow, specified by the faeces C : N ratio (CN FAECES).
Like the manure N bedding fraction, N in green manure is
dispersed between litter 1 and 2 according a partition factor
(LF GREEN), and the C flow from decomposition of green
manure is again proportional to the N flow, specified by the
C : N ratio for the green manure (CN GREEN).

The application of SOILN NO to quantify NO3
− leach-

ing from the outdoor lysimeter system with plants growing,
requires water and heat transport data as input driving
data and a plant uptake submodel to be activated. In the
plant growth submodel, plant N uptake is described by
a logistic growth function based on a priori information
of plant N content at harvest [22]. Daily soil water and
temperature data at different soil depths must be given
to the SOILN NO model as driving variables. These data
was generated by use of the COUP model [23, 24]. COUP
is a mechanistic model simulating vertical water and heat
transport in soil. The water and heat transport is mainly
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Table 2: Texture and content of C and N [g (kg DM)−1] in the different types of soil included in the lysimeter experiment.

Soil Depth [cm] Sand [%] Silt [%] Clay [%] Soil type Total C [g (kg DM)−1] Total N [g (kg DM)−1] C : N

A
0–20 52 34 14

Morain, loam/sandy loam
30.7 2.9 10.6

20–50 54 40 6 8.7 0.5 17.4

50–100 53 40 7 2.2 0 —

B
0–20 24 44 32

Clay loam
27.5 3.1 8.9

20–50 9 54 37 11.2 1.2 9.3

50–100 5 46 49 4.6 0.7 6.6

C
0–20 27 55 18

Silt loam
22.7 1.9 11.9

20–50 25 54 21 2.8 0 —

50–100 10 67 23 2.5 0.1 25

D
0–20 70 26 4

Loamy sand
26.4 1.8 14.7

20–50 83 13 4 6.4 0 —

50–100 94 4 2 2.7 0 —

Table 3: Amount of N (g N m−2) applied as mineral fertilizer and organic waste/matter in the lysimeter experiment, and length of growth
seasons.

Mineral fertilizer/organic waste (matter) Year 1 Year 2 Year 3

Control, NPK 12 12 12

OA4 + NPK 30 + 8 90 + 8 90 + 8

F97 + NPK 14 + 8 42 + 8 42 + 8

OA4 + F97 + NKP 24 + 12 + 8 72 + 36 + 8 72 + 36 + 8

Growing season:

Sowing date 6th June 20th May 23rd April

Harvesting date 20th September 2nd September 11th August

based on two coupled partial differential equations derived
from Darcy’s and Fourier’s laws describing one-dimensional
water and heat transport within a soil profile. As input data
COUP requires standard daily meteorological data as air
temperature, relative moisture, wind speed, precipitation,
and global radiation. Soil characteristics are defined by
a water retention curve and hydraulic conductivity as a
function of water content and potential. To estimate water
uptake by plants, COUP must be given a priori information
of plant cover, leaf area, plant height, and root depth.

2.4. Model Applications. Previously SOILN NO has been
calibrated to reproduce observed mineral N generation and
CO2-emission data following decomposition of different
organic matters in soil during laboratory incubation [25]. In
that study a best-fit calibration of initial C and N values in
the different organic matter pools defined in SOILN NO was
done. The model adequately reproduced the quite different
C and N-dynamics following decompositions of a wide
range of organic wastes (sewage sludge, household compost,
etc.). However, to continue on this organic matter pool
initial C and N value calibration seemed little adequate
when subsequent growing seasons were to be simulated. For
simulation of long-term N-dynamics during several growth
seasons, the management routine included in SOILN NO
was presupposed to be more convenient than resetting the

initial organic matter C and N pools for each new application
of organic waste. Here, SOILN NO was first calibrated to
reproduce the mineral N data obtained for the control
treatment during 8 weeks of incubation in the laboratory
by adjustments of the initial C and N pools in the different
soil organic matter fractions (litter 1, litter 2, and humus)
(Figure 2). This calibrated initial data file, representing the
soil organic matter C and N pools, was then used as initial
data for all the different treatments. The additional N (and C)
supplied to the soil via the different organic matters (Table 1)
were taken into account by use of the management routine
included in SOILN NO. The different amount of N and the
different stability of the organic matters were represented by
the organic Fertilizer pools green manure and manure bed-
ding, faeces, and NH4

+ fractions. The characteristics of the
organic additives were mimicked by calibration of the C : N
ratios for the different pools and/or coefficients expressing
the fractionation between easily decomposed (litter 1) and
more stable (litter 2) fractions (e.g., LF BEDDING), thus
indirectly the rate of decay.

When SOILN NO was applied to the soil lysimeter
system the model needed driving variables for vertical water
and heat transport. These data were generated by COUP.
Given daily climatic data from Ås and a priori plant growth
data as input, COUP was calibrated in order to fit observed
water output from the bottom of the soil columns and
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Figure 1: Simulated and observed NO3
−-N leaching [g N m−2]

(accumulated values) from the control treated (only NPK Fertilizer)
lysimeters. The SOILN NO model is calibrated to match the
observed values by adjusting the initial amounts of C and N in the
soil organic matter pools litter 1, litter 2, and humus.

temperature measurements in the upper 5 cm of the soils.
When satisfactory match between observed and simulated
figures was achieved, daily values for soil water, temperature
and associated variables were stored as driving data files given
as input to SOILN NO. The SOILN NO plant N uptake
submodel was given the requested plant N content measured
at harvest.

For the lysimeter experiment SOILN NO was precal-
ibrated to simulate the NO3

−-leaching in the control
treatment for each of the 4 different soil types (Figure 1).
This precalibration was done by adjustment of initial values
for C and N in the litter 1, litter 2, and humus pools.
The calibrated initial state data, representing each of the
4 soils were then used as initial values for the different
organic matter application treatments for each of the soils. To
test hypothesis 2 model simulations based on management
routine pools and parameters calibrated to the laboratory,
incubation data were tested towards flux of NO3

− out of the
field lysimeters applied the same type of organic matter as
used in the incubation experiment.

2.5. Statistical Analysis. Treatment effects and influence of
soil type (only in lysimeter study) on mineral N generation,
and in the lysimeters NO3

− flux as leachate and plant N
uptake were tested by analysis of variance and multiple tests
using the GLM and Student-Neuman-Keul’s (SNK) test in
the SAS computer software system. The differences were
considered significant at P < .05.

Model success in reproducing measured data was evalu-
ated by use of the LOFIT (Lack Of FIT, (1)) statistic [26]

LOFIT =
N∑
j=1

mj

(
Oj − Pj

)2
, (1)

where Oj is the observed average at each time j, Pj is the
predicted value at time j, mj is the number of replicates
within each experiment, and j is the time step from 1 to N .
The relative sizes of LOFIT and the mean squared errors in
measured data were compared using the F-test suggested by
Smith et al. [27] (2).

F = MSLOFIT
MSE

=
∑N

j=1

(
mj − 1

)∑N
j=1

(
Oj − Pj

)2

N
∑N

j=1

∑n
i=1

((
Oij − Pj

)
−
(
Oj − Pj

))2

(2)

Oij denotes the individual observations, and i the number
of replicates. A value of calculated F greater than the critical
10% F value indicates that the total error between observed
mean and simulated value was significantly greater than the
error inherent in the observed data.

3. Results

3.1. N Mineralization in the Laboratory Incubation Exper-
iment. The added organic matters showed quite different
C and N dynamics during decomposition in soil in the
laboratory incubation experiment (Figure 2). As expected
due to a high C : N ratio (29.83, Table 1), SS5 was a very stable
organic waste with a slow generation of mineral N during
decay (Figure 2). Although a C : N in the medium range
(11.74 and 14.03, Table 1), SS2 and OW4 seemed also to be
of the most stable organic wastes with a smooth mineral N
release during decomposition (Figure 2). The decomposition
of MF, which had the lowest C : N ratio (4.57, Table 1) was
characterised by a rapid generation of mineral N during the
first 4 weeks of incubation. During decay of SS1, OW3, and
CF, although C : N ratios in medium range (Table 1), initial
immobilization of N occurred prior to an increase in mineral
N generation. For all the materials characterized by initial
net assimilation of N, the period of N immobilisation was
relatively short, presumably due to an effective burn out of
the energy source. For the further discussion, it is worth
noticing that OW4 and CF had almost the same C : N ratio
(Table 1), however a quite different N dynamic during decay
(Figure 2).

3.2. Calibration to Data from the Laboratory Incubation
Experiment. The fractionation of the soil total organic
matter into pools with different stability was set initially in
SOILN NO. The initial distribution of soil organic C and N
content between the organic matter pools litter 1, litter 2, and
humus was set according to best fit to data from the control
treatment with soil only (Figure 2). Further simulation of the
organic matter application effects on N dynamics were then
based on these initial soil organic matter distribution data
combined with adjustments of N pools and parameters in
the SOILN NO management routine (Table 8). The mineral
N generation curves characterised by constantly increasing
mineral N generation at different rates were generally well
simulated by SOILN NO (Figure 2, (OW4, SS5, and MF)),
Table 4) by adjustment of the amount of N in different
management routine compartments and the interdependent
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Figure 2: Simulated and observed mineral N [g N m−2] from the laboratory incubation experiment. SS1 = raw, primary (before stabilising
or sanitary treatments) sewage sludge, SS2 = stabilised, sanitary treated and digested (anaerobic) sewage sludge, OW3 = primary source
sorted (not composted) organic waste, OW4 = easily composted (aerobic) organic waste, SS5 = rotator treated (composted, and mixed with
bark and chips) sewage sludge compost, MF = meat flour and CF = cow fodder.
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Table 4: F-values used for evaluation of LOFIT in the laboratory
incubation experiment, and the correlation coefficient, r, between
simulated and observed values. n.s = not significant at 10% level.

Mineral N

F r

Control 1.39 0.96

SS1 50.87n.s 0.78

SS2 1.73 0.97

OW3 54.03n.s 0.80

OW4 0.37 0.98

SS5 4.08 0.98

MF 2.08 0.98

CF 5.18 0.94

coefficients (Table 8). When the decay of organic matter
was characterized by N immobilization initially, prior to
the period with net N assimilation, the model tended
to underestimate the amount of N immobilized (Figure 2
(SS1, CF)).

3.3. N Dynamics in the Outdoor Lysimeter Experiment. In
the lysimeter experiment the study of mineral N generation
following decomposition of the applied organic matters was
approached by measurement of plant N uptake and NO3

−

leaching. Within the control treatment the highest plant N
uptake was seen in the moraine (soil A), and the lowest in
the most sand rich soil (soil D) (Tables 5 and 6). In between
were the plant N uptake in the clay rich soils (soil B and soil
C), where the plant N uptake was not significantly different
from each other. In all the soils, except for the sandy soil (soil
D), a net loss of soil N was found in the control treatment
(Table 5). The doses of N used in the control treatment were
apparently not sufficient to cover the plants requirement as
the plant uptake of N was higher than the amount added
via NPK fertilizer. Application of OW4 resulted in a plant N
uptake almost similar to the control treatment (Tables 5 and
6). As for the control treatment the highest plant N uptake
was seen in the moraine (soil A), but when the organic
matters were added a similar plant N uptake was also seen
for the more clay rich soils (soil B and C, Table 6). In the
first experimental year, when a relatively low dose of organic
matters were applied (Table 3), addition of organic matters
resulted generally in a lower plant N uptake that is in the
control (Table 6). However, application of CF resulted in a
significantly higher plant N uptake than in the control and
OW4 treatments during the last two years of the experiment
(Table 6). The combined treatment (OW4 + CF) resulted in
a significantly higher plant uptake than when CF was applied
solely. The energy rich CF apparently boosted the more stable
OW4. When CF was applied either solely or combined with
OW4, there were no differences in plant N uptake between
the soils A, B, and C, but a significantly lower plant N uptake
was found in the most sand rich soil (soil D) (Tables 5 and 6).

Independent of treatment the grain yield varied during
the three growth periods (Table 6). The enhanced yield of
the third growth season was partly a result of prevailing

favourable climatic condition that year. However, it was also
partly due to a residual effect of the organic matter applied in
the earlier seasons since the increase in yield for the control
treatment was less prominent than those receiving organic
matter (Table 6).

The leaching of NO3
− was generally low in the growing

seasons, while significant losses took place during the growth
dormant periods. The winter periods had frequent changes
between frost and thawing, and episodes with enhanced
NO3

− concentrations in leachate occur throughout the
winter periods. As a consequence of the somewhat depressed
plant growth during the second growth season, particularly
high NO3

− leaching was measured after that summer (Yr2 a
and Yr3 s, Table 7). Independent of treatment, the highest
leaching of NO3

− was observed from the moraine soil
(soil A) (Figure 1). Application of CF, and CF combined
with OW4, influenced generally a significantly higher NO3

−

leaching than in the control, while application of OW4 had
no or negative effect on the NO3

− leaching. For the control
treatment, the leaching of NO3

− was almost similar for
the soils B, C, and D (Figure 1). When OW4 was applied
significantly lower leaching of NO3

− was observed from the
two clay rich soils (soil B and C) during the autumn periods
(Table 7). The boosting effect of CF combined with OW4
which was clearly seen on plant N-uptake, was not seen
on NO3

− leaching. Though enhanced NO3
− leaching was

seen in the moraine soil (Soil A) after harvest, the second
experimental year (Yr2 a, Yr3 s, Table 7). Independent of
treatment, substantially higher outflux of N (the sum of plant
N uptake and NO3

− leaching) was found in the moraine
(Soil A) than in the other soils. Application of OW4 gave no
changes in NO3

− leaching relative to the control. Enhanced
leaching of NO3

− was seen in autumn and spring after the
depressed plant growth in the second experimental year. For
the sandy soil (soil D) the N-leaching was particularly high in
the autumn, while for the more clay rich soils a similar high
N-leaching was seen in the spring (Table 7).

3.4. Testing SOILN NO to Data from the Lysimeter Experi-
ment. The management routine N pool size and parameter
settings obtained by calibration to data from the OW4
and CF treatments in the laboratory incubation experiment
(Table 8) were tested to measure NO3

− outfluxes from the
soil columns. A relatively good fit (Figures 3 and 4: lines
Sim inc, Table 9) was obtained for the OW4 treatment,
in soil A and B, while the degree of fit was dramatically
reduced in soil C and D (Figures 5 and 6: lines Sim inc,
Table 9). In soil C and D SOILN NO simulated too low
NO3

− leaching compared to the observed. An almost similar
trend was seen for the CF treatment (Figures 3–6, Line:
Sim inc). Use of the N pools sizes and parameters obtained
from calibration to the CF treatment in the laboratory
experiment (Table 8) made the model to some degree
reproduce the NO3

− leaching observed in soil A and B
(Figures 3 and 4). However, in the other soils SOILN NO
tended usually to underestimate the mineral N generation.
The fact that SOILN NO, in the calibration procedure, failed
to reproduce the initial net assimilation of N seen for the
CF treatment in the laboratory (Figure 2), seemed not to
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Figure 3: Application of organic matter to soil A. Simulated and observed NO3
−-N leaching [g N m−2] (accumulated values).
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Figure 4: Application of organic matter to soil B. Simulated and observed NO3
−-N leaching [g N m−2] (accumulated values). Broken line

indicates simulation with no calibration of management routine parameters.
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Table 5: Total amount of N (g N m−2) in (atmospheric N input (1.6 g N m−2) + N in organic/inorganic fertilizer) and out (N in plants + N
leached) of the soil columns during the experimental period. The distribution of N between plant uptake, leached or left in soil is also given
as % of input N (fertilizer + atmospheric N input).

Treatment Soil N-input N-uptake Net N-uptake N-leaching
Net

N-leaching
Net

N-output
Left in

soil
% Plant
uptake

% Leached
% Left in

soil

Control A 37.6 42.5 13.8 −18.7 113.0 36.8 −49.8

OW4 A 235.6 42 −0.5 13.8 0 −0.5 179.8 17.8 5.8 76.3

CF A 123.6 50.2 7.7 18.4 4.6 12.3 55.0 40.6 14.9 44.5

OW4 + CF A 277.6 55.4 12.9 24.8 11 23.9 197.4 20.0 8.9 71.1

Control B 37.6 37.9 7.1 −7.4 100.8 18.9 −19.7

OW4 B 235.6 39.7 1.8 5.0 −2.1 −0.3 190.9 16.9 2.1 81.0

CW B 123.6 52.8 14.9 12.2 5.1 20 58.6 42.7 9.9 47.4

OW4 + CW B 277.6 59.3 21.4 12.0 4.9 26.3 206.3 21.4 4.3 74.3

Control C 37.6 37.8 5.3 −5.5 100.5 14.0 −14.6

OW4 C 235.6 41.2 3.4 6.7 1.4 4.8 187.7 17.5 2.9 79.7

CW C 123.6 51.7 13.9 10.2 4.9 18.8 61.7 41.8 8.2 50.0

OW4 + CW C 277.6 58.8 21 12.5 7.2 28.2 206.3 21.2 4.5 74.3

Control D 37.6 29 6.9 1.7 77.1 18.3 4.6

OW4 D 235.6 32.1 3.1 7.8 0.9 4 195.7 13.6 3.3 83.1

CW D 123.6 40.9 11.9 13.0 6.1 18 69.7 33.1 10.6 56.4

OW4 + CW D 277.6 46.2 17.2 15.2 8.3 25.5 216.2 16.6 5.5 77.9

Table 6: Yearly plant N-uptake, net plant N-uptake (plant N-uptake (applied organic matter)-plant N-uptake (control)), and the residual
effect (plant N-uptake (Yr 3)-plant N-uptake (Yr2)).

Treatment Soil
Yr1 Yr2 Yr3

g N m−2 Net g N m−2 g N m−2 Net g N m−2 g N m−2 Net g N m−2 Residual g N m−2

Control A 14.18 13.09 15.24 2.15

Control B 12.33 11.90 13.68 1.79

Control C 10.99 13.80 12.98 −0.82

Control D 8.50 9.95 10.58 0.62

OW4 A 13.39 −0.79 13.84 0.75 14.79 −0.45 0.95

OW4 B 11.44 −0.89 12.61 0.71 15.63 1.94 3.02

OW4 C 10.26 −0.73 14.21 0.41 16.78 3.80 2.57

OW4 D 7.62 −0.88 11.41 1.46 13.11 2.53 1.70

CF A 10.77 −3.41 17.30 4.21 22.12 6.88 4.82

CF B 10.63 −1.71 17.08 5.18 25.13 11.45 8.06

CF C 9.85 −1.14 17.57 3.77 24.26 11.28 6.70

CF D 7.98 −0.52 12.99 3.04 19.89 9.32 6.90

OW4 + CF A 13.50 −0.67 16.49 3.40 25.40 10.17 8.92

OW4 + CF B 11.60 −0.73 18.91 7.01 28.84 15.16 9.93

OW4 + CF C 11.34 0.35 18.46 4.66 29.01 16.03 10.55

OW4 + CF D 9.01 0.51 14.85 4.90 22.30 11.72 7.45

induce overestimation of the mineral N release when applied
to field conditions. Thus, direct transfer of the pool sizes
and parameters obtained by calibration to data from the
laboratory experiment to field conditions failed for two of
the soils included in this experiment. As already mentioned,
a more rapid decomposition of organic matter in sandy soil
(soil D) compared to the other more clay rich soil supports

recalibration. However, soil C was from the same area as the
soil used in the laboratory incubation experiment.

Disregarding the soil texture effect seen on organic
matter decomposition and assuming the lack of applicability
for the calibrated parameters and pool sizes to be due to
general aspects as, for example, influence of plant growth
and changes in scale, a new parameter and pool size setting,
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Table 7: Seasonal NO3
− leaching and net NO3

− leaching (NO3
− leaching (treated with organic matter)-NO3

− leaching (control)).
a= autumn, s= spring.

Treatment Soil
Yr1 a Yr2 s Yr2 a Yr3 s Yr3 a

g N m−2 Net g N m−2 g N m−2 Net g N m−2 g N m−2 Net g N m−2 g N m−2 Net g N m−2 g N m−2 Net g N m−2

Control A 6.11 0.45 2.72 2.59 0.93

Control B 2.93 0.41 1.45 1.34 0.23

Control C 1.88 0.39 0.91 0.98 0.90

Control D 2.88 0.21 1.49 0.64 1.30

OW4 A 5.17 −0.95 2.25 1.79 2.25 −0.48 3.03 0.44 1.35 0.42

OW4 B 1.98 −0.95 0.39 −0.02 1.35 −0.11 2.15 0.81 0.16 −0.08

OW4 C 1.87 0.00 0.34 −0.05 1.74 0.83 1.83 0.84 0.19 −0.72

OW4 D 3.34 0.46 0.18 −0.03 2.34 0.85 1.02 0.38 0.39 −0.92

CF A 6.14 0.02 0.43 −0.03 3.89 1.16 3.93 1.34 2.43 1.50

CF B 2.84 −0.10 0.51 0.10 3.01 1.55 4.20 2.85 0.52 0.29

CF C 2.63 0.75 0.40 0.01 1.77 0.86 3.23 2.24 1.21 0.31

CF D 3.55 0.67 0.20 0.00 4.94 3.46 1.88 1.24 1.52 0.22

OW4 + CF A 7.09 0.98 0.37 −0.09 4.86 2.14 5.80 3.21 2.67 1.74

OW4 + CF B 2.60 −0.33 0.52 0.10 2.42 0.97 4.43 3.09 0.71 0.47

OW4 + CF C 2.95 1.08 0.45 0.06 2.26 1.35 4.09 3.11 1.34 0.44

OW4 + CF D 4.09 1.21 0.22 0.01 5.97 4.48 2.17 1.54 1.77 0.47

Simulated
Observed Sim inc

0 300 600 900 1200

Time (day)

Sim n.c.A

0

5

10

15
Soil C, OW4

N
it

ra
te

(g
N

/m
2
)

(a)

Soil C, CF

Simulated
Observed Sim inc

0 300 600 900 1200

Time (day)

Sim n.c.A

0

5

10

15

N
it

ra
te

(g
N

/m
2
)

(b)

Soil C, OW4 + CF

Simulated
Observed

0 300 600 900 1200

Time (day)

Sim n.c.A

0

5

10

15

N
it

ra
te

(g
N

/m
2
)

(c)

Figure 5: Application of organic matter to soil C. Simulated and observed NO3
−-N leaching [g N m−2] (accumulated values). Broken line

indicates simulation with no calibration of management routine parameters.

characteristic for each of the organic matters, but being
suitable in all the soils, were searched (Figures 4–6, Line:
Sim n.c.A). However, no such general parameter and pool
size settings were found.

Individual adjustments of management routine N pool
sizes and parameters had to be carried out for each soil in
order to reach an acceptable fit (Table 8, Figures 3–6, Line:
Sim).
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Figure 6: Application of organic matter to soil D. Simulated and observed NO3
−-N leaching [g N m−2] (accumulated values). Broken line

indicates simulation with no calibration of management routine parameters.

4. Discussion

The emphasis of this study was to evaluate if a mechanistic
model calibrated to data from simple laboratory incubation
experiments could be a useful tool estimating the N fertilizer
value of organic waste in field. Both data from decom-
position of organic matter in the laboratory incubation
and the field soil column experiments were well suited
for a modelling test as they reveal significant variations.
Already from the incubation experiment it became clear that
although the organic matter C : N ratio is one of the most
considered quality criteria of organic matter [5], it is clear
that the simple criteria alone is inadequate for predicting
the rate of N mineralization [28, 29] and thereby the N
fertilizer value of organic matter. Other explanatory factors
have been suggested. Kirchmann and Lundvall [30] found
microbial N immobilization to be governed by the presence
of volatile fatty acids in a study with decomposition of
cattle and pig slurry in soil. The fatty acids acted as an
easily decomposable C source for the microorganisms and
caused immobilization of Hattori and Mukai [31] claimed
that high content of hemicellulose and lignin in sludge
influenced low N mineralisation rates. Based on sequential
analysis, Van Soest [32] and Van Soest et al. [33] fractionated
organic matter into soluble, hemicellulose, cellulose, and
lignin-like substances, all with different decomposition rates.

There are several analytical approaches for characterising soil
organic matter, for example, [34], however understanding
the nature of organic matter decomposition in soil is still
a challenge. By use of mechanistic modelling, different
approaches have been used in order to quantitatively deter-
mine the decomposition of organic matter in soil. In the large
group of compartment models the complex structure of the
organic matter fractions with different stability are mimicked
by fractionating the organic matter into different stability
compartments. Henriksen and Breland [35–37] reproduced
N dynamics during decay of crop residues by a model based
on the fractionation by Van Soest [32]. They separated the
applied organic matter into three different compartments
before further allocation into five soil organic matter pools.
However, generally the partitioning of the total organic C
and N into pools with different stability in the models is
done by calibration of initial values and not related to any
analytical or experimental method of fractionation. Based on
data from an elution-incubation experiment combined with
a modelling performance, Smith et al. [38] suggested that at
least five different N fractions could be separated in waste
water biosolids, but that the NO3

− production properties
of the biosolids were adequately described by a twin-pool
exponential model as proposed by Molina et al. [9]. They
assumed that it was because the rates of NO3

− formation
of certain N fractions were sufficiently similar for some of
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Table 9: F-values used for evaluation of LOFIT. “n.s” = not
significant at 10% level, (sim cal) refers to the sim inc. simulation
results (line Sim inc) presented in Figures 3–6, that is, simulation
with pools and parameters calibrated to data from the laboratory
incubation experiment, and (sim) refers simulations based on new
calibration of pools and parameters in order to achieve optimal fit.

Soil Treatment F (sim inc) F (sim)

A Control 2.3

A OW4 3.9 1.3

A CF 10.9n.s 0.7

A OW4 + CF 0.4

B Control 5.2

B OW4 5.17 4.6

B CF 14.8n.s 2.6

B OW4 + CF 9.3n.s

C Control 8.0n.s

C OW4 266.6n.s 12.1n.s

C CF 66.3n.s 4.5

C OW4 + CF 7.5n.s

D Control 0.8

D OW4 846.5n.s 27.2n.s

D CF 130.2n.s 2.6

D OW4 + CF 0.2

them to be broadly grouped into either rapidly or slowly
converted pools for practical and descriptive purposes. Based
on these results they claimed that routine incubation tests
combined with a twin-pooled exponential model could
provide the basis for a simple predictive tool for advising
farmers of biosolids N fertilizer value and how to minimize
NO3

− leaching losses on a site and biosolid-specific basis,
that is, the approach further analysed here. Relative to the
study by Sogn and Bakken [25] the number of organic
matter pools and stability parameters to be adjusted in
SOILN NO was in this study restricted to be those included
in the SOILN NO management routine only. This restriction
reduced the merges between observed and simulated data
relative to what achieved by the optimal fit adjustments
carried out by Sogn and Bakken [25]. Results from Sogn
and Bakken [25] showed that use of first-order decay
equations and a limited number of organic matter pools
reproduce data on mineral N generation following organic
matter decomposition. By adjusting only the pool sizes and
parameters in the management routine, particularly the
periods with N immobilisation were difficult to reproduce
(Figure 2). However, the periods of N immobilization seen in
the incubation experiment were generally so short that it was
assumed that this immobilization would not affect negatively
the plant N uptake and thus the plant growth during a real
growth season. Thus for the aim of this model application
the smoothened mineral N curve suggested (Figure 2) was
evaluated as satisfactory for further employment to field
conditions. Although reduced merge between observed and
simulated data compared to the results shown by Sogn
and Bakken [25], hypothesis no 1 was not rejected. By
adjustments of the amount of N as well as some parameters

included in the management routine (Table 8), SOILN NO
seemed for practical purposes to satisfactorily reproduce
the observed mineral N dynamics following decomposition
of different organic matters in a laboratory incubation
experiment.

Also in the outdoor soil column experiment it was
apparent the organic matter C : N ratio only, could not
predict the rate of N mineralisation during decomposition
in soil. The amount of total N added via OW4 was more
than double of the amount added as CF (Table 3). Still,
application of OW4 gave generally no or very small increases
in both plant N uptake and NO3

− leaching relative to
the control, while application of CF resulted generally in
significantly enhanced plant N uptake as well as NO3

−

leaching. Application of OW4 contributed mainly as surplus
to the stable humus N in soil. However, by fractionating
the organic matter C and N content into the different
stability compartments also the observed N dynamics were
approached. The significantly higher plant uptake in the
combined treatment (OW4 + CF) than when CF was applied
solely might be due to increased mineralization rate in soil if
the overall nutrient availability to microbes increases [39].
Boosting effects on yield which are achieved by applying
energy rich materials together with more stable organic
wastes are well known related to biogas production (e.g.,
[40]). Mixing manure and organic waste has also resulted
in improved plant availability of the total N in the organic
waste [41, 42]. Such relationship is, however, not included
in the SOILN NO, but was mimicked by individual best-fit
adjustments of parameters, as well as initial N pools in the
management routine (Figures 3–6, Line: Sim) in order to
reflect the synergetic enhanced N mineralization.

The outdoor lysimeter experiment included four differ-
ent soils having different soil reaction with mineral fertilizer
(Figure 1) and organic matter applied. An influence of soil
type on the fate of the waste organic N in soil has been
found in several studies. Chae and Tabatabai [43] found
the amount of N mineralised after application of different
organic wastes to be significantly higher in clay rich than in
sand rich soils. Also in a study by Lindemann and Cardenas
[44] where sewage sludge was added to different soil and
incubated for 32 weeks, the lowest percent mineralised was
measured in a sandy soil. In contrast, some studies report
just the opposite texture influence. Catroux et al. [45] and
Hassink et al. [46] found that the mineralization of soil
organic matter was more rapid in sandy soils than in clay
soils. These results was explained by the fact that organic
substances can be adsorbed in small pores and on surfaces
of clays in clay rich soils and thereby rendered less available
for microbial decomposition. In our column experiment
there were also variations between the soil types with respect
to N mineralization rate. It can hardly be interpreted as a
unique effect of texture, but it seems as the mineralization
also here was more rapid in sandy soils than in clay rich.
Effects of soil texture are in COUP/SOILN NO governed
by description of porosity and water holding capacities. Soil
texture specific heat and water flow variables were generated
by the COUP model and given as driving variables to the
calibrated SOILN NO model when applied to the outdoor
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column experiment. The NO3
− leaching data indicates more

rapid N mineralization in sandy soils compared to more clay
rich (Table 7). Thus, the parameters and initial N pools for
the same organic matter, have to be different for the sandy
(Soil D) versus the more clay rich soils (Figure 6).

COUP is developed for Nordic conditions with winter
periods with snow, frozen soil, and frequent episodes with
rapid changes between frost and thawing. As shown in
Figure 1 the high NO3

− leaching during autumn and spring
was well simulated by COUP/SOILN NO. However, the
model failed to reproduce the measured NO3

− leaching
after organic waste application from two (Soil C and D,
Figures 5 and 6) of the four soils included in the experiment.
Too low NO3

− leaching was simulated. For the sandy soil
(soil D), pools and parameters were adjusted to reproduce
the more rapid N mineralisation. Additionally, if winter
periods had been included in the incubation experiment in
the laboratory, the data used for model calibration, a more
realistic parameterization of SOILN NO parameters might
have been achieved. A parameterization better reflecting the
effects of freezing and thawing on organic matter decom-
position in soil. Presupposing that experimental lysimeter
artefacts were not the reason for the higher real NO3

−

leaching than simulated, the practical consequence of the
underestimated NO3

− leaching would be that making
predictions based on simulation results from SOILN NO
calibrated to incubation data, would lead to underestimation
of the NO3

−leaching risks in some soils. One reason for
the discrepancy between measured and simulated values
might be macropore flow which is not accounted for
in the COUP model. Anyway, the test of the calibrated
SOILN NO model to data from the outdoor soil column
experiment illustrated that SOILN NO combined with data
for laboratory experiments cannot directly be used as a tool
to simulate NO3

− leaching from more realistic soil/plant
systems at a larger scale. As mentioned in the introduction,
several researchers, that is, [11–14] have claimed that simple
laboratory incubation experiments give relatively precise
predictions of mineral N released from recently incorporated
organic matter during decomposition in real soil and plant
systems. However, there are other studies showing results
that oppose against such a tool. For example, by comparison
of meadow and open field mineral N data, Paustian et al.
[47] found the net mineralization of humus N to be strongly
influenced by the plants activity. Additionally Jingguo and
Bakken [48] found plants to influence the net mineralization
significantly by their competition with micro-organisms for
the available N. If not adequately described in a submodel
with soil plant interactions, a strong plant influence on
decomposition and N mineralization rates, may reduce the
transferability of a model calibrated to mineral N data
obtained in simple laboratory incubation experiments to
real agronomic soil/plant systems. An additional factor here
will also be the lack of winter periods in data used for
model calibration. The effects of freezing and thawing on
organic matter decomposition in soil was not included in
the laboratory experiment, while these effects are included in
the outdoor lysimeter experiment. Our hypothesis 2 was not
verified. However, by minor adjustments of N pool sizes and

parameters (Table 8) the model was capable of simulating
the observed NO3

− leaching (Figures 3–6, Line : Sim). This
means that use of the model may increase the understanding
of how different factors influence the quantity of mineral
N released during decomposition of organic matter in soil,
but can so far only be used as a tool for exact prediction of
plant-N availability and NO3

− leaching as a consequence of
organic waste application when site specific recalibration is
performed.

No rejection of hypothesis 1 and 2 means that the model
calibrated to data from simple incubation experiments,
adequately quantifies the influence of climate, soil texture,
and plants on the N dynamics following decomposition
of organic wastes in soil. The model may then be useful
tool estimating the N fertilizer value of organic waste. The
results from our study show that even though a model
may successfully simulate data from an incubation study,
results from such applications cannot be used directly to
predict the fate of the organic N in organic waste products in
more realistic soil/plant systems. However, by minor tuning
of pools and parameters the model showed to be capable
of reproducing observed data of NO3

− leaching also in
field lysimeters. Need for site-specific recalibration has also
been stressed in a model application study by Johnsson
et al. [49]. SOILNDB, a model based on the COUP and
SOILN models combined with a parameter database and a
parameter estimation algorithm was used. SOILNDB is an
upscaling model system, and it is meant to be a tool for
quantifying the effect of different agricultural management
practices on NO3

− leaching from a region or whole country.
It was found that more an application was limited in time
and space, the higher was the risk for errors caused by use of
simplified input data. These findings were related to changes
in scale from large systems to smaller, that is, the opposite
of ours. However, generally users were warned that the
reliability of the SOILNDB results could be low if the model
was used for applications it was not primary developed for.
Anyway it was claimed that SOILNDB might be applicable
to more limited area units and time periods provided
that measured site-specific data were available. Challenging
transmission of a model between different systems and scales
often ends up in a debate of simplicity versus explanatory
capability. Mechanistic models are often criticised for lack
of generality and a high number of parameters, often with
a vague physical definition. As stated by Thuries et al.
[50] with reference to Christensen [51], the challenge of
model makers is to “keep the balance between structural
simplicity, explanatory capability and predictive power”.
General models without need for site-specific parameter
calibration for every new application are desired. Statistical
models or semimechanistic models where several parameters
and processes have been merged to represent some “key
processes” are often preferred when doing system analysis.
However, in an application of COUP/SOILN to predict
effects of climatic changes on C, N, water, and heat dynamics
in winter wheat production, Eckersten et al. [52] stressed
the importance of using process-based modelling in such
analysis in order to understand the complicated relationships
between different processes and how processes interact when
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parameters and variables in a system change due to changes
in external conditions.

5. Conclusion

By calibration of a restricted number of organic N pools
and parameters in the SOILN NO management routine the
model reproduced the N dynamics observed during decom-
position of different organic matters and waste products
in soil in a laboratory incubation experiment. However,
when upscaled and tested the calibrated model failed to
reproduce observed NO3

− leaching from soil columns with
barley plants exposed to natural climatic conditions when
the same type of organic matters were applied to that
system. The model significantly underestimated the NO3

−

leaching from two of the soils. Recalibration of SOILN NO
was needed in order to obtain a satisfactory fit between
observed and simulated NO3

− leaching. Application of the
calibrated model to a system which includes different soil
types, supported the need for recalibration of coefficients
determining the rate of organic matter decomposition. Fur-
thermore, if the data used for calibration had reflected effects
of winter climate on organic matter decomposition, the need
for recalibration would have been less. However, results from
this study support the impression that the SOILN NO is a
flexible model, able to simulate quite different conditions
and systems. However, this study emphasises the need
for site-specific data as basis for model calibration when
the model is upscaled and should be used for predictive
purposes and does not support solely use of parameters
obtained in laboratory incubation experiments for upscaling
and practical use of the SOILN NO model in agricultural
management guidance.
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“Biochemical composition of organic materials in relation
with their mineralization in sandy soil,” Soil Biology &
Biochemistry, vol. 34, pp. 239–250, 2002.

[51] B. T. Christensen, “Matching measureable soil organic matter
fractions with conceptual pools in simulation models of
carbon turnover: revision of model structure,” in Evaluation
of Soil Organic matter Models, D. S. Powlson, P. Smith, and J.
U. Smith, Eds., pp. 143–159, Springer, Berlin, Germany, 1996.
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Applications of biosolids were compared to inorganic nitrogen (N) fertilizer for two years at three locations in eastern Washington
State, USA, with diverse rainfall and soft white, hard red, and hard white winter wheat (Triticum aestivum L.) cultivars. High rates
of inorganic N tended to reduce yields, while grain protein responses to N rate were positive and linear for all wheat market classes.
Biosolids produced 0 to 1400 kg ha−1 (0 to 47%) higher grain yields than inorganic N. Wheat may have responded positively to
nutrients other than N in the biosolids or to a metered N supply that limited vegetative growth and the potential for moisture
stress-induced reductions in grain yield in these dryland production systems. Grain protein content with biosolids was either
equal to or below grain protein with inorganic N, likely due to dilution of grain N from the higher yields achieved with biosolids.
Results indicate the potential to improve dryland winter wheat yields with biosolids compared to inorganic N alone, but perhaps
not to increase grain protein concentration of hard wheat when biosolids are applied immediately before planting.

1. Introduction

Biosolids are an effective and relatively safe source of
nitrogen (N) for dryland wheat production [1–3]. Applied
at agronomic rates, biosolids can supply sufficient N to
maximize yield, as well as a host of other nutrients that can
benefit crops in a rotational sequence [4, 5]. Determining
appropriate agronomic application rates is paramount in
balancing nutrient (mainly N) needs of wheat without
increasing the risk of nitrate (NO−

3 ) leaching. Considerable
research has been devoted to this subject [3, 5].

In the inland Pacific Northwest (PNW) USA, soft white
winter wheat is the predominant crop grown on over
2.75 million ha of mainly dryland (rainfed) cropland [6].
The majority of this wheat is exported and used to make
unleavened products such as flat breads, noodles, and cakes
[7]. Low-grain protein concentration (<10%) is desirable
when producing unleavened products. High-grain protein
concentration in soft white winter wheat has been a problem
in the PNW due, in part, to high soil N levels [7]. Previous

biosolids research in this area has shown that agronomic
applications at or above rates required to maximize yield
may produce undesirably high grain protein concentrations
in soft white winter wheat [3, 5]. While high grain protein
concentration is detrimental for soft wheat end uses, high
protein is desirable in hard red and white winter wheats,
with optimum targets of approximately 11.5 and 12.5%,
respectively. Biosolids may be more appropriately suited to
hard wheat production in dryland areas of the PNW, as is the
case in the state of Colorado, USA [8].

The objective of this study was to determine if biosolids
applied at agronomic rates are a more suitable source of N
for producing dryland hard red and white wheat grain with
a higher and more desirable protein concentration than soft
white wheat grain.

2. Materials and Methods

Field studies were conducted at three locations in fall
2006 and again in separate but nearby (<200 m distant)
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Table 1: Crop year precipitation and preplant soil test information for each site-year. Plant-available soil moisture is calculated by the
commercial testing lab from gravimetric moisture content, an assumed bulk density of 1.2 g cm−3 for silt loam soil textures, and an assumed
permanent wilting point moisture content of 11% by volume.

Location† Year Sept 1 to Aug 31 crop
year precipitation

Plant-available
moisture

Residual
N

Organic
matter

pH
NaHCO3-

extractable P‡
NaHCO3-

extractable K
Water-

extractable SO4
§

(mm) (cm 1.5-m−1) (kg ha−1) (g kg−1) (mg kg−1) (mg kg−1) (kg S ha−1)

Lind
2006 304 5.5 (0.3) 141 (22)¶ 8 (1.0) 7.5 (0.1) 6 (0.6) 524 (31) 16 (3.2)

2007 229 2.5 (0.4) 189 (17) 11 (0.7) 6.8 (0.1) 17 (3.2) 469 (10) 12 (1.5)

Davenport
2006 336 8.5 (0.7) 156 (41) 31 (3.2) 6.7 (0.5) 12 (0.6) 437 (49) 9 (0.6)

2007 196 8.5 113 24 5.6 20 416 7

Pullman
2006 452 3.9 70 23 5.5 28 281 11

2007 510 6.4 76 30 5.8 26 266 8
†

Soil series and taxonomic names.
Lind: Shano silt loam—coarse-silty, mixed, mesic, superactive Xeric Haplocambid (both years).
Davenport: Mondovi silt loam—coarse-silty, mixed, mesic, superactive Cumulic Haploxeroll (2006-07).
Hanning silt loam—fine-silty, mixed, mesic, superactive Pachic Argixeroll (2007-08).
Pullman: Palouse silt loam—fine-silty, mixed, superactive Pachic Ultic Haploxeroll (both years).
‡Critical values for sufficient soil test P (bicarbonate method) are >16 mg kg−1 [9].
§Critical values for sufficient soil test S are >22 to 34 kg ha−1 [9].
¶Mean (standard deviation) of three replicate samples. If no standard deviation is indicated then only one, 5-point composite was collected from the study
area.

locations in fall 2007. The locations were selected to represent
three common but contrasting rainfed wheat production
systems in eastern Washington State characterized by a
Mediterranean climate and precipitation gradient of <300 to
>600 mm year−1. The Lind site (46◦ 58.3′ N, 118◦ 36.9′ W)
typically receives 200 to 250 mm precipitation year−1 and
is in a two-year, winter wheat-tillage fallow rotation. The
Davenport site (47◦ 39.2′ N, 118◦ 9′ W) typically receives
250 to 350 mm precipitation year−1 and is in a three-
year, winter wheat-spring wheat-chemical fallow (no-tillage)
rotation. The Pullman site (46◦ 43.9′ N, 117◦ 10.8′ W)
typically receives 500 to 600 mm precipitation year−1 and
is in a three-year, winter wheat-spring wheat-spring legume
no-till rotation. Actual precipitation totals received at each
site during this study are presented in Table 1. Each site
was farmed uniformly for >2 years prior to these stud-
ies.

At each location, preplant soil samples were collected
in 0.3-m increments to a depth of 1.5 m to quantify plant-
available soil moisture and residual N, as well as other soil
properties, prior to establishing each study (Table 1). Inor-
ganic N fertilizer was applied at rates intended to supply 0
to 150 or 200% of the standard agronomic recommendation
[9] based on forecast yield potential and the initial soil test
N at each location. Actual rates of application ranged from
0 to 112 kg N ha−1 except at Pullman 2007-08, where rates
ranged from 0 to 180 kg N ha−1. The N source used was dry
urea (46% N).

Biosolids sources included Class A dewatered cake (22%
solids) from Tacoma, Wash, produced by thermophilic-
mesophilic digestion, and Soundgro, Class A heat-dried
(93% solids) biosolids from Pierce County, Wash. Biosolids
rates were calculated to supply approximately 1× and 2× of
the agronomic rate of N for these scenarios. Data points for

biosolids treatments are graphed on inorganic N response
functions (Figures 1 and 2) at the mid and high N rates for
each site-year. Biosolids rates and equivalent plant-available
N supply are presented in Table 2. Based on previous research
on N availability from dewatered and heat-dried biosolids
[10] we estimated plant-available N of both biosolids sources
as 25% of total N under the conditions of this study and
used that estimate for our field application rates (Table 2).
In a more recent study of heat-dried biosolids conducted
in western Washington State in 2007–2009, Cogger et al.
[11] reported much greater N availability from Soundgro,
and we adjusted our estimate of available N applied from
Soundgro to 50% of total N. The ramifications of this change
are discussed later. Biosolids were surface applied at or up
to two weeks prior to planting at each location. Biosolids
were not incorporated. Inorganic N was applied two weeks
prior to planting at the Lind location and immediately
prior to planting at Davenport and Pullman by banding
the N 20 to 25 cm below the surface. At Davenport and
Pullman, an ammonium phosphate-sulfate starter fertilizer
was applied with the seed at rates of 9 kg N, 5 kg P, and
13 kg S ha−1.

Three market classes of winter wheat (soft white, hard
white, hard red) were planted at each location. For soft
white, cv. “Eltan” was planted at Lind and Davenport and
“Madsen” planted at Pullman in 2006. The same cultivars
were planted in 2007 but Madsen was used at both Davenport
and Pullman. The hard red cv. “Bauermeister” was planted at
Lind, and “Paladin” was planted at Davenport and Pullman
for both years of the study. The hard white cv. “MDM” was
planted at all three sites and for both years. Seeding rates were
50 kg ha−1 at Lind and 90 kg ha−1 at Davenport and Pullman.
Row spacing was 19 cm at Davenport and Pullman and 40 cm
at Lind.
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Figure 1: The effect of inorganic N fertilizer and biosolids on yield and grain protein content of three wheat market classes at Lind (a),
Davenport (b), and Pullman (c), Wash in 2007. The horizontal axis (N rate) is the same for each graph panel. Due to large differences in
grain yield, the vertical axis changes for each market class site (column). Where indicated by the regression line, quadratic or linear responses
are significant at P < .05. ∗ and ∗∗ indicate significant differences at the 0.10 and 0.05 level, respectively, between inorganic N and biosolids
treatments at that inorganic nitrogen and biosolids rate.

Individual plot dimensions were 2.1 (Davenport and
Pullman) or 2.5 (Lind) m wide by 15.4 m long. A 1.5 m
wide by 12.3 m long (18.5 m2) area was harvested with a
small combine from the center of each plot at physiological
maturity. Grain density (test weight) was measured using
standard procedures. Grain protein content was measured
using near infrared spectroscopy. Postharvest soil samples
were collected in the 0, mid, and high fertilizer N rate
treatments as well as the 1× and 2× biosolids treatments of
the hard red winter wheat market class only. A composite
sample of three cores was collected from each plot in 0.3-
m increments to a depth of 1.5 m. Postharvest soil samples
were analyzed for residual nitrate (0 to 1.5 m depth) and
ammonium (surface 0.3 m only).

2.1. Statistics. Wheat market class was treated as the main
plot and fertility treatment the subplot in a randomized
complete block, split-plot design with three replications at
each location. There were significant site by year and site
by N rate interactions within years. Therefore, data were
analyzed and presented separately by site and year. Yield and
grain protein responses to fertilizer N rate were evaluated
using first (linear) and second (quadratic) order polynomial
models (Figures 1 and 2). Biosolids at 1× and 2× rates
were compared at the intermediate and high inorganic N
rates, respectively, using ANOVA. Postharvest residual soil N
was analyzed using ANOVA with soil depth and treatment
variables. Least significant difference (LSD) values at the 5%
level were calculated and presented graphically as bars on
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Figure 2: The effect of inorganic N fertilizer and biosolids on yield and grain protein content of three wheat market classes at Lind (a),
Davenport (b), and Pullman (c), Wash in 2008. The horizontal axis (N rate) is the same for Lind and Davenport but higher for Pullman.
Due to differences in grain yield, the vertical axis is different for Lind relative to Davenport and Pullman. Where indicated by the regression
line, quadratic or linear responses are significant at P < .05. If no regression line is included the relationship was not significant (P > .05). ∗

and ∗∗ indicate significant differences at the 0.10 and 0.05 level, respectively, between inorganic N and biosolids treatments at that inorganic
nitrogen and biosolids rate.

the soil profile N graphs (Figure 3). Treatment effects on the
soil inorganic N balance were separated using Tukey’s Honest
Significant Difference at α = 0.05 (Figure 4).

3. Results and Discussion

3.1. Precipitation and Initial Soil Properties at Each Location.
Precipitation was near the long-term averages for each
location during the 2006-2007 and 2007-2008 crop years
(Table 1). Residual plant-available soil moisture generally
reflected previous management and precipitation received

at each site, where a year of fallow preceding the crop year
(Lind and Davenport) was reflected in soil profile moisture
measured prior to planting. There was significant residual
N at the Lind and Davenport sites. This is largely due
to local practice and cropping history, where soil testing
is rarely undertaken in low rainfall/low yielding sites like
Lind, and a year of fallow preceding the winter wheat
crop permits additional organic N mineralization leading
to higher preplant residual N levels. Soil test phosphorus
(P) was below the recommended critical value for two of
the site-years (Lind and Davenport 2006-2007) and near the
critical value for Lind 2007-2008. Again, this is a reflection
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Table 2: Biosolids total N, ammonium (NH4)–N, solids content and material, and N application rates for each site-year. Soundgro and
Tacoma are two biosolids products produced in the Seattle, Washington metropolitan area.

Year Site Biosolids
origin

Total N NH4–N Solids Rate
code

Dry application
rate

Total N Estimated
available N†

Plant-available
N

% % % Mg ha−1 kg ha−1 % of total N Kg ha−1

2006

Lind Soundgro 5.80 0.53 93.3 1× 4.4 257 50 129

5.80 0.53 93.3 2× 8.8 508 50 254

Davenport Soundgro 5.85 0.56 91.6 1× 5.4 314 50 157

5.85 0.56 91.6 2× 10.9 635 50 317

Pullman Tacoma 4.60 0.78 21.5 1× 6.4 295 25 74

4.60 0.78 21.5 2× 12.9 591 25 148

2007

Lind Tacoma 4.90 0.40 22.5 1× 5.0 247 25 62

4.90 0.40 22.5 2× 10.1 494 25 123

Wilke Soundgro 6.10 0.29 93.6 1× 5.5 334 50 167

6.10 0.29 93.6 2× 11.1 676 50 338

Pullman Soundgro 6.10 0.29 93.6 1× 6.5 398 50 199

6.10 0.29 93.6 2× 13.0 796 50 398
†

Available N estimate is 25% total N for Tacoma product and 50% total N for Soundgro based on Sullivan et al. [3] and Cogger et al. [11].

of local practice where, due to low yields, farmers rarely use
P fertilizer in the Lind area and only occasionally use P at
Davenport, relative to Pullman. Soil test sulfur (S) was below
critical values at all site-years.

3.2. Wheat Response to Inorganic N Fertilizer and Biosolids.
Grain yield responses to inorganic N were exclusively
quadratic in 2007 (Figure 1) and quadratic for three of the
nine site × market class datasets in 2008 (Figure 2). At
Davenport, the high N rate-induced depression of grain
yields in 2007 was associated with wheat lodging. Lodging
was not a problem at Lind or Pullman in 2007. In 2008, grain
test weight at these locations (data not presented) tended to
be lower at high N rates indicating stress caused, perhaps, by
moisture depletion. In 2008, grain yield did not respond to
inorganic N at Lind (Figure 2). Moisture limitation at Lind,
as evidenced by the low 2007-2008 crop year precipitation
and preplant residual soil moisture (Table 1), coupled with
the relatively high residual N in this year, apparently limited
yield responses to N. Precipitation and preplant soil moisture
at Pullman were higher during the 2007-08 crop year and
would explain the lack of negative response to high N rate
at this location.

Quadratic responses to inorganic N fertilizer are com-
mon in dryland wheat fertility experiments conducted in this
Mediterranean environment [3, 12], but not as dramatic in
environments where more rainfall occurs during the summer
growing season and biosolids were used as the nutrient
source [8, 13]. Negative yield responses to N have been
documented in Australia and are generally referred to as
“haying off” [14]. The explanation of this phenomenon is
that high levels of available N induce a flush of vegetative
growth that depletes moisture early in the growing season.
This leads to a postanthesis water deficit and severely restricts

the translocation of pre-anthesis carbon to the grain, as
well as postanthesis assimilation of new carbon destined for
wheat kernels.

Grain protein concentration increased linearly with
fertilizer N rate for all market classes and locations in 2007
(Figure 1) and at the Davenport and Pullman locations
in 2008 (Figure 2). A linear response of grain protein
concentration to N rate is common in N response studies
of cereals [12], even when yield plateaus or is negatively
impacted by high N rates [15]. Soft white winter wheat
grain proteins were higher than desired across all N rates
at Lind. For hard red and white market classes, yield and
grain protein concentration response to fertilizer N suggest
fertilizing at rates above maximum yield, and consequently
reducing grain yield, may be required to achieve target
protein concentrations for each market class. This is likely
an issue of timing of fertilization and positional availability
of N since previous research has shown that plant-available
N residing deep in the profile is more effective than shallow
or recently applied N at contributing to high grain protein
concentration in dryland wheat [16, 17].

In both 2007 and 2008, grain yields were frequently
higher for biosolids than for inorganic N treatments (Figures
1 and 2). Across site-years, yields with biosolids were 0 to
47% higher than the highest yields achieved with inorganic
fertilizer. At the site with the largest differential between
fertility sources (2007 Davenport hard red), biosolids pro-
duced 1400 kg ha−1 (>20%) higher grain yield than the
highest fertilizer N yield. In no situation did biosolids result
in significantly lower grain yields than an inorganic N
treatment.

Initial attempts to target biosolids agronomic rates to
match the intermediate (56 or 90 kg N ha−1) or high (112 or
180 kg N ha−1) N fertilizer rates were apparently unsuccessful
based on N availability calculations as a fraction of total
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Figure 3: Postharvest soil profile N (NH4 + NO3 for 0 to 0.3 m depth + NO3 only 0.3 to 1.5 m depth) for the hard red winter wheat treatments
from the Lind, Davenport, and Pullman study locations in 2006-2007 (a) and 2007-2008 (b). Error bars represent Least Significant Difference
(LSD) values at the 5% level. NS: no significant difference in NO3-N concentration among treatments for that sampling depth. Note that
inorganic N rates were the same for all site-years except Pullman 2007-2008, where N rates were higher. This is reflected in the different
legend for that panel.

N in the materials (Table 2). These availability indices were
developed from studies in which biosolids were applied
in the fallow period of a crop-fallow rotation and were
incorporated with tillage [3, 18] or broadcast on the surface

for a perennial forage crop [11]. In the present study,
biosolids were applied shortly before planting and left on the
surface. Both the timing of application relative to sowing and
the absence of incorporation would contribute to lower N
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Figure 4: Net changes in total inorganic soil N in a 1.5-m profile between the preplant (Table 1) and postharvest soil sampling of selected
fertility treatments in hard red winter wheat at the Lind, Davenport, and Pullman study locations in 2006-07 (a) and 2007-08 (b). Values in
the positive (right of vertical line) represent a net gain in soil profile inorganic N compared to the initial (preplant) sampling while values in
the negative (left of the vertical line) represent a new depletion of soil profile N. Note the differences in inorganic N application rate between
Lind/Davenport and Pullman in 2007-08.

availability to winter wheat than in previous studies [3]. Evi-
dence from soil profile N measured postharvest (discussed
later) also suggests that “Soundgro” biosolids N availability
was overestimated in Table 2 calculations. Since the actual
N available from biosolids is unknown and can only be
estimated, we retained the statistical comparisons between
1× and 2× biosolids treatments and the intermediate and
high fertilizer N rates (Figures 1 and 2). While the validity
of this comparison could be argued, grain yields and grain
protein concentrations with biosolids compared to fertilizer
N were substantially higher and lower, respectively, across
fertilizer N rates, and results of statistical comparisons would
be similar regardless of the inorganic N rate selected for
comparison to biosolids.

Grain yield responses to biosolids did not reflect a “hay-
ing off” effect observed with fertilizer N (discussed above).
One explanation for this is that the rate of N mineralization
from biosolids was not rapid enough to stimulate a flush of
vegetative growth and lead to moisture depletion and stress.
In fact, grain test weights of biosolids treatments were within
acceptable ranges and did not indicate widespread stress.
Also, higher yields from biosolids compared to fertilizer N
were observed in 2008 when there was little indication of a
negative yield response to high rates of fertilizer N. Previous
studies comparing biosolids and fertilizer N responses in
dryland areas of the PNW did not show consistently higher
yields with biosolids materials [3]. A second explanation for
the higher yields from biosolids in the present study is that
other nutrients were deficient at these sites and were supplied

in adequate quantities by the biosolids materials. At Lind and
Davenport in 2007, soil test P was below critical levels while
S was below critical levels for all site-years (Table 1). While
some P and S was applied at as starter fertilizer with the
seed at Davenport and Pullman, the rates were relatively low
(5 kg P and 13 kg S ha−1). The additional P and S associated
with the biosolids may explain the higher yields associated
with these treatments across site years.

In situations where grain yield was higher with biosolids
than with comparable inorganic N treatments, grain protein
content was often lower. This effect could be explained by
the dilution of grain N in these higher yielding treatments,
leading to lower grain protein. The inverse relationship
between grain yield and grain protein concentration is a
common phenomenon in wheat [15]. Another factor in this
study may be the positional availability of N in the soil
profile. Previous research has shown that high grain protein
concentration is more easily achieved when N is available
for uptake later in the season during grain filling [16, 17].
In this dryland area where the soil surface dries rapidly, N
located at depth in the profile where late-season moisture
absorption occurs is more likely to contribute to high grain
protein concentration. Central to the premise of this study
is that biosolids are better suited to producing high protein
hard red and white winter wheat than soft white winter
wheat in these dryland environments, as was suggested
earlier [3]. This does not appear to be the case under the
conditions (time, placement) of biosolids application in this
study.
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3.3. Soil Profile N and N Balance. Postharvest inorganic N
distributions for hard red winter wheat were variable among
fertility treatments, particularly at Lind (Figure 3). Except
for Lind and limited treatments at the 0 to 0.3-m depth at
Pullman, postharvest soil profile N was lower for inorganic
and biosolids treatments than the initial soil profile N.
Interestingly, as evidenced by the higher amount of NO3-N at
depth in the profile, there was some N movement to the 0.6 to
1.2-m depth at the Lind location for the biosolids and high
N rate treatments (Figure 3) even though this site received
the least amount of precipitation and had some of the lowest
preplant soil moisture (Table 1). The Lind site had significant
preplant residual N in the profile (Table 1; Figure 3). This,
coupled with relatively low yields and high N rates, resulted
in some increase in soil N with intermediate and high N rate
treatments. Regardless, as evidenced by the lack of statistical
difference between treatments and the unfertilized control,
there was little N movement below the 1.2 m depth in any
treatment except at Lind.

When expressed as a net gain or loss of inorganic N from
the profile, there was no difference in net N change in the
soil profile among treatments at Davenport and Pullman,
suggesting no greater risk of soil NO3 accumulation with
biosolids than with inorganic fertilizer. There was a net
increase in soil N for intermediate and high fertilizer rates
and biosolids treatments at Lind in 2007 and for fertilizer
treatments at Lind in 2008, compared to the unfertilized
control. Accumulated N in the profile could be subject to
leaching below the crop root zone in the fallow cycle at this
location, particularly since much of this residual N is located
at depth in the soil profile.

Overall, at the Davenport and Pullman sites, results
indicate efficient use of residual and applied N forms
regardless of the source (biosolids versus inorganic N). While
this is a promising finding, other studies in which high rates
of biosolids were applied and/or applications were made in
the fallow year, residual soil N increased, and there was some
evidence of leaching loss [3, 8].

4. Conclusions

Biosolids applied within two weeks of planting and without
incorporation were an efficient source of nutrients for
dryland wheat production across a range of rainfall zones
in eastern Washington. In situations of low to moderate
preplant soil profile N, organic N released by biosolids was
well utilized by the crop with residual soil levels no greater
than with inorganic N sources. Yields with biosolids were fre-
quently higher than with inorganic N treatments, likely due
to a combination of slow N release and contributions of other
nutrients such as P and S that were deficient in these systems.
When applied in this manner, biosolids were not effective at
producing high grain protein concentrations in hard red or
hard white winter wheat. If biosolids material was applied in
the fallow year in low and intermediate precipitation zones,
the impact on grain protein concentration may be greater.
Early application of biosolids in the higher precipitation
areas where annual cropping is practiced is not possible.
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The liquid sewage sludge (LSS) was applied on a field experiment during four years at successive applications to evaluate the
changes in soil attributes and on Surinam grass (Brachiaria decumbens) uptake of nutrients. A randomized blocks experimental
design, with two treatments (with and without LSS) and three repetitions, was used. Land application of LSS did not alter soil
organic matter and exchangeable K until 40 cm depth. However, it increased soil pH, base saturation, labile P, and available Zn and
did not change the concentrations of available B (hot water) and Cu, Fe, and Mn (DTPA) at 0–20 cm and 20–40 cm depths and
LSS was a source of N, K, P, Ca, Mg, and Zn for the grass, but decreased leaf Mn concentration.

1. Introduction

In the initial steps of water pollution control process there
is a great concern about the liquid phase treatment of
sewage originated from districts and cities, in order to protect
water resources and public health [1]. The treatment of this
wastewater generates a solid residue known as biosolid or
sewage sludge (SS), which consists mainly of a mass of fungi,
bacteria, and protozoa that are responsible for the sewage
organic matter degradation. Due to its intrinsic high organic
matter content, followed by a variable concentration of other
nutrients, heavy metals, human pathogens, and some organic
chemicals that may or not be partially degraded during the
process, there is a general concern on its environmentally
sound disposal. Among the available destination options, the
most used still are the SS disposal in sanitary landfills, ponds,
or lagoons, and the application to agricultural lands.

As in fact 76% of Brazilian cities do not have adequate
sanitary landfills for solid residues disposal, which are usually
discarded at open field, the disposal in agricultural lands
appears to be an economical and environmentally viable way

for this purpose. Nevertheless, the SS use in agriculture may
be restricted by the presence of heavy metals, pathogens, and
persistent organic compounds, depending on the SS original
composition [2, 3].

In general, SS treated soil presents improved soil physical
attributes, such as greater aggregate stability [4, 5] and lower
soil density, providing better root and shoots development
with significant plant biomass increase [6]. Furthermore, the
presence of plant macro and micronutrients in SS, mainly N,
P, S Ca, Mg, and Zn, may supply, total or in part, the plant’s
demand for these elements [7]. Approximately one third of N
[8] and up to 64% of P [9] content in SS would be available
to plants in the first year. When lime is used to cleanse or to
improve sewage drainage, the resulting SS increases soil pH
and decreases exchangeable Al [7].

However, SS effects listed above are not persistent and last
for only one cropping year [10, 11]. Zinc added to soil via SS
has been the most absorbed micronutrient by plants, but the
increased pH and OM content may induce lower Fe and Mn
uptake [12]. These two SS effects (higher soil pH and OM)
are also responsible for low heavy metal mobility in the soil
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Table 1: Soil chemical attributes before sewage sludge application.

Soil depth OM pH CEC H+Al K Ca Mg

g dm−3 mmolc dm−3

0–20 cm 26 5.3 64 22 4.4 27 11.0

20–40 cm 17 4.8 52 23 2.6 13 6.7

V P B Cu Fe Mn Zn

% mg dm−3

0–20 cm 66 3 0.17 2.6 27.0 23 0.7

20–40 cm 42 2 0.18 0.5 16.3 5 0.2

OM: organic matter, pH (CaCl2), CEC: cation exchange capacity, H+Al: potential acidity, V%: base saturation, K, Ca, Mg, P in resin extract, B in hot water
extract, and Cu, Fe, Mn, and Zn in DTPA extract.

profile. The heavy metal mobility was found to be inversely
proportional to soil Fe and Al oxides concentrations [13].

Usually, the SS disposal in agricultural lands is done after
its dehydration and drying mainly to lower transportation
costs and to enhance pathogens inactivation. Nevertheless,
in areas near the sewage treatment plants, SS might also be
applied in the liquid form when nitrogen crops requirement
and natural soil water retention capabilities are considered.
Such practice may provide lower operational costs since it is
easier to handle and enables energy and chemicals products
saving, better application homogeneity, and can also supply
greater amount of K to plants, which is usually lost with the
aqueous phase if solid SS is used. Despite of that, there is
some concern that the large quantities of SS applied in the
liquid form might lead to heavy metal accumulation in soil
and in plant tissues overtime.

Therefore, the aim of this work was to evaluate the
changes in soil attributes and on Surinam grass (Brachiaria
decumbens) uptake of nutrients and heavy metals after
successive land applications of liquid SS.

2. Material and Methods

The experiment was carried out under field conditions, from
2002 to 2006, at Jaguariúna, State of São Paulo, Brazil,
(22◦46′25′′S; 47◦06′99′′W; altitude 604 m) in an area already
vegetated with Surinam grass (Braquiaria decumbens). The
soil was classified as medium texture, dystrophic red-yellow
Paleudult (Ultisol). The soil characterization is presented in
Table 1.

The LSS used in this work was obtained from domiciliary
sewage, collected from bathroom and restaurant discharges
of an electronic industry. The wastewater treatment was
done by means of aerobic reactor during 120 days. Before
application, the sludge was treated with 40% (m/m) hydrated
lime to raise pH above 12. The objective of this procedure was
to guarantee the elimination of pathogenic microorganisms
and the control of vectors [14].

The LSS, average humidity of 98.3%, was then applied
in the field using a 10,000 L tank coupled to a tractor. LSS
applications were split into three times a year to attend
the sewage treatment plant necessity to remove the sludge.
Hence, the LSS treatments were applied during April, August,
and December of each year, and the plots without LSS

received the equivalent quantities of water. The chemical
composition o LSS sample is shown in Table 2. The test
plant used was Surinam grass (Brachiaria decumbens). The
treatments consisted of: (a) control, without LSS application
and (b) LSS application three times a year, during four
consecutive years; the LSS rates were calculated to not
surpass 40 kg N ha−1 year−1 (available nitrogen) [15]. The
experimental design was a randomized complete blocks with
three replications. The experimental plot measured 20×50 m
(1,000 m2), and each experimental unit consisted of 10 m ×
40 m (400 m2), spaced at least 10 m between plots.

The available N in the sewage sludge was calculated by
the formula

SS available N =
(

MF
100

)
× (Kjeldahl-N−NH4

+-N
)

+ 0.5 NH4
+–N +

(
NO3

−–N + NO2
−–N

)
,

(1)

where Kjeldahl–N: total nitrogen (mg kg−1), NH4
+–N: nitro-

gen as ammonium (mg kg−1), NO3
−–N: nitrogen as nitrate

(mg kg−1), NO2
−–N–: nitrogen as nitrite (mg kg−1), and MF:

mineralization fraction (47%), determined previously via
incubation test in the laboratory [3]. This calculation is used
for the SS application onto soil surface without incorpo-
ration, according to recommendation of the Company of
Environment Sanitation Technology (CETESB) in the 4.230
Directive [3].

The annual LSS rates (based on the available N) applied
in the experiment were: 34, 40, 19, and 40 kg ha−1 in the
cropping years of 2002/2003, 2003/2004, 2004/2005, and
2005/2006, respectively.

One week before each LSS application, from each
experimental plot, soil and grass samples were taken. The
composite soil samples were collected at 0–20 cm and 20–
40 cm depth, as grass samples were obtained by cutting its
shoots at 2 cm from the soil surface. Soil samples were dried
at 45◦C, passed through 2 mm-sieve, and analyzed according
to standard procedures adopted by Instituto Agronomico de
Campinas [16, 17]. Plant tissue samples were washed with a
(0.1% v/v) detergent solution, rinsed in distilled water until
removing the detergent and finally rinsed in deionized water.
After washing, the samples were put in paper bags and dried
at 65◦C in a forced air oven until constant weight. Following,
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Table 2: Chemical composition of sewage sludge used in the experiment.

Parameter Unity
Year of application

2003 2004 2005 2006

Moisture % 97.4 98.8 97.8 99.0

pH — 11.1 11.9 11.8 10.1

Organic carbon g kg−1 262 327 282 448

Total N (Kjeldahl) g kg−1 33 39 28 45

Ammonium-N g kg−1 51.0 4.6 1.3 3.5

Nitrate+nitrite-N g kg−1 0.40 0.35 0.55 1.42

Sulfur (S) g kg−1 2.9 9.4 5.6 4.5

Magnesium (Mg) g kg−1 2.7 3.4 2.9 3.4

Aluminum (Al) g kg−1 2.4 1.4 1.7 1.1

Calcium (Ca) g kg−1 124 115 69 75

Phosphorus (P) g kg−1 7.9 12.3 7.5 5.7

Potassium (K) g kg−1 1.9 9.1 16.2 8.6

Sodium (Na) g kg−1 2.3 8.5 4.5 13.5

Arsenium (As) mg kg−1 <1.0 <1.0 <1.0 <1.0

Cadmium (Cd) mg kg−1 1.0 5.4 1.3 <1.0

Lead (Pb) mg kg−1 35.7 27.4 8.7 21.0

Cobre (Cu) mg kg−1 437 452 419 267

Cromo (Cr)-total mg kg−1 14.0 31.3 6.3 5.0

Mercurium (Hg) mg kg−1 <1.0 <1.0 <1.0 <1.0

Molibdenum (Mo) mg kg−1 <1.0 <1.0 <1.0 <1.0

Nickel (Ni) mg kg−1 9.2 47.0 9.0 6.3

Selenium (Se) mg kg−1 <1.0 <1.0 <1.0 <1.0

Zinc (Zn) mg kg−1 486 845 439 208

Boron (B) mg kg−1 8.7 14.8 14.6 12.6

the samples were ground in a Wiley-type grinder (inox
chamber and 1 mm sieve), homogenized and submitted to
digestion and chemical analysis for the nutrients (N, P, Ca,
K, Mg, B, Cu, Fe, Mn, and Zn) [18]. The data from chemical
analysis was submitted to analysis of variance (F test, P < .05)
and to regression analysis.

3. Results and Discussion

The average effects of twelve successive LSS applications
on the soil chemical attributes are presented in Table 3
(0–20 cm depth) and Table 4 (20–40 cm depth). The analysis
of variance showed there were no significant differences
among LSS-treated plots and the control for OM, K, B,
Cu, Fe, and Mn concentrations in the superficial soil layer
(Table 3). However, an increase on soil pH, Ca, Mg, V%,
CEC, P, and Zn, with a decrease in H+Al was observed.
Similar results were found at 20–40 cm depth, excluding
the CEC (cation exchange capacity) that did not change at
this depth (Table 4). Changes in OM content were also not
observed in an Abruptic Paleudulf cultivated with sugarcane,
which received SS (38% solids) addition rates of 0, 20, and 40
Mg ha−1 [19]. The increase in soil pH at both depths studied
and, also, in the soil exchangeable Ca and Mg concentrations
can be attributed to the lime added to LSS during the
stabilization process, whichincreased pH above 12 [9].

On the other hand, the increase in soil exchangeable Mg
concentrations was due to the high presence of this element
in the LSS composition. Among the five micronutrients
determined in the soil, only Zn (DTPA extract) showed a
significant increase with the SS treatments at both depth
layers studied, evidencing higher soil Zn mobility compared
to the other metal-nutrients (Fe, Cu, and Mn). Zn mobility
was also observed in soils with pH below 5.5 that received SS
additions [20].

The annual changes on soil chemical attributes caused
by the SS addition can be observed in Figures 1, 2 and
3.

The results showed little OM variation, but significant
increases on pH and P concentrations in the first year of LSS
application at both soil depths (Figure 1). Such results cor-
roborate reports from the literature [19], when studying the
effects of increasing SS rates applied to the soil. Nevertheless,
it is interesting to highlight that K concentrations tended to
decrease in the LSS-treated plots compared to the control-
plot (Figure 1). This fact evidences that the grass cut and
removed from the SS-treated plots exported more K than LSS
could supply.

As expected, soil exchangeable Ca concentrations tended
to increase at both depth layers with the LSS addition. Also
Mg concentration increased at 20–40 cm layer (Figure 2),
suggesting that this element moved into the soil profile,



4 Applied and Environmental Soil Science

0–20 cm

y = 0.36x2 + 1.405x + 20.47R2 = 0.9629

y = 0.5833x2 − 0.75x + 24.639R2 = 0.7526

20

22

24

26

28

30

32

34

1 2 3 4
(Year)

M
O

(g
dm

−3
)

(a)

1 2 3 4
(Year)

M
O

(g
dm

−3
)

20–40 cm

y = 0.75x2 − 0.2722x + 13.083R2 = 0.912

y = 0.3056x2 + 1.35x + 12.639R2 = 0.9378

0

5

10

15

20

25

30

(b)

1 2 3 4
(Year)

y = 0.0306x2 − 0.0961x + 5.4028R2 = 0.9849

y = 0.0139x2 − 0.0128x + 5.7028R2 = 0.3384

5.2

5.4

5.6

5.8

6

pH

(c)

1 2 3 4
(Year)

pH
y = 0.0361x2 − 0.0906x + 4.8306R2 = 0.9333

y = 0 0028x2 + 0.0606x + 5.1083R2 = 0.4713

4.6

4.8

5

5.2

5.4
.

(d)

1 2 3 4
(Year)

y = −3.1944x2 + 17.561x − 2.0833R2 = 0.7079

y = −0.1111x2 + 0.8667x + 4.1111R2 = 0.7714
0

5

10

15

20

25

30

P
(m

g
dm

−3
)

(e)

1 2 3 4
(Year)

y = 0.0278x2 + 0.2056x + 5.1944R 0.7697

y = 0.1111x2 − 0.3111x + 2.3333R2 = 0.9724

0

1

2

3

4

5

6

7

P
(m

g
dm

−3
)

2 =

(f)

LSS
Control

y = −0.0583x − 0.0872x + 3.0972R2 = 0.94

y = 0.2528x2 − 1.9917x + 5.0083R2 = 0.9514
0.5

1

1.5

2

2.5

3

3.5

K
(m

m
ol

c
dm

−3
)

1 2 3 4
(Year)

2

(g)

K
(m

m
ol

c
dm

−3
)

1 2 3 4
(Year)

y = 0.1139x2 − 0.8994x + 2.5583R2 = 0.8905

y = 0.0194x2 − 0.3183x + 1.8806R2 = 0.8217

0.5

0.7

0.9

1.1

1.3

1.5

1.7

1.9

LSS
Control

(h)

Figure 1: Changes in annual values of pH, soil organic matter (OM), and phosphorus and potassium concentrations, at two soil depth layers
(0–20 and 20–40 cm), in experimental plots treated with and without sewage sludge (SS) during four years (2003 to 2006) and cultivated
with grass (Brachiaria decubens).
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Figure 2: Continued.
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Figure 2: Changes in annual values of soil calcium (Ca), magnesium (Mg) concentrations, base saturation (V%), potential acidity (H+Al),
and cation exchange capacity (CEC), at two soil depth layers (0–20 and 20–40 cm), in experimental plots treated with and without sewage
sludge (SS) during four years (2003 to 2006).

Table 3: Soil chemical attributes at the 0–20 cm depth layer of soil samples from plots with and without sewage sludge (SS) addition. Means
over four years of application (∗).

Treatment OM pH CEC H+Al K Ca Mg

g·dm−3 mmolc dm−3

+SS 26.7a 5.77a 69a 19a 1.93a 39a 9.17a

−SS (Control) 27.1a 5.39b 62b 23b 2.44a 27b 8.92b

V% P B Cu Fe Mn Zn

mg dm−3

+SS 71a 17.9a 0.14a 2.77a 23.3a 17.4a 1.3a

−SS (Control) 62b 5.44b 0.16a 2.41a 26.6a 20.2a 0.9b
(∗)

Means followed by the same letters in the column do not differ by F test (P < .05).

Table 4: Soil chemical attributes at 20–40 cm depth layer, in plots treated with and without sewage sludge (SS). Means of four years of
application(∗).

Treatment OM pH CEC H+Al K Ca Mg

g·dm−3 mmolc dm−3

+SS 18.02a 5.28a 55a 25a 1.16a 21a 7.6a

−SS (Control) 18.31a 4.87b 53a 32b 1.23a 14b 5.7b

V% P B Cu Fe Mn Zn

mg dm−3

+SS 54a 6.81a 0.14a 0.72a 15.2a 6.5a 0.5a

−SS (Control) 40b 2.38b 0.16a 0.52a 15.7a 5.5a 0.3b
(∗)

Means followed by the same letters in the column do not differ by F test (P < .05).

probably due to its displacement caused by the increase in
soil Ca at the LSS-treated plots. The effects of SS-Ca addition
on the Mg and K lixiviation in SS-treated soils have already
been reported [21].

In the present work, the increase observed on soil pH
and exchangeable Ca and Mg concentrations contributed to
the increase in base saturation values and to the decrease in
the potential acidity (H+Al), just after the first year of LSS
application (Figure 2).

The CEC increase was observed after the third year of LSS
application, and this effect was restricted to the superficial
soil layer (0–20 cm). Once there was no soil OM increase, it
is supposed that the CEC increase was a consequence of the
method used for its calculation, which is based on the sum of
the exchangeable cations (Ca, Mg, and K) and the potential
acidity (H+Al) (Figure 2).

Although without statistical significance, there was
observed a slight increase on available Cu and decrease on
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Figure 3: Soil micronutrient’s concentration, at two soil depth layers (0–20 and 20–40 cm), for treatments with and without sewage sludge
(SS) during four years (2003 to 2006).

available Fe and Mn in LSS-treated plots compared with
the control plots at both depth layers studied (Figure 3).
Since the liquid LSS content of such metals was quite low,
at this point, even after twelve applications, no clear effect
of accumulation or in the mobility of such metals in soil

was observed. Despite of that, reports in the literature did
observe significant decrease on exchangeable Mn concentra-
tions in an amended clayey soil, with consequent increase
in the organic fraction and noncrystal Fe and Al oxides
[22].
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Figure 4: Grass nutrient’s concentration for treatments with and without sewage sludge (SS), during four years (2003 to 2006). Means
followed by the same letters between treatments in each year do not differ by F test (P < .05).
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The soil analysis results for Zn indicated higher concen-
trations at both depth layers during the four years of LSS
application (Figure 3). Positive correlations between soil Zn
and Zn absorbed by corn plants grown in three SS-treated
soils with or without CaCO3 have been reported [23].

LSS treatments significantly increased leaf N and P
concentrations in the first year of application (Figure 4),
as it has been reported in the literature for maize plants
[9, 24]. Leaf K, Ca, and Mg concentrations increased with
LSS treatments since the first year, but were significantly
higher after the third (Ca and Mg) and fourth years (K).
No significant differences among treatments for the leaf B
and Cu were found, probably due to the low LSS content
of these elements and, also, to the low element uptake and
translocation rate from roots to shoots. However, significant
leaf Mn decrease was observed along the four years and, also,
leaf Fe decrease after the second year of application. Increased
leaf Zn was also observed during three years (Figure 4). These
results agree with the reported in the literature that observed
significant increase on leaf and shoot Zn concentrations,
decrease on Fe and Mn, and no changes on Cu of maize
plants grown in an SS-treated red Oxisol [12]. In the present
work, the grass leaf nutrient levels were within the adequate
concentration ranges for Brachiaria decumbens, except for
leaf B (<10 mg kg−1) [25].

4. Conclusions

The application of liquid sewage sludge (stabilized with
hydrated lime) to the field cropped with Surinam grass did
not change the soil organic matter and exchangeable K con-
tents, increased soil pH and base saturation, and decreased
the potential acidity at 0–20 and 20–40 cm depth layers.

The sewage sludge applied increased soil labile P and
available Zn concentrations but did not change available B,
Cu, Fe, and Mn concentrations until 40 cm depth.

The sewage sludge produced in an aerobic reactor and
applied in liquid form behaved as a source of nitrogen,
phosphorus, calcium, magnesium, and zinc for the Surinam
grass (Brachiaria decumbens), mainly after two years of
residue application to the soil.

The sewage sludge used, although containing more K
than most residues, did not supply enough K to plants,
and, therefore, it required complementation with mineral
forms of this nutrient. It is recommended to monitor soil K
concentration using a reference critical level (Boletim 100,
IAC) to prevent K deficiency in plants.

The grass harvested shoots reflected the effects of sewage
sludge addition to the soil. Most nutrients were not affected,
but lower leaf Mn concentrations were observed. However, it
is recommended to monitor leaf B concentration in order to
prevent B deficiency in plants.
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Pesquisa Agropecuaria Brasileira, vol. 40, no. 1, pp. 91–94,
2005.

[15] B. van Raij, H. Cantarella, J. A. Quaggio, and A. M. Furlani,
Eds., Recomendação de adubação e calagem para o estado de São
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Soils of northwest New Mexico have an elevated pH and CaCO3 content that reduces Fe solubility, causes chlorosis, and reduces
crop yields. Could biosolids and fly ash, enriched with Fe, provide safe alternatives to expensive Fe EDDHA (sodium ferric
ethylenediamine di-(o-hydroxyphenyl-acetate)) fertilizers applied to Populus hybrid plots? Hybrid OP-367 was cultivated on a
Doak sandy loam soil amended with composted biosolids or fly ash at three agricultural rates. Fly ash and Fe EDDHA treatments
received urea ammonium nitrate (UAN), biosolids, enriched with N, did not. Both amendments improved soil and plant Fe.
Heavy metals were below EPA regulations, but high B levels were noted in leaves of trees treated at the highest fly ash rate. pH
increased in fly ash soil while salinity increased in biosolids-treated soil. Chlorosis rankings improved in poplars amended with
both byproducts, although composted biosolids offered the most potential at improving Fe/tree growth cheaply without the need
for synthetic inputs.

1. Introduction

The New Mexico State University Agricultural Science Center
at Farmington, San Juan County, has been exploring short
rotation hybrid poplar trees for fiber and timber production,
biofuel, and phytoremediation purposes. Adaptability trials
involving numerous Populus crosses have produced a range
of responses. Of these, Fe deficiency chlorosis (interveinal
yellowing of juvenile leaves) has been observed because soil
pH can exceed 8 with moderate to high CaCO3 levels.
Under these conditions, soil iron is mostly in the form of
well-crystallized iron oxides (e.g., hematite and goethite)
and almost insoluble and unavailable to plants [1]. On our
research plots, chelated iron fertilizer in the form of Fe
EDDHA is applied to alleviate chlorosis symptoms. Con-
sidering that 5 kg Fe EDDHA material—enough to cover
approximately 1 ha season−1—costs approximately $200, fer-
tilizing large-scale plantations may be cost prohibitive.

On the other hand, fly ash, a byproduct from coal com-
bustion, can provide plant-available Fe and other micronu-
trients [2–7]. Fly ash exits the combustion chamber with the
flue gas and is captured by electrostatic precipitators, wet
scrubbers, or other mechanical/chemical trap [8]. Particle
sizes range from 0.01 to 100 μm allowing a large amount of
surface area to mass [9]. Nearly 3.9 million Mg of coal com-
bustion products (ash + flue gas desulfurization products)
are produced in San Juan County each year by two coal fired
generating plants, and both power plants are actively seeking
recycling options (Salisbury, 2003, personal communica-
tion).

Biosolids (dewatered sewage sludge) also increase levels
of plant-available Fe on calcareous soils [6, 10, 11] and are
a source of other plant-essential elements including N and P
[12, 13]. Iron enhancement in biosolids results from multiple
factors at the wastewater treatment facility. When washed
into treatment plants through storm runoff, iron oxides can
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be reduced and reprecipitated as weakly crystalline plant-
available iron phosphates [14]. Salts of FeCl3 or FeCl2 used
to capture phosphorus from the waste stream during the
treatment process also increase the iron phosphate content of
biosolids [14, 15]. The city of Albuquerque, 290 km southeast
of Farmington, produces 142 Mg of biosolids per day and is
a regional leader in seeking land-use disposal and marketing
options of processed, composted biosolids [16].

Environmental consequences for both byproducts also
have been documented. Fly ash can contain elevated levels
of heavy metals, increase boron to toxic levels, can act as
liming agents because of their high Ca/Mg content, and
can increase soil salinity [17, 18]. Biosolids also have the
potential to increase salinity, heavy metals, and persistent
organic pollutants such as antibiotics, and personal care
products that enter the waste stream [19, 20]. If an environ-
mentally responsible use can be established, recycling of these
byproducts to agricultural lands may present an attractive
disposal alternative because of the large land area devoted
to crop production within a relatively short distance from
the power plant or wastewater treatment facilities in the
Farmington area. The objectives of this study were to pilot
test the application of fly ash and composted biosolids at
three rates to a high pH soil from Northwest, NM. Specific
objectives were to

(1) determine if Fe nutrition of soil and the growth of
hybrid poplar clone OP-367 could be improved by
amending soil with each amendment,

(2) examine potential environmental issues, including
heavy metal contamination, salinity, and pH changes
in the soil, caused by each amendment.

2. Materials and Methods

2.1. Soil and Treatments

2.1.1. 2004 Study Soil and Treatments. A Doak sandy loam
(fine-loamy, mixed, mesic Typic Haplargid) [21] was col-
lected from the top 20–25 cm of the plow layer from an
agricultural field located at the New Mexico State University
Agricultural Science Center, Farmington (lat. 36◦ 41′ 0′′

N; long. 108◦ 18′ 36′′ W; elevation 1,700 m). Soil was
sieved through 6-mm× 6-mm mesh to remove clods then
transported to the NMSU Fabian Garcia horticulture farm
greenhouse complex (Las Cruces, NM). Prior to container
filling, a fiberglass mesh screen was used to line standard
7.5 L nursery containers to prevent soil loss through drainage
holes. Each container was filled to a dry weight of 9 kg.
Once filled, the surface area at the top of each container was
366 cm2.

Fly ash was collected from the APS Four Corners Power
Plant (Farmington, NM). Fly ash at the power plant is
stored in a lined ash impoundment area adjacent to plant.
Composted biosolids were collected from the City of Albu-
querque, NM Pilot Composting Facility. The biosolids were
a 1 : 3 ratio of dewatered sewage sludge mixed with chipped
yard waste that were composted in large windrows at 57◦C
for six weeks. The composting process reduces pathogen

concentrations to comply with USEPA standards for “Class
A” classification [16]. After composting, the biosolids were
drum sieved before trucking to Farmington. The fly ash
required no sieving.

Composted biosolids and fly ash treatments were applied
to the nursery containers February 24, 2005 at two agricul-
tural rates: 22.75 Mg ha−1 (82.1 g byproduct per container)
and 45.5 Mg ha−1 (164 g byproduct per container). A third
rate was applied based on two criteria: (1) the amount of
Fe in the Farmington soil after a DTPA- (diethylenetriam-
inepentaacetic acid-) extractable Fe baseline soil test was
conducted and (2) the percent available Fe in each amend-
ment that could be applied to the soil as a fertilizer to
correct a potential Fe deficiency. The complete baseline soil
chemical analysis used to determine DTPA application rates
was established earlier for both byproducts and is presented
in Table 1. The DTPA Fe content of the Farmington soil was
1.2 mg kg−1. For soils with a test report of 0.0–2.5 mg kg−1

Fe, Jones and Jacobsen [22] recommend an application
rate of 4.5 k Fe ha−1 in order to overcome Fe deficiency
in susceptible crops. The DTPA-extractable iron in the fly
ash was 0.00609% Fe and 0.0329% Fe for the biosolids.
Expressed as fractions, DTPA values determined for each
byproduct were used as divisors to the 4.5 kg Fe ha−1

recommendation which yielded the equivalent of 74 Mg of fly
ash ha−1 (270.5 g applied per container) and 14 Mg biosolids
ha−1 (50.1 g per container) application rates. These were the
highest and lowest rates for fly ash and composted biosolids,
respectively. Treatments were incorporated by removing the
top 10 cm of soil from each nursery container, placing the
contents into a plastic bucket, and mixing in the amendment
before returning the contents to the nursery container.
An Fe fertilizer check, Sprint Sequestrene 138 (use of a
trademarked product does not imply an endorsement by
the NMSU Agricultural Experiment Station), 6% EDDHA
chelated Fe (Becker Underwood, Ames Iowa), was applied
as a soil drench once at week three at an application rate
of 4.5 kg Fe ha−1 (275 mg Fe EDDHA per container). The
application rate was based on the soil test report and percent
available Fe in the product (6%) to supply the literature
recommendations as described previously. Unamended soil
served as the control.

2.2. Plant Material. Hybrid poplar OP-367 (Populus del-
toides× P. nigra) is a commercial hybrid that performs well
in Farmington but benefits from supplemental Fe. Uniform
30 cm long cuttings obtained from Broadacres Nursery
(Hubbard, OR) were soaked for 3 days in tap water before
transplanting (February 27, 2005) directly into nursery
containers.

2.3. Other Cultural Practices. Greenhouse temperatures aver-
aged 16◦C (min) and 41◦C (max). Containers were kept at
or below field capacity and were not leached to examine the
potential for salt buildup in the soil. The total amount of
water applied to each container over the course of the study
was 647 mm.
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Table 1: Selected chemical properties of Albuquerque biosolids and
APS fly ash.

Characteristic Composted biosolids Fly ashb

pH (1 : 2)c 7.4 12.4

EC (dS m−1)d 14.0 6.7

SAR (mmol L−1)d 4.75 2.04

NO3-N (mg kg−1)e 71.3 2.71

TKN (mg kg−1)f 1850.0 NT

P (mg kg−1)c 231.3 17.0

K (mg kg−1)c 5723.3 11.7

Zn (mg kg−1)c 44.9 0.6

Fe (mg kg−1)c 420.3 78.4

Fe by DTPA (mg kg−1)z 329.0 60.90

Mn (mg kg−1)c 20.6 8.1

Cu (mg kg−1)c 15.0 1.2

Ca (mg kg−1)c 3557.0 5650.0

Mg (mg kg−1)c 657.7 31.0

Na (mg kg−1)c 855.3 53.6

S (mg kg−1)e 529.5 306.7

Al (mg kg−1)e 807.2 348.7

As (mg kg−1)e 18.5 10.3

B (mg kg−1)e 40.1 59.5

Ba (mg kg−1)e 211.8 904.1

Be (mg kg−1)e ND ND

Cd (mg kg−1)e 2.3 1.3

Co (mg kg−1)e 3.4 0.8

Cr (mg kg−1)e 13.9 2.9

Mo (mg kg−1)e ND ND

Ni (mg kg−1)e 8.6 1.9

Pb (mg kg−1)e 18.8 5.0

Se (mg kg−1)e ND ND

Tl (mg kg−1)e ND ND

V (mg kg−1)e 22.1 8.4

Bi (mg kg−1)e ND ND

Li (mg kg−1)e 8.6 3.8

Sr (mg kg−1)e 163.8 37.9

Si (mg kg−1)e 322.7 308.7

Ag (mg kg−1)e 5.2 ND
aMean of 6 samples for pH, P, K, Zn, Fe, Mn, Cu, Ca, Mg, and Na.
bMean of 3 samples for S, Al, As, B, Ba, Be, Cd, Co, Cr, Mo, Ni, Pb, Se, Tl, V,
Bi, Li, Sr, Si, and Ag.
cAnalyzed at Soil Chemistry Research Laboratory, NMSU, Las Cruces, NM.
dAnalyzed at Agricultural Testing and Research Laboratory, NAPI, Farming-
ton, NM.
eAnalyzed at the NMSU Soil, Water, and Air Testing Laboratory, Las Cruces,
NM.
fLiterature value supplied by Glass (personal communication, 2006).
ND = not detected. NT = not tested.

The control soil has a low N content (less than 1%
organic matter). In addition, N is volatilized during combus-
tion, making fly ash even lower in N content. Therefore, the
fly ash- and Fe EDDHA-treated trees received the equivalent
of 90 kg N ha−1 N (split into 14 application times spread

over the course of the study, applied to trees in the irrigation
water) in the form of urea ammonium nitrate (UAN 32-
0-0) in order to maintain similar values of N in all treat-
ments. This was necessary because the composted biosolids
contained 85.5 kg N ha−1 when applied at the 44.5 Mg ha−1

rate determined from NO3-N using the ion-specific electrode
method [23] and Kjeldahl N measured by the City of Albu-
querque (Glass, 2006 personal communication) (Table 1).

2.4. Chlorophyll Analysis. Leaf chlorophyll content was mon-
itored using a handheld Minolta SPAD- (soil plant analysis
development-) 502 meter. The SPAD meter nondestructively
measures transmittance of the leaf in red and infrared
wavelengths (650 and 940 nm, resp.) giving a unitless leaf
“greenness” value [24]. As SPAD values increase, leaf chloro-
sis decreases. For the clone OP-367, SPAD values were
previously shown to correlate well with Fe (r2 = 0.58) and
total chlorophyll analyzed by HPLC (r2 = 0.85) [25]. SPAD
readings were made on April 12, and June 22 by measuring
the first 10 fully expanded leaves (beginning 5-6 nodes down
from the apical bud) on each tree.

2.5. Postharvest Analysis. The study was terminated July
6, 2005 at which point leaves were removed from each
tree and passed through a leaf area meter. Leaves were
decontaminated of Fe sources from dust/soil by dipping in a
0.01% phosphate-free detergent bath (0.1 mL detergent L−1

tap H20) [26] followed by rinsing with tap water under low
pressure to remove soap residues. Leaves were then dipped
into two baths of distilled water, bagged, dried for 24 hours
at 70◦C, and then weighed.

Stems were severed 2 cm from the top of the original cut-
ting and measured for basal diameter and overall length. Soil
was removed from the root ball (roots plus original cutting)
then sieved through a 3 mm× 3 mm mesh to remove root
pieces. Roots were then dipped in six water baths to remove
residual soil. Roots were then severed from the original
cutting and rinsed under low pressure. Stems and roots were
then dried separately at 70◦C for 72 hours before weighing.

2.5.1. Plant Fe and N Analysis. Dried leaves and stem
material were ground to a fine powder using a stainless
steel coffee grinder (cleaned thoroughly between samples)
and stored in snap cap vials at room temperature until
chemical analysis. Plant Fe was extracted with 20% trace
metal grade HCl after dry ashing [27] and analyzed by
inductively coupled plasma-optical emission spectroscopy
(ICP-OES; Perkin-Elmer Optima 4300 DV ICP-OES). Plant
total nitrogen (TN) was determined directly by combustion
(LECO TruSpec CNS).

2.5.2. Plant Tissue Heavy Metal Analysis. Following the
method described by Miller [28], microwave-assisted acid
digestion using Teflon pressure digestion vessels was used
to extract Cr, Pb, Se, As, Ag, Ba, and Cd from leaves. Acid
digests were then analyzed by ICP-OES. All plant tissue
macro elements, Fe, B, and heavy metals are expressed on a
dry weight basis.



4 Applied and Environmental Soil Science

2.5.3. Soil Analysis. Soil was analyzed for pH (1 : 2,
soil : water), extractable P, and Fe by ammonium bicarbon-
ate-DTPA (1.0 mol L−1 NH4HCO3 + 0.005 mol L−1 DTPA
at pH 7.6) [29]. Extracts were analyzed by ICP-OES. Soil
NO3-N was analyzed using the ion specific electrode method
[23]. Electrical conductivity (EC) and sodium adsorption
ratio (SAR) were measured on saturated paste extracts.
Soil Cr, Pb, Se, As, Ag, Ba, and Cd concentrations were
determined by ICP-OES following the USEPA 3051A [30]
microwave-assisted acid digestion method for soil samples.

All laboratory analyses were conducted at the Navajo
Agricultural Products Industry (NAPI) Agricultural Testing
and Research Laboratory (Farmington, NM), NMSU Plant
and Environmental Sciences Soils Research group laboratory
(Las Cruces, NM), and the NMSU Soil, Water, and Air
Testing (SWAT) laboratory.

2.6. Experimental Design and Statistical Analysis. The study
was a randomized complete block design on two benches
to compensate for temperature gradients within the green-
house. There were eight containers per each treatment.
Containers were redistributed once per week within blocks
on the benches to help ensure that all trees received equal
amounts of light exposure.

Analysis of variance was done in SAS (Cary, NC) using
the PROC Mixed statement. All pairwise comparisons were
made when significant differences were observed using
Fisher’s protected LSD at an alpha 0.05 level calculated by
the method described by Littell et al. [31]. Concerning plant
elements (Fe, N, B, and Ba), when significant accumulations
of these elements were found in stems and leaves, the
statistics were performed on the total plant accumulation
(leaves + stems). In the case when no significant differences
were detected in stems but were in leaves, only leaves
are reported to simplify the data reporting. Correlation
analysis using the PROC CORR command was performed
to determine linear relationships between plant growth and
environmental/plant toxicity parameters (i.e., pH, EC, SAR,
and boron).

Codes for biosolid treatments are referenced the follow-
ing way: ACB 22.75, ACB 44.5 (for Albuquerque composted
biosolids at 22.75 Mg ha−1 and 44.5 Mg ha−1 application
rates, resp.), ACB DTPA (biosolids applied at a rate based
upon its DTPA extractable, plant-available Fe). Codes for
fly ash plus urea ammonium nitrate fertilizer treatments
are referenced as FA 22.75 + UAN, FA 44.5 + UAN, and FA
DTPA + UAN (fly ash applied at a rate based upon its DTPA
extractable, plant-available Fe). The Fe EDDHA plus urea
ammonium nitrate fertilizer treatment is referenced as Fe
EDDHA + UAN.

3. Results and Discussion

3.1. Soil/Plant Nutrient Status and Tree Growth after

Amending with Byproducts

3.1.1. Soil Fe, Chlorosis, and Tissue Fe Responses. Even though
soil Fe in OP-367 trees receiving Fe EDDHA + UAN was

Table 2: Soil NO3-N, P, and Fe a Doak sandy loam after amending
with Fe EDDHA + UAN (urea ammonium nitrate), fly ash + UAN,
and composted biosolids (n = 8 per treatment). Means with the
same letter are not significantly different at α = 0.05 level.

Fe NO3-N P

Treatmentsa (mg kg−1) (mg kg−1) (mg kg−1)

Control 4.44 d 2.3 c 9.39 d

Fe EDDHA + UAN 4.84 d 3.4 a 8.55 d

ACB DTPA 16.63 c 2.4 c 23.23 c

ACB 22.75 22.13 b 2.5 bc 30.71 b

ACB 44.5 37.09 a 3.3 ab 52.05 a

FA 22.75 + UAN 5.27 d 3.8 a 8.87 d

FA 44.5 + UAN 5.51 d 3.5 a 8.90 d

FA DTPA + UAN 6.48 d 3.7 a 8.59 d

Mean 12.80 3.1 18.79

LSD 3.28 0.82 2.56

F Value 104.09 4.64 306.1

Pr > F <.0001 0.0004 <.0001
aCodes for biosolid treatments are referenced the following way: ACB
22.75, ACB 44.5 (for Albuquerque composted biosolids at 22.75 Mg ha−1

and 44.5 Mg ha−1 application rates, resp.), ACB DTPA (biosolids applied
at a rate based upon its DTPA extractable, plant-available Fe; equivalent
to 14 Mg ha−1). Codes for fly ash plus urea ammonium nitrate fertilizer
treatments are referenced as FA 22.75 + UAN, FA 44.5 + UAN, and FA
DTPA + UAN (fly ash applied at a rate based upon its DTPA extractable,
plant-available Fe; equivalent to 74 Mg ha−1). The Fe EDDHA plus urea
ammonium nitrate fertilizer treatment is referenced as Fe EDDHA + UAN.

no different than the control (Table 2), these trees had the
highest mean SPAD values (41.2 SPAD units; P < .0001)
and highest plant Fe (38.3 mg kg−1; P < .0001; Figure 1).
Fly ash + UAN increased soil Fe concentration 18–46%,
though these increases were also no different from the
control soil (Table 2). However, chlorophyll and plant Fe
in fly ash + UAN treatments increased in leaves according
to the application rate in the following manner: SPAD
values were highest in the FA DTPA + UAN rate (36.9 SPAD
units with a 64% increase in plant Fe), followed by the FA
44.5 Mg ha−1 + UAN rate (SPAD value 34.7 and 64% increase
in plant Fe) and FA 22.75 Mg ha−1 + UAN rate (SPAD value
32.8 and 43% increase in plant Fe; Figure 1).

The increases in plant Fe with the presumed boost in
SPAD values were consistent with carrot when grown at
a fly ash landfill site [32]. We have shown in previous
studies that both Fe and N play a role in influencing
SPAD values for the hybrid OP-367 [25]. Fly ash- and Fe
EDDHA + UAN-treated poplars were given the same amount
of UAN during the study, holding N constant. Acid-forming
fertilizers containing NH +

4 , such as UAN, are known to
lower the pH of the rhizosphere, making Fe and other
microelements more plant-available in alkaline soils [33–35].
So the addition of UAN probably had a role in increasing
plant Fe and SPAD values in the Fe EDDHA- and fly ash-
treated trees.

Biosolids, on the other hand, significantly improved
soil Fe contents by 275–700% above the control soil (P <
.0001; Table 2), a response consistent with other studies
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Figure 1: SPAD values (a), plant Fe (b), and total plant N (c) of the hybrid poplar clone OP-367 cultivated in soil amended with Fe
EDDHA + UAN (urea ammonium nitrate), fly ash + UAN, and composted biosolids. SPAD means are from two measurement periods.
Means with the same letter are not significantly different at α = 0.05 level for combined leaf and stem material. Refer to Experimental Design
and Statistical Analysis section for treatment codes.

when wastewater has been treated with FeCl salts and the
subsequent biosolids are applied to calcareous soils [6, 11].
These trees also had improved leaf greenness and plant Fe
(leaves plus stems) in the following way: the ACB DTPA
(14 Mg ha−1) gave SPAD values of 33.8 and a 22% plant
Fe improvement while the ACB 22.75 Mg ha−1 treatment
raised SPAD values to 34.5 and plant Fe by 30% above
control trees (Figure 1). Composted biosolids applied at the
44.5 Mg ha−1 rate resulted in a 66% increase in plant Fe above
the control (P < .0001). Although statistically lower than
the Fe EDDHA+UAN treated trees, SPAD values in the ACB
44.5 Mg ha−1 trees increased to 37.0, 25% increase in leaf
greenness above control trees (P < .0001; Figure 1).

Nitrogen and phosphorus bear some mention because,
from a producer standpoint, both elements can be expensive
farm inputs. Both elements are inherently low in fly ash
[36] but can be quite elevated in biosolids. Because UAN
applications were held constant for all fly ash and Fe EDDHA
trees, as expected, all trees that received UAN had equal and
higher soil NO3-N when compared to control soil (P =
.0004; Table 2). Except for the FA 44.5 rate, total leaf N was
also equal and highest for trees receiving UAN (Figure 1;
P < .0001). Only the ACB 44.5 rate equaled this response,
increasing NO3-N by 43% (Table 2) and plant N by 70%
(Figure 1). The two lower composted biosolid rates were
similar to the control for soil NO3-N, but total plant N
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Table 3: Biomass results of OP-367 (P. deltoides× P. nigra) showing
significant differences after amending with industrial byproducts.
Means with the same letter are not significantly different at the α =
0.05 level.

Leaf area
Leaf dry
weight

Stem dry
weight

Stem
length

Treatmentsa (cm2) (g) (g) (cm)

Control 1419 d 15.0 b 14.0 d 124.6 abc

Fe EDDHA +
UAN

1552 bc 15.1 b 14.5 bcd 124.0 abc

ACB DTPA 1563 bc 16.4 a 15.6 abc 127.6 ab

ACB 22.75 1584 abc 16.4 a 16.1 a 129.4 a

ACB 44.5 1464 cd 15.2 b 15.6 abc 126.3 ab

FA 22.75 + UAN 1527 bcd 15.2 b 14.3 cd 122.5 bc

FA 44.5 + UAN 1694 a 16.1 ab 14.8 bcd 124.2 abc

FA DTPA +
UAN

1590 ab 15.3 ab 14.3 cd 119.5 c

LSD 121 1.1 1.3 5.5

F Value 3.79 2.3 2.84 2.5

Pr > F 0.002 0.0397 0.0133 0.0263
aRefer to Experimental Design and Statistical Analysis section for treatment
codes.

significantly increased by 27% in ACB-22.75-treated trees
(Figure 1). Phosphorus contents of fly ash- and Fe EDDHA-
treated soil were no different than the control (Table 2)
because these trees received no supplemental P. On the
other hand, P was 147–450% higher in soil treated with
composted biosolids because Albuquerque uses iron chloride
salts to remove P from the waste stream during the treatment
process. This fact had some effect on soil salinity (more
below).

3.1.2. Tree Growth. The following tree growth measurements
were unaffected by the treatments: stem diameters (mean
10 mm), root dry weights (mean 9.4 mg kg−1), total above-
ground dry weights (mean 39.9 mg kg−1), and root-to-above
ground-biomass ratios (mean 0.31; data not shown). Table 3
presents leaf area, leaf weight, stem weight, root weight, stem
length, and stem diameter growth results. All treatments
had greater leaf areas (P = .0020) except for the FA
22.75 Mg ha−1, which compared equally to control trees
(Table 3). The greatest leaf areas were from trees treated
at the highest two fly ash application rates, followed by
trees treated at the ACB 22.75 Mg ha−1 rate. For leaf dry
weight, composted biosolids at the DTPA (14 Mg ha−1) and
22.75 Mg ha−1 rates had the greatest response followed by
the FA 44.5 and FA DTPA + UAN treatments (P = .0397;
Table 3); the Fe EDDHA + UAN and ACB 44.5 Mg ha−1 rates
were no different than the control. For stem dry weight,
biosolids at all rates had the greatest response compared
to the control trees (P = .0133); the control, Fe EDDHA,
and fly ash plus UAN-treated trees were no different from
one another (Table 3). Stem lengths were similar among the
control soil, Fe EDDHA + UAN, composted biosolids, and
FA 44.5 Mg ha−1 trees while the FA 22.75 + UAN and FA

DTPA (74 Mg ha−1) rate had a nearly 2 and 4% reduction
when compared to control tress (P = .0263; Table 3).

Many complex factors influenced growth. Stem weights
and stem lengths benefited from the added soil Fe while
stem weights, stem lengths, and, to a lesser extent, stem
diameters did not seem to benefit from the added NO3-N
(Table 4). Increasing the soil salinity, pH, and leaf B content
also contributed to reduced growth (more below).

3.2. Environmental Considerations

3.2.1. Soil Sodium Adsorption Ratio, Electrical Conductivity,
and pH. Salinity is a concern in our region because we aver-
age approximately 200 mm of rainfall per year, which equates
to a low salt leaching potential. Any amendment containing
high amounts of soluble salts poses the risk of increasing
sodic/saline soil conditions. The sodium adsorption ratio
(SAR) measures the proportion of Na+ ions compared to the
concentration of calcium Ca2+ plus Mg2+ in the saturated
paste extract (the higher the SAR value, the more that Na+ is
dominating the soil chemistry). Electrical conductivity (EC)
measures total soluble salt content (which can include NaCl
but also N, P, Ca, Mg, and other fertilizer salts). An EC above
4 is generally considered the threshold point at which most
agricultural crops suffer reduced yields [37].

When compared to the control, SAR values were similar
for all treatments except for the ACB 44.5 (4.95 mmol L−1),
which experienced a 12% reduction in values from the
control soil (5.65 mmol L−1; P < .0001; Table 5). This is
explained by the additional Mg and Ca contributions to the
soil from the parent biosolids material (Table 1). All of the
SAR values were considerably below 13–15 mmol L−1 which
is considered sodic and problematic for agricultural soils.
Still, an inverse association was found between increasing
SAR values and stem weight (r = −0.35; P = .0047)
and stem length (r = −0.26; P = .0389; Table 4). Within
plants, the ionic balance of Ca, Mg, Na, components of the
sodium adsorption ratio in soil, are known to be influenced
by nitrogen fertilizer source [38]. The UAN may have had an
effect on influencing the components of the SAR test and tree
growth given the inverse relationship between NO3-N versus
growth parameters shown in Table 4.

The Fe EDDHA, FA 22.75, and FA 44.5 + UAN treat-
ments were similar to control soil for EC. However, soil
treated at the FA DTPA + UAN (74 Mg ha−1) had a significant
decrease in conductivity compared to control soil for reasons
unknown. On the other hand, composted biosolid-treated
soil increased EC by 21–41% above the control soil (P <
.0001; Table 5). The increase in EC was expected because
biosolids are high in soluble salts. In fact, at the ACB
44.5 Mg ha−1 rate, EC reached 4 dS m−1. These levels were
below the 5.5 dS m−1 tolerance limit defined for hybrid
poplar [39] and did not appear to affect above-ground
growth negatively (i.e., r = 0.27; P = .0279 for the rela-
tionship between EC and stem length; Table 4). Although no
significant relationship was demonstrated between EC and
root weight (r = −0.23; P = .0656; Table 4), the potential for
decreasing this parameter with increasing salinity exists given
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Table 4: Correlation matrix for 2005 Greenhouse Study showing growth versus soil and foliar parameter. Note: correlation coefficients (r
values) are followed by P values; ∗∗indicates significance P < .05; ∗∗∗indicates significance P < .001.

Leaf area Leaf Wt. Stem Wt. Root Wt. Stem Lnth. Stem Dia.

Fe soil
−0.08 0.09 0.42∗∗∗ −0.11 0.33∗∗ 0.11

0.5197 0.4885 0.0006 0.3987 0.0068 0.4026

NO3-N
−0.15 −0.21 −0.45∗∗∗ −0.08 −0.46∗∗∗ −0.28∗∗

0.2364 0.0983 0.0002 0.5246 0.0001 0.0234

pH
−0.04 −0.16 −0.54∗∗∗ −0.18 −0.41∗∗∗ −0.14

0.7443 0.1990 <0.0001 0.1481 0.0007 0.2756

SAR
0.16 −0.04 −0.35∗∗ −0.14 −0.26∗∗ −0.16

0.2213 0.7499 0.0047 0.2592 0.0389 0.1945

EC
−0.14 0.08 0.24 −0.23 0.27∗∗ −0.04

0.2900 0.5548 0.052 0.0656 0.0279 0.7498

B leaves
0.21 −0.08 −0.20 0.14 −0.44∗∗∗ 0.03

0.0982 0.5331 0.1198 0.2605 0.0003 0.7922

Table 5: Soil sodium adsorption ratio (SAR), electrical conductiv-
ity (salinity), and pH of a Doak sandy loam amended with industrial
byproducts.

SAR EC pH

Treatmentsa (mmol L−1) (dS m−1) saturated paste

Control 5.65 ab 3.24 d 8.62 b

Fe EDDHA +
UAN

5.78 a 3.17 d 8.66 ab

ACB DTPA 5.42 b 3.47 c 8.58 bc

ACB 22.75 5.55 ab 3.77 b 8.50 cd

ACB 44.5 4.95 c 4.04 a 8.44 d

FA 22.75 + UAN 5.73 a 3.10 de 8.64 b

FA 44.5 + UAN 5.62 ab 3.16 d 8.67 ab

FA DTPA + UAN 5.67 a 3.03 e 8.76 a

Mean 5.54 3.37 8.6

LSD 0.24 0.18 0.1

F Value 9.32 31.71 7.33

Pr > F <0.0001 <0.0001 <0.0001
aRefer to Experimental Design and Statistical Analysis section for treatment
codes.

that containers were not leached. In later field plot studies, we
found no salinity increases in plots amended with composted
biosolids at 44 Mg ha−1 [40]. In the latter study, a total of
983 mm of water (irrigation + rainfall) was applied during
the second growing season alone, which provided sufficient
leaching potential; all biosolids field plots never exceeded an
EC of 1 dS m−1 when sampled at a depth of 30 cm.

Another concern is applying an amendment that may
have the potential to raise soil pH in already calcareous
conditions. The pH ranged from 8.4 in soil treated at the ACB
22.75 Mg ha−1 rate to 8.8 in the FA DTPA + UAN-treated soil
(equivalent of 74 Mg ha−1); the control soil had a pH of 8.6
(P < .0001; Table 5). Low S-containing western US lignite
coals typically produce alkaline ash [9, 41], which explains
the pH increase in accordance with increasing application

rate of fly ash. The pH increase was related to a reduction
in stem weights (r = −0.54; P < .0001) and stem length
(r = −0.41; P = .0007), and the general trend was that as
pH increased, leaf area, leaf weight, root weight, and stem
diameter decreased (Table 4).

Composted biosolids, when applied at the 22.75 Mg ha−1

rate, decreased pH below the control soil to 8.4. As salt
concentration increases, soluble cations, such as Ca2+ and
Mg2+, replace acidic exchangeable cations (H+ and Al3+) in
the soil solution, lowering the pH of the soil extract solution
[35, 43, 44]. The reduction in pH was probably related
to the soluble salt content of the material. In field studies
with the same biosolid application rates as in this study,
under a leaching fraction, soil pH was equal among biosolid
treatment [40].

3.2.2. Other Environmental Considerations. The following
metals were analyzed in soils from acid digests: Cr, As,
Ag, Se, Pb, Cd, and Ba. Arsenic, Ag, and Se were not
detected in either soils or plants. Lead, Cr, and Cd also did
not increase in soils in either study, averaging 7.71 mg kg−1

for Cr, 5.08 mg kg−1 for Pb, and 0.16 mg kg−1 for Cd
(Table 6). These levels were below USEPA (Part 503 Rule)
and European Union (Directive 86/278/EEC) regulations for
heavy metal loading rates for biosolids applied to agricultural
lands [42].

Boron and Ba, however, did present potential environ-
mental concerns. Boron increased in the leaves of fly
ash + UAN amended poplars by 23% (22.75 Mg ha−1 rate),
45% (44.5 Mg ha−1 rate) to 85% (rate equivalent to
74 Mg ha−1) (Figure 2). Although B is a micronutrient
needed by plants in trace amounts, toxicity symptoms and
decreased crop yields result from the application of unweath-
ered fly ash [9, 41, 45, 46]. At the highest fly ash application
rate, leaf B reached 93.6 mg kg−1, which began to approach
toxicity levels (above 141 mg B kg−1 dwt) defined for OP-367
by Bañuelos et al. [47]. Indeed, the elevated B levels found
in the leaves of fly ash-treated trees inversely correlated with
stem lengths (r = −0.44; P = .0003; Table 4). As B moves
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Table 6: Soil Cr, Pb, Ba, and Cd levels in a Doak sandy loam amend-
ed with industrial byproducts.

Cr Pb Ba Cd

(mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1)

Literature

U.S. EPA 40 CFR
503 Rulea — 300.0 — 39.00

European Union
limit valuesb — 750–1,200 — 20–40

EU proposed 1000.0 750.0 — 10.00

Treatmentsc

Control 7.28 a 5.19 a 97.23 e 0.16 a

Fe EDDHA + UAN 7.60 a 5.19 a 98.18 de 0.17 a

ACB DTPA 8.34 a 5.07 a 105.83 cd 0.16 a

ACB 22.75 7.80 a 5.05 a 102.33 de 0.15 a

ACB 44.5 7.92 a 5.12 a 100.84 de 0.17 a

FA 22.75 + UAN 7.68 a 5.22 a 111.48 bc 0.17 a

FA 44.50 + UAN 7.51 a 4.93 a 119.25 b 0.17 a

FA DTPA + UAN 7.53 a 4.86 a 137.63 a 0.17 a

Mean 7.71 5.08 109.10 0.16

LSD NS NS 8.46 NS

F Value 0.34 1.02 20.93 0.95

Pr > F 0.9302 0.4274 <.0001 0.48
aPollutant concentration limits and loading rates for land application in the
United States.
bEuropean Union limit values for concentrations of heavy metals in
biosolids for use on land [42].
cRefer to Experimental Design and Statistical Analysis section for treatment
codes.

easily with irrigation waters, accumulation of B may have
been mitigated if the containers were leached. Thus, boron
accumulations to toxic levels present an environmental
concern for agricultural land application of fly ash to our
soils if not leached regularly and managed carefully.

Barium increased 7–42% in fly ash-amended soil
(Table 6). As a consequence, the stem and leaf Ba levels
combined increased 60–110% (46.3–60.8 mg kg−1) com-
pared to control trees (28.9 mg kg−1; P < .0001; Figure 2).
The increase of Ba is not uncommon when fly ash is
applied to land [46]. With regards to Ba, it is difficult to
assume environmental safety because we did not analyze for
potentially toxic forms (barium carbonate, barium chloride,
and barium acetate) [48].

As for the composted biosolids material or the com-
posted biosolid/soil mixtures, we did not analyze for the
presence of antibiotics and/or personal care products. Recent
attention to these persistent organic constituents shows
that biosolids, especially when not composted, may impart
potential antibiotic resistance in soil micro-organisms or
molecules from personal care products may exhibit hor-
monal effects on aquatic organisms [14, 49]. Although the
risk factors associated with antibiotics and personal care
products can be mitigated by composting [49, 50], an
analysis for these constituents is essential to strengthening
our knowledge of the material used in this study and
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Figure 2: Leaf B (a) and leaf + stem Ba (b) of the hybrid poplar
clone OP-367 cultivated in soil amended with Fe EDDHA + UAN
(urea ammonium nitrate), fly ash + UAN, and composted biosolids.
Means with the same letter are not significantly different at α = 0.05
level for combined leaf and stem material. Refer to Experimental
Design and Statistical Analysis section for treatment codes.

in developing a future comprehensive environmental risk
assessment when composted biosolids might be considered
for agricultural land application.

4. Conclusions

The Fe EDDHA + UAN had the highest SPAD values and
plant Fe (stem + leaves). This is an expensive synthetic
fertilizer input with 6% plant-available iron. In comparison,
fly ash plus UAN significantly increased SPAD values and
plant Fe in hybrid poplars even though soil Fe remained
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statistically similar to the control soil. The trend in SPAD
values and plant Fe generally followed fly ash application
rate—the higher the rate, the greater the response. Despite
the increase in soil pH from fly ash additions, which would
imply even lower solubility of micronutrients, and the fact
that N from UAN remained constant among the fly ash
(and Fe EDDHA treatments), the uptake of Fe in fly ash-
amended poplars was likely related to an acidulation of the
rhizosphere from UAN applications which made Fe more
available just at the root/soil interface. Leaf area was greatest
in hybrid poplar trees grown in soil amended with fly ash
treatments, but growth was similar to the control for all other
biometric parameters. The highest plant B accumulations
occurred in the fly ash + UAN treatments, especially at the
fly ash rate equivalent to 74 Mg ha−1. Increasing leaf B was
inversely associated with stem length in these trees. Stem and
leaf Ba was also highest in trees grown in fly ash-treated
soil. Potentially toxic forms of Ba found in fly ash were
not measured, which warrants further investigation. Finally,
the fact that NO3-N was inversely related to growth raises
the need for us to conduct a UAN exclusion study before a
definitive recommendation can be made concerning fly ash
applications to agricultural lands.

Biosolids significantly increased soil Fe and P in all treat-
ments, and NO3-N only at the 44.5 Mg ha−1 rate. Although
lower than the Fe EDDHA treatment, composted biosolid-
treated trees had SPAD and plant Fe values significantly
increase in proportion to application rate, showing that
composted biosolids could supply plant-available Fe to trees
growing on an alkaline soil. Likewise, total plant N increased,
but only the 44.5 Mg ha−1 treatment equaled the response of
UAN-treated trees. Trees grown under composted biosolids
applied at the DTPA (14 Mg ha−1) and 22.75 Mg ha−1 rates
generally had the highest growth (stem dry weight, stem
length, and leaf dry weight). Saturated paste extracts of
the byproducts demonstrated that composted biosolids
had the most potential for increasing soil salinity due to
their complex mixtures of soluble salts. Soil treated with
the 44.5 Mg ha−1 rate had an EC of 4 dS m−1 which may
explain why the lower biosolids application rates generally
had greater tree growth. An inverse relationship between
increasing salinity and decreasing root dry weight was
shown, but salinity increases were below tolerance levels
defined for hybrid poplar, and salts would be flushed from
the root zone if leaching of containers was allowed in this
study.

Overall, trees grown under biosolids generally exhibited
the greatest response in regards to growth, soil, and plant Fe,
N, and P increases without the need to provide supplemental
N nutrition in the form of UAN. Other benefits not reported
included an increase in Zn, Cu, and Mn in trees grown with
composted biosolid amended soil. Amendment/soil mixtures
showed little potential for environmental hazard in terms of
heavy metal increases. It appears that a onetime application
of the ACB 22.75 Mg ha−1 rate is sufficient to supply plant-
available Fe and growth benefits to hybrid poplar seedlings
without the risk of increasing salinity in unleached circum-
stances. The beneficial recycling of nutrients from biosolids
to agricultural crops produced on a calcareous soil is feasible.

An analysis of the Albuquerque composted biosolids for
antibiotics and personal care products would add value to
future field plot studies.
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A long-term assay was conducted to evaluate the environmental impacts of agriculture use of sewage sludge on a tropical soil.
This paper describes and discusses the results obtained by applying a interdisciplinary approach and the valuable insights gained.
Experimental site was located in Jaguariúna (SP, Brazil). Multiyear comparison was developed with the application of sewage sludge
obtained from wastewater treatment plants at Barueri (domestic and industrial sewage) and Franca (domestic sewage), São Paulo
State. The treatments were control, mineral fertilization, and sewage sludge applied based on the N concentration that provides
the same amount of N as in the mineral fertilization recommended for corn crop, two, four, and eight times the N recommended
dosage. The results obtained indicated that the amount of sewage sludge used in agricultural areas must be calculated based on the
N crop needs, and annual application must be avoided to prevent overapplications.

1. Introduction

Sewage sludge contains organic matter and is rich in macro-
and micronutrients, so the agricultural and forestry disposal
is widely recommended [1–3]. However, sewage sludge also
contains contaminants (heavy metals, organic compounds,
and human pathogens) which should be considered when it
is utilized in agricultural and forestry soils [1, 4]. Researches
about sewage sludge disposal in soil are focused on its effects
on soil fertility, plant development, and contamination by
heavy metals and organic compounds. However, applications
of this residue modify biological, chemical, and physical
properties of the soils, consequently the dynamics of its
microbiota, organic matter decomposition, nutrient cycling,
physical structure of the soil, and pest and plant disease
severity [4–10].

The studies on sewage sludge are conducted mainly
under temperate conditions, with few studies in tropical cli-
mate. The few studies in tropical conditions are conducted
mainly to assess the nutritional effects and problems with
heavy metal from sewage sludge application. These studies
are rarely performed by determining long-term environmen-
tal impacts of agricultural use of sewage sludge.

Due to the fact that sewage sludge amount in Brazil is
rapidly increasing, since its production was initiated twenty
years ago, it is extremely important to gain knowledge and
to learn about the long-term effects of sewage sludge appli-
cations on soil chemical, biological, and physical properties.
Therefore, the objectives of this paper are to present and
discuss the long-term effects of continued application of
sewage sludge on the microbial biomass C and N, basal
respiration, metabolic quotient, enzymatic activity, total
carbon and nitrogen, soils δ13C, gas fluxes at the soil-
atmosphere interface, soil suppressiveness to the soilborne
plant pathogens, pests and natural enemies, mites and
collembolans populations, nitrate leaching, organic nitrogen
mineralization rate, heavy metal contents in soil, plants and
water, and soil chemical and physical characteristics under
field conditions assay conducted in a tropical soil. Previous
results were published by Fernandes et al. [6, 7], Ghini et al.
[8], Dynia et al. [10], Pedrinho et al. [11], Val-Moraes [12],
Alves [13], Araújo and Bettiol [14], Bettiol [15], Melo [16],
Melo [17], Boeira and Maximiliano [18, 19], Silva et al.
[20], Rangel et al. [21], Alcantara et al. [22], Borba et al.
[23], Munhoz and Berton [24], Vieira et al. [25], Boeira and
Souza [26], Filizola et al. [27], and Macedo et al. [28–30].



2 Applied and Environmental Soil Science

The most relevant results of this interdisciplinary approach
are summarized and discussed here.

2. Experimental Conditions

The experiment was conducted at the Embrapa Environment
Experimental Field, located in Jaguariúna, São Paulo State,
Brazil (latitude 22◦41’S, longitude 47◦W). The altitude of
the site is 570 m a.s.l. The climate type is humid subtropical;
mean annual rainfall is 1335.4 mm, and mean annual
temperature is 21.7◦C [31]. The soil at the experimental area
was a dark red distroferric latosol (clayey texture) which
physical and chemical characteristics in the 0–20 cm layer,
before the onset of the study follows: pH in water = 5.8; OM
= 25.5 g kg−1; P = 3.5 mg cm−3; K = 1.51, Ca = 27.5, Mg = 8.5,
Al = 1, H = 35, and CEC = 73.5 mmol dm−3; BS% = 50.8; and
clay = 450 g kg−1 [6, 7, 21].

The different sewage sludge were obtained from bio-
logical or secondary wastewater treatment plants located in
Barueri, São Paulo, which treats domestic and industrial
sewage (Barueri Sludge), and in Franca, São Paulo, which
treats only domestic sewage (Franca sludge). Both plants
employ activated sludge process. The most important char-
acteristics of these two types of sludge were earlier described
in Bettiol et al. [32] and are presented in Table 1.

The study treatments were: control (C), mineral fertiliza-
tion (NPK) recommended for the crop [33], sewage sludge
applied based on the N concentration that provides the same
amount of N as in the mineral fertilization recommended for
the corn −90 kg ha−1 [33] (1N), and two (2N), four (4N),
and eight (8N) times the N recommended dosage for the
corn crop. Calculations of sludge rates were performed as
a function of the N available for plants, considering the N
mineralization rate as 30%. Supplementary K was applied
for treatments involving sewage sludge, when necessary [34].
The wet sludge had been incorporated annually in six appli-
cations, since 1999 (April and December 1999, October 2000,
November 2001, November 2002, and December 2003). It
was toss distributed in the total area of the experimental plots
and incorporated to a depth of 20 cm with a rotary harrow,
3-4 days before sowing.

In the first year, the corn variety cultivated was CATI
AL30, and sowing was done on April/05/1999 (minicrop);
in the second year, the hybrid AG1043 was cultivated and
sowing was on December/13/1999; in the third, fourth, fifth,
and sixth years, the hybrid Savanna 133S was used, sown on
October/30/2000, November/05/2001, November/22/2002,
and December/18/2003. For the third cultivation, the pH was
corrected individually in each plot to pH 5.7, one month
before sludge application, based on a soil-neutralizing curve.
The agricultural practices adopted were those traditionally
utilized locally for the crop without irrigation. The stubble
was removed from the plots before sludge application.
Table 2 displays the amounts of sludge and fertilizers applied
in each treatment during the six corn cropping seasons.

The experimental design was set up as completely ran-
domized split blocks with three replications. Each plot mea-
sured 10 m × 20 m, with 12 rows per plot. The plots were

separated by hedgerows with at least 5 m on each side,
planted with Bracchiaria sp. grass kept at a short height.

3. Effect of Sewage Sludge on
Soil Microbial Activity

The application of sewage sludge can either stimulate soil
microbial activity, due to an increase in available carbon
and nutrients, or inhibit activity, due to the presence of
heavy metals and other pollutants [35, 36]. Soil respiration,
metabolic quotient, and soil enzymatic activity have been
adequate indicators for microbial activity and of modifica-
tions occurred in the soil to evaluate the effects of sewage
sludge disposal in agriculture and forestry soils [7, 37–40].

The effect of long-term and continued application of
sewage sludge rates on microbial biomass, basal respiration,
metabolic quotient, and enzymatic activity was studied by
Fernandes et al. [6] after four application of Barueri sewage
sludge under field conditions in Jaguariúna assay (Tables 1
and 2). These authors observed that soil microbial biomass
values for C and N varied significantly with different sewage
sludge doses and sampling seasons, and their values were
positively correlated with sewage sludge doses; the basal
respiration, qCO2 and soil enzymatic activity increased as the
sewage sludge doses added to the soil increased; there was
a significant correlation between C and N in the microbial
biomass and C and N from amylase and urease activities, and
repeated applications of sewage sludge would eventually lead
to a new steady state with a new balance between materials
inputs and outputs. In this way, considering that agricultural
use is the best sewage sludge disposal means and having been
observed an increase in microbial activity proportional to
sludge application, Fernandes et al. [6] recommended that
the amount of sludge must be calculated based on the N
crop needs, and application should not exceed soil capacity,
returning to the same area not more frequently than every
second year.

Using the method based on analysis of polymerase chain
reaction (PCR) amplicons containing genes encoding 16S
rRNA from total soil DNA, Pedrinho [11] studied the bac-
terial community in soil after three applications of Barueri
sewage sludge. Pedrinho [11] observed that the members
of the phylum Proteobacteria were markedly predominant
in the soil treated with sewage sludge, and Acidobacteria
was significantly present in the control. The phyla Verru-
comicrobia, Actinobacteria, and Firmicutes were found in
similar frequencies in treated and untreated (control) soils.
Phylogenetic analysis revealed smaller bacterial diversity for
soil treated with Barueri sewage sludge, suggesting that the
addition of this sewage sludge can affect the phylum richness
of the soil.

The effect of Barueri sewage sludge on the structure of the
bacterial communities through DNA microarray analysis was
studied by Val-Moraes [12] after five applications. Despite
the fact that 1N dose of sewage sludge did not reduce
the bacterial community of soil, there was a change in
community structure. The dose of 8N drastically reduced
the majority of the representatives of the phyla, including
Chloroflexi, Planctomycetes, and Verrucomicrobia which has
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Table 1: Chemical characteristics of sewage sludge utilized in experiments.

Characteristcs
First cultivation Second cultivation Third cultivation Fourth cultivation Fifth cultivation Sixth cultivation

Unit(a) BS FS BS FS BS FS BS FS BS FS BS FS

Ar mg kg−1 <1 <1 <1 <1 <1 <1 <0.01 <0.01 <0.1 <0.1 <0.01 <0.01

Al mg kg−1 28,781 32,564 25,300 33,500 23,283 23,317 11,959 18,189 14230.7 21672.2 15063 30302

Cd mg kg−1 12.8 3.32 9.5 2.0 9.4 2.05 16.2 1.14 14.0 0.6 14.1 1

Pb mg kg−1 364.4 199.6 233 118 348.9 140.5 137.9 78.6 148.7 43.0 127 26.6

Cu mg kg−1 1058 239.8 1046 359 953.0 240.9 682.8 187.1 867.8 196.0 805 152

Cr total mg kg−1 823.8 633.8 1071 1325 1297.2 1230.3 609.3 202.0 639.6 182.4 700 128

Fe mg kg−1 54,181 33,793 32,500 31,700 37,990 24,176 39,058 39,895 32,100 64,900 31,892 77,997

Hg mg kg−1 <0.01 <0.01 <1 <1 <0.01 <0.01 <0.01 <0.01 <0.1 <0.1 <0.01 <0.01

Mo mg kg−1 <0.01 <0.01 <1 <1 <0.01 <0.01 <0.01 <0.01 <0.1 <0.1 <0.01 <0.01

Ni mg kg−1 518.4 54.7 483 74 605.8 72.4 331.3 63.9 270.0 49.5 253 50.7

Se mg kg−1 <0.01 <0.01 <1 <1 <0.01 <1 <0.01 <0.01 <0.1 <0.1 <0.01 <0.01

Zn mg kg−1 2821 1230 3335 1590 3372 1198 2327.9 773.0 3330.0 890.6 2888 640

B mg kg−1 36.2 40.7 11.2 7.1 29.3 19.7 10.7 10.4 17.6 13.6 11.1 3.2

C organic g kg−1 248.2 305.1 271 374 292.9 382.4 354.2 370.9 534.4 475.4 312 200

pH 6.6 6.3 6.4 6.4 6.4 5.4 8.5 8.9 8.0 8.3 8.3 7.8

Humidity(b) % 66.4 83 80.2 82.4 71.2 82.7 79.5 74.6 78.8 78.5 81.2 75

Volatile solids % 43.0 60.5 — — 56.8 72.5 62.6 67.0 59.6 58.65 62 42

N Total(b) g kg−1 21 56.4 49.7 67.5 42.1 68.2 50.8 49.7 79.7 57.7 43.5 32.2

F g kg−1 15.9 16.0 31.2 21.3 26.9 12.9 17.7 13.8 17.9 27.3 16.1 18.3

P g kg−1 1.0 1.0 1.97 0.99 1.0 1.0 1.5 1.5 1.0 1.0 1.2 0.7

Na g kg−1 0.5 0.5 0.6 0.6 0.5 0.9 0.5 0.5 0.9 0.4 0.3 0.3

S g kg−1 13.4 16.3 10.8 13.3 17.1 15.7 11.7 9.3 14.5 10.1 12.6 6.5

Ca g kg−1 40.3 29.2 22.8 16.8 47.8 24.8 20.1 13.3 19.4 11.5 13.4 10.4

Mg g kg−1 3.0 2.2 3.7 2.5 4.5 2.2 3.7 2.7 3.8 5.0 2.8 1.5

Mn mg kg−1 429.5 349.3 335 267 418.9 232.5 277.5 439.8 246.9 712.9 209 683

Concentration values given are based on dry matter. (a)Determined according EPA SW-846-3051 (1986), in IAC (Campinas, São Paulo). (b)Concentration
values for N total and humidity were determined in the sample under the original conditions, in Embrapa Environment. EPA, 1986. Test methods for
evaluating solid waste, physical/chemical methods. US Environmental Protection Agency. Office of solid waste and emergency response, third ed. U.S.
Government Office, Washington, DC, SW-846-3051.

representatives directly associated with sewage sludge. On the
other hand, other favored phyla include Bacteroidetes, can-
didate divisions OD1, OP11, and OS-K, and Spirochaetes.
The candidates divisions OD1 and OP11 are related to
the sulfur cycle, and this soil had a high S rate. However,
the Spirochaetes are generally pathogenic. The candidate
division OS-K has not yet determined the ecological role in
the environment, but it is probably related to the cycle of
sulfur and phosphorus. The author concluded that bacterial
communities were most affected by the dose 8N, indicating
that high doses of Barueri sewage sludge completely alter the
bacterial communities.

4. Sewage Sludge Effects on Gas Fluxes at
the Soil-Atmosphere Interface, on Soil δ13C,
and on Total Soil Carbon and Nitrogen

Application of sewage sludge under temperate soil climates
increases the emission of CO2, N2O and CH4 [41–43], but

in tropical soils that received sludge applications, there are
few studies. To study gases emissions from tropical treated
soils, Fernandes et al. [7] collected the samples of gases
(CO2, N2O, and CH4) in the soil treated with Barueri sewage
sludge (i) before the sludge application corresponding to
the third corn cultivation, (ii) at the end of the third
cultivation, (iii) before the sludge application corresponding
to the fourth cultivation, (iv) 33 days after sludge application
prior to the corn planting corresponding to the fourth
cultivation, and (v) at the end of the fourth cultivation
(Tables 1 and 2). The measurements of gas emission rates
were made according to Bowden et al. [44] and Fernandes
et al. [45]. In this study, Fernandes et al. [7] observed that
the application of sewage sludge caused an increased flux of
CO2, N2O, and CH4 to the atmosphere by 224%, 316%, and
162%, respectively, for the highest sewage sludge rate, when
compared to the control. There was an increase in the flux
of CO2, N2O, and CH4 to the atmosphere of 85%, 45%, and
106% for the NPK treatment, when compared to the control.
However, when the highest sludge rate was compared to the
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Table 2: Franca sewage sludge (FS), Barueri sewage sludge (BS), and mineral fertilizer (NPK) amounts applied in six corn cultivations.

Treatment
Sewage sludge (kg ha−1 dry matter) N (cultivation + coverage) + P2O5(kg ha−) K2O (kg ha−)

Cropping Cropping Cropping

1◦ 2◦ 3◦ 4◦ 5◦ 6◦ 1◦ 2◦ 3◦ 4◦ 5◦ 6◦ 1◦ 2◦ 3◦ 4◦ 5◦ 6◦

C — — — — — — — — — — — — — — — — — —

NPK — — — — — — 16 + 34 18 + 72 18 + 82 20 + 70 20 + 80 20 + 50 64 72 72 56 70 50

80 90 90 70 70 70

F1N 3014 3504 3766 4432 4300 5720 — — — — — — 28 33 58 96 63 39.1

F2N 6028 7008 7533 8863 8700 11450 — — — — — — 25 29 45 90 54 29.1

F4N 12057 14017 15065 17726 17400 22890 — — — — — — 17 23 18 75 36 6.1

F8N 24113 26033 30131 35452 34800 45790 — — — — — — — 11 — 42 3 —

C — — — — — — — — — — — — — — — — — —

NPK — — — — — — 16 + 34 18 + 72 18 + 82 20 + 70 20 + 80 20 + 50 64 72 72 56 72 50

80 90 90 70 70 70

B1N 8095 3995 5315 5295 3200 3880 — — — — — — 3 28 40 87 57 35.6

B2N 16190 7991 10631 10591 6500 7770 — — — — — — — 19 8 69 45 21.2

B4N 32381 15981 21262 21182 12900 15530 — — — — — — — 4 — 33 21 —

B8N 64762 31962 42524 42363 25800 31060 — — — — — — — — — — — —

FS: sewage sludge from the Franca Wastewater Treatment Plant. BS: sewage sludge from Barueri Wastewater Treatment Plant. C: control; NPK: mineral
fertilization recommended for the crop; F1N, F2N, F4N, and F8N: SS from Franca based on the nitrogen concentration that provides the same amount of
N as in the mineral fertilization, one, two, four, and eight times the N recommended sewage sludge dosage, respectively; B1N, B2N, B4N, and B8N: sewage
sludge from Barueri based on the nitrogen concentration that provides the same amount of N as in the mineral fertilization, one, two, four, and eight times
the N recommended sewage sludge, respectively.

NPK treatment, the increases in the fluxes of CO2, N2O, and
CH4 to the atmosphere were 75%, 186%, and 27%. These
results demonstrate that NPK and sewage sludge changed the
rate of mineralization of soil organic matter; consequently,
there were greater fluxes of CO2, N2O, and CH4 to the
atmosphere as compared with the control.

In soils treated with Barueri sewage sludge, Fernandes et
al. [7] also studied soil δ13C and on total soil carbon and
nitrogen. The soil C contents at the highest sewage sludge
rate increased by 55% and 48% at the layers from 0 to
10 cm and from 10 to 20 cm, respectively, as compared to
the control. In the case of soil N, the increase was in the
order of 59% and 66% at the highest sludge rate at the layers
from 0 to 10 cm and from 10 to 20 cm, respectively, relative to
the control. The increase in soil C content was derived from
the sewage sludge, as demonstrated by δ13C analyses, and,
since the soil’s δ13C contents were negative, it was suggested
that the soil was sequestering carbon contained in the sewage
sludge. Similar results were obtained by Alves [13] for Franca
sewage sludge after five applications for soil C and N contents
and δ13C analyses.

After six applications of Barueri sewage sludge, De
Oliveira Dias et al. [46] observed that the sewage sludge
applications increased the C content and stock rose in the 0
to 20 cm soil layer. Most soil C (50%–66%) was associated to
the humic pool, followed by fulvic acid fraction-C and then
humic acid fraction-C. Sewage sludge applications resulted
in higher contents of C-humic substances in soil though
the proportion of mineralized C in soil humus remained
unchanged.

5. Effect of Sewage Sludge on
Suppressiveness to Soil-Borne Plant
Pathogens and Spodoptera frugiperda

The effect of six applications at the rates of one (1N), two
(2N), four (4N), and eight (8N) times the N recommended
doses for the corn crop and types of sewage sludge (Barueri
and Franca sewage sludge) [32] on soil suppressiveness
to Fusarium oxysporum f. sp. lycopersici, Sclerotium rolfsii,
Sclerotinia sclerotiorum, Rhizoctonia solani, Pythium spp.,
and Ralstonia solanacearum was evaluated by methods using
indicator host plants, baits, and mycelial growth by Ghini
et al. [8]. The effects of sewage sludge varied depending
on the pathogen, methodology applied, and on the time
interval between the sewage sludge incorporation and soil
sampling. In general, both types of sewage sludge increased
suppressiveness of the soil to diseases caused by S. rolfsii in
bean, R. solani in radish, and R. solanacearum in tomato
plants but decreased suppressiveness to those caused by S.
sclerotiorum in tomato and Pythium spp. in cucumber and
had no effect on disease associated with Fusarium oxysporum
f. sp. lycopersici in tomato plants.

Araújo and Bettiol [14] conducted two experiments to
evaluate the effects of sewage sludge on seedling emer-
gence, damping-off incidence, and severity of R. solani and
Macrophomina phaseolina in soybean using soil samples
collected in the Jaguariúna experiment [32] after four (1999
to 2001) successive applications of sewage sludge (Tables
1 and 2). In this case, the experiments were conducted in
pots and the soil was artificially infested with the pathogens.
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In such study, there were no treatment effects on the sup-
pressiveness of R. solani and M. phaseolina [14]. Those
authors, in the same soils, evaluated the effect of sewage
sludge on the severity soybean powdery mildew (Erysiphe
diffusa), and observed that the disease severity was reduced
with of increase in the concentration of sludge in the soil.

The effect of sewage sludge on the incidence of corn
stalk rot caused by Fusarium was studied by Bettiol [15].
The disease did not occur during the first cycle. For the
1999/2000 and 2000/2001 crops, the percentage of diseased
plants was positively correlated with the concentration of
sewage sludge incorporated into to the soil. The coefficients
of determination for the second corn cultivation were R2 =
0.90 and R2 = 0.84, while for the third cultivation, they were
R2 = 0.77 and R2 = 0.45, for sewage sludge from Franca
and Barueri, respectively. The sludge concentrations also
showed positive correlation with the Fusarium population
in the soil and with the electric conductivity (EC); on the
other hand, they were negatively correlated with the pH.
The correlation studies between the percentage of diseased
plants and the soil’s chemical attributes were significant
and positive, for the two sewage sludge and the two last
cultivations, at the 5% level, for phosphorus content, CEC,
Ntotal, N–NO3−, and EC; on the other hand, it was negatively
correlated with the pH. For the second cultivation, the per-
centage of diseased plants was positively correlated with all
micronutrients (Fe, B, Cu, and Zn), except for Mn (Figure 1).
These results demonstrate that if sewage sludge is to be
utilized in agriculture in a safe manner, there is a need
for long-term interdisciplinary studies performed under the
ecological conditions of cultivation.

Suppressiveness to soil-borne plant pathogens is one of
the most important soil properties, and the applications of
organic matter alter this characteristic. On the other hand,
incorporation of sewage sludge into the soils can reduce
or increased or did not interfere with the incidence or the
severity of plant disease. In this way, the effects of sewage
sludge on plant diseases should be studied further, since
the production of sewage sludge continuously increasing
wordwide, whose final disposal is mainly in agriculture.

After four applications of sewage sludge, Melo [16] has
not verified the negative effects on Spodopera frugiperda or
their natural enemies. Furthermore, they found that there
was a positive effect of sewage sludge to reduce the occur-
rence of pests and increase natural enemies, but with un-
known causes.

6. Effect of Sewage Sludge on Mites
and Collembolans Populations

Mites and collembolans inhabitants of the soil have an
important role in organic matter decomposition. The addi-
tion of organic matter in the soil usually increases the
mesofauna population. However, some organic materials,
like sewage sludge, containing toxic agents can cause reduc-
tion of these populations. Thus, Melo [17] studied the
influence of three applications of Franca and Barueri sewage
sludge on mites, and collembolans populations in the soil.
The populations of collembolans were not affected by the

applications. The Franca sewage sludge did not showed
negative effect on the population of mites and the most
favorable rates for the population of these organisms were
2N, 4N, and 8N. Moreover, the doses of 2N, 4N, and 8N of
Barueri sewage sludge were unfavorable to the mites in the
first and second years and did not affect the population in
the next application. Oribatid mites tended to adapt to the
presence of Barueri sewage sludge after two applications.

7. Nitrate Leaching after Successive
Applications of Sewage Sludge

Dynia et al. [10] evaluated nitrate leaching caused by five
successive applications of sewage sludge at the rates of one
(1N), two (2N), four (4N), and eight (8N) times the N
recommended doses for the corn crop and types of sewage
sludge (Barueri and Franca sewage sludge) in a soil cultivated
with corn. The samples of the soil for analysis of nitrate were
collected on all plots. The layers were 0 to 0.2, 0.2 to 0.6,
0.6 to 1.0, 1.0 to 1.4, 1.4 to 1.8, 1.8 to 2.2, 2.2 to 2.6, and
2.6 to 3.0 m. The nitrate in the soil samples were extracted
with solution of sodium sulfate 0.5 mol L−1 and determined
by the colorimetric method described by Baker [47]. The
same method was used to determine the levels of nitrate in
the samples of soil solution. N–NO3− leaching occurred in
all treatments, following the order NPK<C<1N<2N<4N<8N
similarly for Barueri and Franca sewage sludge. Mean total
losses of N–NO3− in treatments 1N, 2N, 4N, and 8N
reached 430, 1,020, 2,400, and 3,970 kg ha−1, respectively,
(28%, 42%, 54% and 45% of the total N applied, resp.).
Treatments 2N, 4N, and 8N showed the greatest soil solution
N–NO3− concentrations during the fourth cultivations, with
peak values varying between 86 mg L−1 (treatment 2N) and
464 mg L−1 (treatment 8N). In treatments NPK, C, and
1N, soil solution N–NO3− concentrations during the fourth
cultivations varied from 5 to 9, 19 to 36, and 33 to 71 mg L−1,
respectively. The authors concluded that sewage sludge
application, at doses corresponding to the supply of four
and eight times the available N applied as mineral fertilizer
recommended for the culture, results in intense leaching of
the anion from the first crop. After five applications, much of
nitrate leachate reaches a depth of 3 m.

8. Organic Nitrogen Mineralization
Rate Following the Fourth Sewage
Sludge Application

According to Boeira and Maximiliano [18, 19], the available
N in sewage sludge-amended soils is one of the restrictive
factors for residue application in great amounts. This
criterion must be considered in regulations for agricultural
use of sewage sludge to avoid nitrate enrichment because of
its potential to pollute subsurface water bodies. to determine
the maximum amounts to be applied to a specific crop,
some sewage sludge and soil properties should be known.
One is the fraction of organic N of the waste that will be
mineralized during the crop cycle. This quantity, combined
with mineral N in the sludge, determines the amount of N
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Figure 1: Effect of sewage sludge rates (FS: Franca sludge; BS: Barueri Sludge; NPK-F: recommended mineral fertilization compared to
Franca sludge; NPK-B: recommended mineral fertilization compared to Barueri sludge) over the percentage of diseased plants, pH and
electric conductivity of the soil, and Fusarium population in the soil. Left column contains data referring to second planting; right column
refers to third planting. Bettiol [15].

in sewage sludge that will be available during the growing
season [19]. The purpose of the Boeira and Maximiliano
[18] study was to verify the potential availability of mineral
N in a Latossol under corn previously treated with sewage
sludge (Table 2). The N mineralization potential estimated
by the single exponential model was 28 mg kg−1 for soil

without sludge and ranged from 28 to 100 mg kg−1 for soil
treated with Franca sludge and from 40 to 113 mg kg−1 for
soil treated with Barueri sludge after four sewage sludge
applications [18]. It was concluded that N residual effects
must be considered prior to sewage sludge reapplication to
a same soil. The N mineralization potential of soil and sewage
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sludge as well as nitrate accumulation in the soil profile has
to be determined to calculate adequate sludge rates.

In a study to determine whether previous applications
of sewage sludge affect the nitrogen mineralization fraction
of the residue recently applied to a dark red dystroferric
Latosol (Oxisol), Boeria and Maximiliano [19] showed that
for reapplications on the same area, sewage sludge rates must
be lower than the doses calculated for a single application,
due to accumulations of organic and inorganic-N in the soil.

9. Effects of Sewage Sludge Applications on
Heavy Metal Contents in Soil, Corn Leaves
and Grains, and Water

The effects of long-term sewage sludge applications on heavy
metal in tropical soil were studied by Silva et al. [20] and
Rangel et al. [21] after three applications of Barueri and
Franca sewage sludge and by Alcantara et al. [22] after five
applications in the same area [32].

Silva et al. [20] quantified the total heavy metal in soil,
corn leaves and grains, and available (DTPA and Mehlich-
1) contents of Cu, Mn, Ni, Pb, and Zn. The increases in
total metal contents were directly proportional to sewage
sludge doses applied, and the metal content in sludge and
Barueri sewage sludge application increased the Cu, Mn,
Ni, Pb, and Zn contents extracted by DTPA solution. The
authors observed that the total contents of heavy metals
in soil are higher in plots fertilized with Barueri sewage
sludge (originated of industrial and domestic waste) in
relation to those quantified in areas treated with Franca
sludge (domestic waste). Silva et al. [20] suggested that the
DTPA and Mehlich-1 solutions are effective in predicting the
availability of Zn to corn plants when leaves and grains are
analyzed.

In leaves and grains of corn samples, the total concen-
tration of metals Cu, Mn, Ni, Pb, and Zn were determined
by Rangel et al. [21] in extracts obtained by nitric-perchloric
digestion [48], with the recovery of the extract with distilled
water, and the analytical measurements were performed by
inductively coupled plasma optical emission spectrometry
(ICP-OES). Those authors observed that the successive
applications of sewage sludge caused increases in Mn and
Zn contents in corn leaves and grains; in relation to the
control treatment, the application of the highest dose of
Barueri sewage sludge (8N) promoted an increment of up
to 270% and 625% of Mn, and 35% and 115% of Zn
concentration, respectively; corn leaves showed higher heavy
metals contents than the grains, which implicates a greater
possibility of metal transfer to the food chain in the case
of this part of the plant be consumed. Rangel et al. [21]
concluded that up to the third sewage sludge applications
the heavy metal concentrations observed in corn leaves
was lower than the levels considered phytotoxic, and their
concentrations in corn grains was not high enough to make
them unsuitable for human consumption.

Alcantara et al. [22] studied heavy metal partitioning
in the sol cultivated with corn after five years disposal of a
Franca and a Barueri sewage sludge. The levels of Mn, Fe,

Zn, and Cu in corn grains and leaves increased significantly
with the type and doses of sewage sludge application.
Nevertheless, metal buildup in soil and plants was within
the allowed limits. Besides the increasing levels of Zn, Cu,
Ni, and Cr, amending soil with sewage sludge also alters
the distribution of these metals by increasing the mobile
Phases, which correlated significantly with the increase in
metal extraction with two single extractants, Mehlich 1 and
DTPA [22].

In conclusion, considering the results obtained by Silva
et al. [20], Rangel et al. [21], and Alcantara et al. [22] and
the levels established by Kabata-Pendias and Pendias [49],
there is necessary to monitoring frequently the levels of heavy
metals in areas receiving sewage sludge, as well as to control
the quality of sludge for agricultural use periodically, because
the plots treated with higher doses in the range of Barueri
sewage sludge are critical to the total concentration of Zn.

From December 2003 to March 2004, after six sewage
sludge applications, Borba et al. [23] conducted the moni-
toring of metals and anions in the water of the unsaturated
zone in one plot that received Barueri sewage sludge
corresponding 8N. Monitoring occurred at depths 1, 2, 3,
4, and 5 m. The water was collected in five sampling by
extracting soil solution. In samples of water, cations (Ca,
Mg, K, Al, Fe, Mn, and Na) and anions (Cl, F, NO2,
NO3, SO4, and PO4) were analyzed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and high-
performance liquid chromatography (HPLC), respectively.
Heavy metals (Cd, Cu, Ni, Pb, and Zn) were determined
using a graphite furnace atomic absorption (GF-AA) and
were also measured the physical and chemical parameters
of the samples (pH, conductivity, Eh) and total alkalinity
obtained by volumetric method. The main ions found in soil
solution were Ca, Mg, NO3, and SO4. The concentrations
of Ca, NO3, and NO2 reached their maximum values at the
2 m depth and were reduced at 5 m. The SO4 showed high
concentrations only at 1 m and was practically nonexistent
at other depths. Mg increased up to 3 m, where reached
the highest values, and then declined. The total alkalinity,
assumed as HCO3, decreased from 1 to 2 m and then grew
continuously until 5 m. Trace elements called attention, as
Al that appeared permanently on 2 m depth (where the pH
is 4.2), Mn in 3 m and Pb over all the depths. The other
elements (Fe, Cd, Cu, Ni, Zn) were not detected. Among the
cations, different reactions were observed: Ca and Mg were
almost all entirety retained until 3 m depth, while Pb showed
constant concentrations throughout the depths. The nitrate,
up to 3 m, and Pb, at all depths, showed concentrations
above those permitted by law for human consumption
[50] in samples of well water, which are 44.3 mg L−1 and
0.010 mg L−1, respectively.

10. Effects of Sewage Sludge Applications on
Chemical Change in Soil and Water

After four applications of Barueri sewage sludge, Fernandes
et al. [7] observed that all sludge rates (1N, 2N, 4N, and 8N)
increased the concentration of soil C and N as compared
to the control. The soil C contents at the highest sewage
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sludge rate increased by 55% and 48% at the layers from 0
to 10 cm and from 10 to 20 cm, respectively, as compared
to the control. In the case of soil N, the increase was in the
order of 59% and 66% at the highest sludge rate at the layers
from 0 to 10 cm and from 10 to 20 cm, respectively, relative
to the control. The C and N concentrations, on average at all
samplings, for the first 10 cm of soil were, respectively, 1.49%
and 0.107% for the control and 2.30% and 0.17% for the
highest sewage sludge rate. These increases were due to the
high organic matter content in the Barueri sewage sludge,
but for this sewage sludge is very important consider the
heavy metals concentrations, because the origin is domestic
and industrial waste. Alcantara et al. [22] observed that the
application of increasing sewage sludge rates raised the level
of organic carbon in soil significantly at both 0–20 and 20–
40 cm deep, which probably affected soil cation exchange
capacity (CEC) directly at both depths. The effect of the
4N and 8N doses was significantly different compared to
the 1N and 2N [22]. The total humic fraction (fulvic +
humic + humin) in Franca’s sewage sludge was higher than in
Barueri’s and the nonhumic fraction was significantly higher
in Barueri’s [22].

Alcantara et al. [22] observed that the concentrations
of phosphorus, nitrogen, sulfate, and CEC, organic carbon
were positively correlated with sewage sludge dose applied
to the soil. The sewage sludge doses influenced the content
of P significantly, increasing its availability in the soil at both
0–20 and 20–40 cm deep. This was already expected, since the
original P content in the soil was 1 mg kg−1. For the 8N dose,
the value observed was 114 mg kg−1 after five sewage sludge
applications [22]. This result indicates that the use of sewage
sludge is important to increase P content in tropical soil.

Phosphorus availability to corn plants in soil receiving
Barueri and Franca sewage sludge was studied by Munhoz
and Berton [24] after two applications. The Franca and
Barueri sewage sludge had an efficiency of 34% in supplying
P to corn, while the sewage sludge from Franca showed 64%
and Barueri only 16% efficiency when compared to mineral
source. The sewage sludge decreased binding energy and
soil P adsorption capacity without changing the phosphorus
maximum adsorption capacity. The labile fractions (P-CaCl2
+ P-NaHCO3) and moderately labile fractions (P-NaOH)
increased by 11.2% and 20.3%, respectively, in detriment of
most resistant fraction (residual P). According to Munhoz
and Berton [24], increase in availability of sewage sludge
P for corn can be partly explained by the decrease in the
amount of P adsorbed by the soil and by transferring P from
the most resistant fractions to more labile P pools. Addition
of sewage sludge increased P availability to corn, but high
amounts of this material decreased a binding energy to soil
adsorption sites, and increasing the risk of having P losses by
runoff towards surface water bodies.

Treatments 2N, 4N, and 8N showed the greatest soil
solution N–NO3− concentrations during the fourth crop,
with peak values varying between 86 mg L−1 (treatment 2N)
and 464 mg L−1 (8N treatment). In treatments NPK, 0N, and
1N, soil solution N–NO3− concentrations during the fourth
crop varied from 5 to 9, 19 to 36, and 33 to 71 mg L−1,
respectively [10].

Vieira et al. [25] observed that the inorganic N concen-
tration increased with the rate of sewage sludge applications.
The high NO3− concentrations in relation to NH4+ were
associated with intense soil nitrification.

After five applications of Barueri and Franca sewage
sludge, the levels of P, Zn, Cu, and Fe increased (Table 3).
A positive correlation was observed between levels of P, Zn,
Cu, and Fe in the soil and doses of sewage sludge applied.
These elements may be a limiting factor in the continued use
of sewage sludge.

11. Effects of Sewage Sludge Applications on
Physical Change in Soil

The results obtained by Boeira and De Souza [26] showed
that the bulk density decreased significantly in the upper
layer in response to the increasing application rates of the two
sludge types.

After three applications, the sewage sludge treatments
decreased the mean diameter of soil aggregates [27]. This
result indicated an apparent deleterious effect of sewage
sludge on soil structure. The slim plate technique utilized by
Macedo et al. [28] confirms the occurrence of soil surface
sealing. The sealing process increased from control to 8N
dose of sewage sludge.

Sewage sludge incorporated in soil with a rotary harrow
acts as glue, facilitating the emergence and increasing the
soil surface sealing process and crust thickness, with conse-
quent negative influence on seed germination. Furthermore,
exposure of soil surface incorporated with sewage sludge to
the rain had led to the formation of crust, with subsequent
appearance of surface cracks, which can increase the soil
hydraulic conductivity by preferential flow, and also reduced
the seed germination [29, 30].

12. Concluding Remarks

Considering that agricultural and forestry use is the best
sewage sludge disposal and the results above described, we
recommend that the amount of sludge must be calculated
based on the N crop needs and annual application must
be avoided to prevent overapplications. For tropical soils,
the increase in P availability is one of the most important
consequences from the sewage sludge addition to soil, but
high amounts of this waste decreases a binding energy to
soil adsorption sites and increases the risk of having P
losses by runoff towards surface water bodies. The levels
of N and Zn in soil increased with the rate of sewage
sludge application and should be monitored. The results
presented in this paper indicate that there is need to reduce
the concentration of heavy metals in sewage sludge to avoid
problems of soil contamination and harmful effects on the
microbial community, as well as on the food produced. Thus,
in areas receiving sewage sludge, soil fertility, levels of nitrate,
heavy metals, and others contaminants must be frequently
monitored in order to avoid negative impacts.

In August 2006, the Brazil Environment Minister
(CONAMA) [51] established the Brazilian legislation on
sewage sludge application in agriculture. The dose of total
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Table 3: Chemical characteristics of the soil after five application of Barueri (B) and Franca (F) sewage sludge.

Characteristic Unit
Barueri sewage sludge Franca sewage sludge

C NPK B1N B2N B4N B8N C NPK F1N F2N F4N F8N

pH (water) 5.6 5.8 5.6 5.9 5.8 5.2 5.8 5.5 5.9 5.5 5.7 5.3

P mg dm−3 5.6 16.5 45.5 58.2 132.3 320.6 6.2 13.4 55.3 62.0 56.6 105.4

K mg dm−3 32.3 67.3 40.0 35.3 30.3 48.0 35.0 50.7 41.7 40.3 31.7 29.3

Ca mmolc dm−3 27 34 38 46 50 47 31 33 39 35 45 48

Mg mmolc dm−3 16 21 14 16 15 18 17 12 18 19 19 14

H+Al mmolc dm−3 49 41 48 40 48 61 54 52 41 52 49 59

SB mmolc dm−3 45 57 52 63 66 66 49 46 58 56 65 63

CTC mmolc dm−3 93 99 101 103 114 127 103 98 99 107 113 121

V % 47.2 57.3 52.0 60.9 57.3 52.3 47.4 47.2 58.8 51.5 57.1 51.6

B mg dm−3 0.4 0.7 0.4 0.5 0.5 1.0 0.4 0.3 0.6 0.5 0.5 0.5

Cu mg dm−3 1.9 1.6 6.5 10.4 18.8 43.5 1.5 1.4 5.1 3.4 4.0 5.7

Fe mg dm−3 47.8 35.8 57.7 76.8 103.3 236.9 44.2 46.5 86.4 120.2 114.6 190.8

Mn mg dm−3 10.2 9.2 11.2 11.3 12.5 13.1 10.2 11.5 19.2 19.5 15.2 16.7

Zn Mg dm−3 1.7 1.6 20.5 39.8 72.3 109.7 0.7 1.5 15.2 11.1 14.5 49.2

FS: sewage sludge from the Franca Wastewater Treatment Plant. BS: sewage sludge from Barueri Wastewater Treatment Plant. C: control; NPK: mineral
fertilization recommended for the crop; F1N, F2N, F4N, and F8N: SS from Franca based on the nitrogen concentration that provides the same amount of
N as in the mineral fertilization, one, two, four, and eight times the N recommended sewage sludge dosage, respectively; B1N, B2N, B4N, and B8N: sewage
sludge from Barueri based on the nitrogen concentration that provides the same amount of N as in the mineral fertilization, one, two, four, and eight times
the N recommended sewage sludge, respectively.

sewage sludge applied in agriculture is based on sewage
sludge nitrogen content and the nitrogen requirement of
the cultivated crop would be the safest and recommended
way to use this residue as a soil amendment. This legislation
established the maximum concentrations of heavy metal and
human pathogenic microorganisms on sewage sludge for
agricultural and forestry disposal.

Finally, we would like to stress the importance of this pio-
neer study with long-term effects of continued sewage sludge
application under the tropical conditions. The Jaguariúna
experiment has continued for interdisciplinary studies.
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Biosolids were applied to a pasture and a vineyard in south-eastern Australia. At both sites, soil Cd, Cu, and Zn concentrations
linearly increased with biosolids application rates although not to the extent of exceeding soil quality guidelines. Biosolids
marginally increased soil C and N concentrations at the pasture site but significantly increased P concentrations. With lower
overall soil fertility at the vineyard, biosolids increased C, N, and P concentrations. At neither site did biosolids application affect
soil microbial endpoints. Biosolids increased pasture production compared to the unfertilised control but had little effect on grape
production or quality. Interestingly, over the 3-year trial, there was no difference in pasture production between the biosolids
treated plots and plots receiving inorganic fertiliser. These results suggest that biosolids could be used as a fertiliser to stimulate
pasture production and as a soil conditioner to improve vineyard soils in this region.

1. Introduction

Biosolids are the solid or semisolid material produced from
the biological treatment of sewage. As biosolids contain
pathogens and contaminants that can adversely affect flora
and fauna (including humans), management of the increas-
ing amounts generated is a major international issue [1, 2].
In the past, ocean dumping was an acceptable management
option [3, 4] but is now banned in some jurisdictions [5].
Given the organic nature of biosolids and the plant nutrients
they contain, there is increasing emphasis on alternative
disposal methods such as land application [6].

Composting can be used to reduce health risks from
pathogenic organisms contained in biosolids [7, 8] prior

to their application to land. However, depending on the
concentrations initially present in the biosolids, metals
and organic pollutants (such as pesticides, polychlori-
nated biphenyls, and polycyclic aromatic hydrocarbons)
that remain after such treatments may adversely affect soil
and human health [9, 10]. Studies examining changes in
soil health following biosolids addition to soil have been
somewhat equivocal, because the apparently negative effects
of organic chemicals and metals on soil biota may be
outweighed by the positive effects organic matter additions
[11–16].

In 2003, a series of field trials were established in
south-eastern Australia as part of the Australian National
Biosolids Research Program (NBRP). The NBRP aimed:
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Table 1: Selected properties of surface soils (0–100 mm) at Pakenham and Mildura prior to their use in the National Biosolids Research
Program, Victoria.

Property1 Pakenham site Mildura site

Texture Very fine sandy clay loam Sandy clay loam

pH (1 : 5 H2O) 5.6 8.0

pH (1 : 5 CaCl2) 5.0 8.3

EC (dS/m) 0.16 <0.2

Total C (% w/w) 5.8 0.8

Total N (% w/w) 0.49 0.3

Olsen P (mg/kg) 9 13

CPC S (mg/kg) 10 10

Exch. Ca (meq/100 g) 5.4 3

Exch. Mg (meq/100 g) 3.1 0.3

Exch. Na (meq/100 g) 0.64 0.2

Exch. K (meq/100 g) 0.5 0.3
1
For methods refer [26]: 4A1, 4B2, 3A1, 6B3, 7A5, 9C2, 10B3 modified using 1 : 4 extraction ratio and activated charcoal to remove organic S, 15D1/3

(Pakenham/Mildura).

(a) to quantify the potential human and environmental risks
and benefits of applying biosolids to agricultural land, and
(b) to develop biosolids quality guidelines for cadmium
(Cd), copper (Cu), zinc (Zn), and nutrients [17]. The NBRP
program was predominantly field-based with 12 field sites
in major agricultural regions of Australia and primarily
focussed on grain production. Previous publications derived
from the NBRP include models of the toxicity of Cu and
Zn to micro-organisms [18] and wheat [19, 20], risks of
soil-grain transfer of biosolid cadmium [21], comparisons
of copper and zinc bioavailability to their soluble salts [22],
and the application of phytotoxicity data to developing a
new Australian framework for guiding biosolids applications
[23].

South-eastern Australia has extensive areas of both
pastoral grazing and perennial viticulture. Consequently, as
part of the NBRP, biosolids were applied to pasture and
vines in order to measure short-term (<3 years) changes
in production and soil quality. The biosolids were used
as a fertiliser to stimulate pasture production and as a
soil conditioner to improve vineyard soils [24]. This paper
reports results from these studies.

2. Materials and Methods

Biosolids were applied to pasture at Pakenham (−38.0932,
145.5135) and grape vines at Mildura (−33.9803, 141.8757).
The soil at the Pakenham site is classified as a Kurosol and
the soil at the Mildura site as a Calcarosol according to the
Australian Soil Classification [25]. Selected characteristics of
the surface soils are presented in Table 1.

Three biosolids from different sources were used for the
study (Table 2). The pasture trial had a randomised block
design with two types of biosolids (B1-2), six biosolids
treatments (T2-7), a control treatment (T1), and a mineral
fertiliser treatment (T8). Each treatment was replicated three
times (Rep 1–3) resulting in 48 plots per site. Plot sizes were
4 × 9 m with a 1 m buffer zone between plots to minimise

cross contamination. The Mildura trial in which only one
biosolid was added was designed to incorporate the vine
rows, and there were 48 experimental rows with two rows
per treatment. In all other respects, the design was similar to
that at Pakenham.

Biosolids were applied as multiples of the estimated
nitrogen limiting biosolids application rate (NLBAR) [27].
At Pakenham plots (T2–T6) received one application of
biosolids at the beginning of the trial, two weeks prior
to planting the pasture. Biosolids were applied to mature
grape vines at Mildura. At Mildura, there was an additional
treatment of an annual application (T7) of biosolids at
an NLBAR of 1.5. Pakenham did not receive an annual
application of biosolids as incorporation into the soil was
not possible without damaging the pasture. Hence, at
Pakenham, T4 and T7 were the same, and no results for
the T7 plots are presented. The biosolids application rates
are shown in Table 3. The Pakenham trial commenced in
2004 and was monitored for three years, while the Mildura
site was established in 2004 and monitored for two years.
Climate data for both sites during the monitoring period are
presented in Figure 1. Rainfall at Mildura was supplemented
by drip irrigation as needed to prevent a moisture deficit
adversely affecting crop production.

For the mineral fertiliser treatment (T8) at Pakenham,
330 kg/ha urea was applied annually in 3 applications and
100 kg/ha of a Superphosphate-Potash blend (5.9% P, 16.6%
K, 7.3% S) was applied in split applications annually. At
Mildura, the design of the irrigation system did not allow for
the isolation of the experimental plots from other sections
of the vineyard. Consequently, there was no mineral fertiliser
treatment (T8) at Mildura.

At Pakenham biosolids were measured using industrial
scales and applied evenly to the plots before being incorpo-
rated into the soil using a tractor-mounted rotary hoe to
a depth of 100 mm. The site was sown with a commercial
clover/ryegrass in May, 2004. At Mildura, a machine-
operated spreader was used to spread the biosolids in August,
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Table 2: Properties of biosolids applied to pasture and grape vines in the National Biosolids Research Program, Victoria.

Pakenham Mildura

Propertya South East Water Yarra Valley Water Lower Murray Water

Total N (%) 0.88 0.60 2.5

NO3-N (mg/kg) 420 590 210

NH4-N (mg/kg) 160 15 720

Total P (%) 0.28 0.61 0.83

Total K (%) 0.18 0.33 0.45

Total S (%) 0.19 0.11 0.52

Total Ca (%) 0.49 7.1 1.3

Total Mg (%) 0.17 0.98 0.32

Total Cd (mg/kg) 0.70 0.70 1.4

Total Cu (mg/kg) 400 92 220

Total Zn (mg/kg) 600 210 330

pH 4.4 8.3 6.5

Solids (%) 65 75 79

EC (dSm)b 1.6 2.2 7.9

Total C (%) 8.7 6.4 16
a
Report on a dry bases except for pH and EC.

bEC: Electrical conductivity (40◦C).

Table 3: Treatments, application rates (in terms of Nitrogen Limiting Biosolids Application Rate (NLBAR) and mass (dry tonnes/ha)) and
source of biosolids used in trials at Pakenham and Mildura.

Pakenham Mildura

Treatment plot number NLBARa South East Water Yarra Valley Water Lower Murray Water

1 (control) 0 0 0 0

2 0.5 25b 29 9.5

3 1.0 51 57 19

4 1.5 77 86 28

5 3.0 150 170 57

6 4.5 230 260 85

7 1.5c NAd NA 28

8 Inorganic fertiliser treatment NA
a
NLBAR: Nitrogen Limiting Biosolids Application Rate.

bApplication Rate (t/ha)
cAnnual application of biosolids.
dNA: Not applicable.

2004. Biosolids were simultaneously spread to both rows
within each plot. These biosolids were not incorporated as
this could not be done without damaging the roots of the
mature Cabernet Sauvignon grape vines established in 1998.
The annual reapplication of biosolids at Mildura occurred in
September, 2005.

At Pakenham, pasture sampling occurred seven times
during the trial after a period of either simulated hay
production (15 or 27 weeks) or grazing (6 weeks). Pasture
was sampled on August 26, and November 17, 2004, July
19 and November 14, 2005, January 24, June 20, and
September 12, 2006. Pastures were sampled by removing
25 random subsamples from within each plot (5 cm2 for
each subsample). These samples were washed, dried at 65◦C,

weighed, and ground prior to analysis. At strategic times and
after sampling, pastures were mown to remove excess foliage.

At Mildura, grape vine petioles were sampled at 75%
flowering (November) and grapes were sampled around
harvest on March 1, 2005 and February 22, 2006, in keeping
with local practice. Petioles and grapes were sampled from
every sixth vine along each row within the plots. Subsamples
of bunches of grapes were taken for analysis. Grape samples
were stored frozen (−20◦C) until analysed. Grape yield (t/ha)
was calculated using the berry weights of six 1 m sections of
the plots, the row spacing and row length.

Total N, total P, and concentrations of various metals (K,
Ca, Mg, Na, Cu, Zn, Mn, Fe, B, Mo, Co, Al, Cd, Cr, Pb, and
Ni) and a nonmetal (S) were measured in the pasture samples
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Figure 1: Mean monthly rainfall and mean daily maximum temperature for the Pakenham (a) and Mildura (b) sites used for the National
Biosolids Research Program, Victoria.

from Pakenham and petiole samples using standard methods
[28, 29]. Grapes were analysed for trace metals as per the
pasture and petiole samples and in addition moisture (80◦C),
nitrate, 100 grape weight, Brix, pH, titratable acidity, colour,
and phenols using standard methods [30].

Pakenham soils were sampled postbiosolids application
and annually (during harvest) by taking 30 randomly spaced
soil cores (0–10 cm depth). Mildura soils were sampled
immediately after the application of the biosolids and at each
harvest of the grapes (Year 1 and 2) by taking soil cores (0–
10 cm depth) at every 6th vine along each row within the
plots. All soil samples were bulked, thoroughly mixed, dried,
and ground to less than 2 mm (1B1, [26]) before subsamples
were analysed for total C (6B3, [26]), total P [31] and total N
(7A5, [26]), Colwell P (9B2, [26]), nitrate-N and ammonia-
N (7C2, [26]) and pH (4B2, [26]).

Microbial endpoints, substrate-induced nitrification
(SIN) [32, 33], and substrate induced respiration (SIR) were
also measured on soil samples. The SIR was measured based
on the OECD guidelines [32] with some modifications [18].
After a preincubation of 14 days at 20◦C in darkness at 50%
maximum water holding capacity (MWHC), soil samples
(equivalent of 10 g dry soil) were amended with 14C-labelled
(a traceable radioactive isotope of carbon) glucose solution
(125 Bq/g of soil) to 5000 μg C g−1 soil. After addition
of the glucose solution, the samples were at 60 ± 5% of
their MWHC. The soil samples were immediately transferred
into sealed containers (250 mL) containing a vial with 3 mL
1 M NaOH, which acts as a trap for the carbon dioxide
(CO2) produced from microbial respiration. Each sample
was incubated in darkness at 20◦C for six hours, after which
time 1 mL of the NaOH was removed and added to 10 mL of
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scintillation cocktail (XT Gold) for radioactivity determina-
tion by beta counting (liquid scintillant beta counter LSBC).
The rate of 14CO2-C production per gram of dry soil per
hour was calculated from the sample radioactivity.

Agronomic and soils data were examined using analysis
of variance (ANOVA). This was performed on plot means
using Genstat 9.1 Edition software [34]. Where significant
differences between data are discussed, these refer to treat-
ment means at a 95% confidence interval. Where data
exhibited a log-normal distribution, least significant ratios
at the 95% level are quoted in tables instead of the least
significant difference at the 95% level. In such cases, if the
ratio of the two means is greater than the stated ratio, there is
a significant difference at the 95% confidence limit. Linear
regressions were fitted to agronomic data in the biosolids
trials where relationships were observed.

3. Results and Discussion

3.1. Pakenham. The application of South East Water and
Yarra Valley biosolids at Pakenham appeared to raise soil pH
compared to the untreated and fertiliser controls in which
the pH in CaCl2 was 4.9. However, there was no consistent
trend with biosolids application rate as the results were
highly variable between plots, more so than between years.

Compared to the unfertilised control, biosolids applica-
tions increased the concentrations of Cd in the soils above the
1.0 NLBAR biosolids application rate for South East Water
biosolids and above the 1.5 NLBAR biosolids application rate
for Yarra Valley Water biosolids, increased concentrations of
soil Cu above 1.0 NLBAR and increased soil Zn concentra-
tions at all biosolids application rates (P < .05) (Table 4).
The concentrations of Cu and Zn in soils treated with
South East Water biosolids were generally higher than those
treated with Yarra valley water biosolids in keeping with the
respective metal concentrations in the biosolids. There were
positive linear relationships between the concentration of
Cd, Cu, and Zn in soils and increasing biosolids application
rates (r2 > 0.90). All soil metal concentrations were below
the current receiving soil contaminant limits (RSCL) of
100 mg/kg for Cu, 200 mg/kg for Zn and 1 mg/kg for Cd [27].

Immediately after the application of biosolids, compared
to the unfertilised control, soil C and N only increased
in Yarra valley biosolids plots at the 1.5 NLBAR (P <
.05) biosolids application rate and then only marginally.
Presumably this result reflects the relatively high soil C and
N concentrations (58 g C/kg and 4.9 g N/kg) in the soil
prior to biosolid applications and is consistent with other
similar studies [35]. Compared to the unfertilised control,
the application of South East Water biosolids increased
soil total P concentrations at 1.0, 3.0 and 4.5 NLBAR
while Yarra Valley Water biosolids applications increased P
concentrations at all biosolids application rates. The increase
in total P concentrations was generally in line with the rates
of biosolids addition (Figure 2) and reflects the considerable
quantity of P added to soil in biosolids (c.a. 143 and 348 kg
P/ha at 1 NLBAR for South East Water and Yarra Valley Water
biosolids, resp.). Interestingly, plant-available P measured
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Figure 2: Mean soil total phosphorus concentrations versus
biosolids application rates immediately after biosolids were applied
at the Pakenham site in 2004.

using the Colwell method (Colwell 1963) also increased with
biosolids application with the control rated “medium” [36]
at 46 mg/kg and the 4.5 NLBAR treatment rated “High” at
390 mg/kg [36] even for crops with a high P demand (i.e.,
vegetables).

The application of biosolids at Pakenham appeared to
have little effect on microbial function. Across all biosolids,
application rates, and over the three sampling events from
2004 to 2006, there were only four instances when, compared
to the unfertilised control, biosolids application may have
affected SIR, and the results were equivocal. For example,
compared to the unfertilised control SIR increased, where
South East Water biosolids were applied at 1.0 and 4.5
NLBAR for soils sampled immediately after application (P <
.05). But for the 3.0 NLBAR application at the same sampling
time, SIR decreased (P < .05). In a few instances, compared
to inorganic fertiliser, biosolids applications resulted in
slightly lower SIR although again these results appear to
reflect the variability in these tests rather than any real trend
in the data. The results of the SIN testing were similarly
inconclusive although primarily as a result of limitations in
the method. Compared to the unfertilised control, SIN did
not change, due to 100% of the added nitrogen substrate
being used in all cases.

Over the seven sampling events from 2004 to 2006,
biosolids increased pasture dry matter production compared
to the unfertilised control. There was no overall difference
between biosolids and the inorganic fertiliser treatment (P >
.05) pasture yields. There was a positive linear relationship
between mean pasture dry matter production and biosolids
application rate (r2 = 0.89; Figure 3). However, this was not
always the case for every sampling event.
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Table 4: Soil Cd, Cu, and Zn concentrations (mg/kg) at Pakenham immediately after the application of biosolids in 2004.

Soil Cd concentration Soil Cu concentration Soil Zn concentration

Treatment NLBARa South East Water Yarra Valley Water South East Water Yarra Valley Water South East Water Yarra Valley Water

1 (control) 0.0 0.17 9.6 9.1

2 0.5 0.17 0.17 12.2 8.4 16.0∗ 14.3∗

3 1.0 0.18 0.17 11.0 10.5 21.5∗ 17.2∗

4 1.5 0.25∗ 0.18 14.7∗ 15.4∗ 27.7∗ 23.9∗

5 3.0 0.24∗ 0.21∗ 30.8∗ 17.0∗ 61.6∗ 24.8∗

6 4.5 0.27∗ 0.21∗ 39.8∗ 21.1∗ 74.6∗ 37.4∗

8 (fertiliser) 1.0 0.16 8 7.8

l.s.rb (P < .05) 1.23 1.46 1.46

RSCLc 1.0 100 200
a
Nitrogen limiting biosolids application rate.

bLeast significant ratio—if the mean divided by the control value is greater than this ratio then the difference is statistically significant (P < .05, ∗).
cRSCL: receiving soil contaminant limit [27].

Nitrogen limiting biosolid application rate (NLBAR)

0 1 2 3 4 5

r2 = 0.89

2.5

2.55

2.6

2.65

2.7

2.75

2.8

2.85

2.9

2.95

3

Pa
st

u
re

dr
y

m
at

te
r

(t
/h

a)

Figure 3: Mean pasture dry matter production versus biosolid
application rate at Pakenham site from 2004 to 2006.

Pasture dry matter production at Pakenham from 2004–
2006 is presented in Table 5. The first season represented
the growth of a field crop such as hay. The first sampling
was at 15 weeks after sowing on August 25, 2004. Compared
to the unfertilised control, with the exception of the South
East Water 0.5 NLBAR plots, pasture dry matter production
in biosolids treatments and inorganic fertiliser treatments
increased (P < .05). Compared to the unfertilised control,
pasture dry matter production increased by over 100% at
the highest application rate of Yarra Valley Water biosolids.
Overall, at the first sampling, biosolids were at least, if
not more effective than fertiliser for increasing dry matter
production (P < .05).

After 27 weeks of growth, the second sampling of
the simulated hay crop occurred on November 17, 2004.
The extended growing period explains why the second
sampling yielded the highest dry matter production

(Table 5—7.38 t/ha in unfertilised control plots). Compared
to the unfertilised control, at the second sampling pasture
dry matter increased at the three highest South East Water
biosolid application rates and at 4.5 NLBAR for Yarra Valley
Water biosolids (P < .05). The application of inorganic
fertiliser did not increase pasture production compared to
the unfertilised control (P < .05) although there was also no
significant difference between pasture dry matter in biosolids
treatments compared to inorganic fertiliser treatments (P >
.05). The increase pasture dry matter of up to 22% came at
a time of year when farm managers would normally harvest
hay or silage and the improved production from biosolids
application would result in a monetary benefit to farmers. It
is of note that the pasture dry matter produced in Yarra Valley
Water biosolids treatments was retarded to some extent by
weed infestation.

The third sampling was the start of the 6 week simulated
grazing trials. This sampling occurred on July 19, 2005.
Compared to the unfertilised control, biosolids applications
increased pasture dry matter production at 3.0 and 4.5
NLBAR for South East Water and above 0.5 NLBAR for
Yarra Valley Water biosolids, as did inorganic fertiliser (P <
.05). There was no significant difference between biosolids
treatments and the inorganic fertiliser treatment (P > .05).
Compared to the unfertilised control, biosolids treatments
resulted in an increase pasture dry matter of up to 32% at the
highest NLBAR rate for Yarra Valley Water biosolids. This
increase came at a particularly important time of the year
(winter) when pasture growth rates are typically lessened by
low soil temperatures and shorter daylight hours, and when
farmers have a pasture deficit.

The fourth sampling, after a 6-week growth period
following simulated grazing, occurred on November 4, 2005.
The application of inorganic fertiliser did not increase
pasture production compared to the unfertilised control
(P > .05). Compared to the unfertilised control, pasture dry
matter production increased in Yarra Valley Water biosolids
treatments at 1.0, 3.0 and 4.5 NLBAR by up to 22% (P < .05).

The fifth sampling occurred on January 24, 2006 and
was the only sampling event that occurred in the mid to
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late summer. Compared to the unfertilised control, pasture
dry matter increased with Yarra Valley Water biosolids
treatments above 1.0 NLBAR (P < .05) by up to 27%, but
inorganic fertiliser had no effect (P > .05). This apparent
increase in pasture dry matter production in the Yarra
Valley Water biosolids treatments is significant for farming
operations in the summer months when water is a limiting
factor. This increased yield may be related to higher soil P
availability [37] or improved soil physical properties but the
precise mechanism responsible for the increased production
is unclear.

The sixth sampling occurred on June 20, 2006. The
lowest pasture dry matter production was recorded in
the unfertilised control (0.78 t/ha) of any sampling. This
coincided with the winter period where low soil temperatures
and short daylight hours affect pasture growth. Compared
to the unfertilised control, all biosolids treatments increased
pasture production (up to 92%) as did the application of
inorganic fertiliser (125%) (P < .05). Biosolids were not
as effective at increasing pasture dry matter as inorganic
fertiliser (P < .05) although pasture dry matter reached
1.5 t/ha for Yarra Valley Water biosolids at 4.5 NLBAR.

In the final sampling on September 12, 2006, compared
to the unfertilised control, biosolids increased pasture dry
matter production at all application rates (up to 76%) as
did the inorganic fertiliser treatment by 158% (P < .05).
However, inorganic fertiliser increased pasture production
more than any of the biosolids treatments (P < .05).
As with the previous two years in spring, increases in
pasture dry matter production may increase yields of hay or
silage.

Comparing biosolid sources, Yarra Valley Water biosolids
increased pasture dry matter compared to that of South East
Water biosolids in four out of the seven sampling events (1,
3, 5 and 6) (P < .05). This may in part be explained by
higher P content in Yarra Valley Water biosolids (Table 2). In
sampling events 2, 4, and 7, there was no difference between
pasture dry matter produced by the two different biosolids
types. This may have been due to weeds in Yarra Valley
Water biosolids plots at the second sampling event and the
diminishing effects of biosolids treatments compared to the
unfertilised control in sampling event 7.

Analyses of pasture dry matter production over the seven
samplings suggests that the effects of biosolids applications
diminished over time compared to the inorganic fertiliser
treatment which was applied annually. In the first sampling,
biosolids increased pasture dry matter compared to the
unfertilised control (P < .05), then there was no difference
in the next 4 samplings (P > .05). By the last two samplings,
pasture dry matter in targeted inorganic fertiliser treatments
was higher than the overall pasture production in biosolids
treatments (P < .05). Nitrogen in biosolids may be lost
through nitrification followed by denitrification or leaching
and, therefore, increases in pasture dry matter resulting from
added N in biosolids would be expected to diminish with
time

There was no significant difference between the Cd
concentrations in pasture between the unfertilised control
and pooled data from all biosolids treatments (P < .05).

The data were pooled as there were no differences (P < .05)
between the plant Cd concentrations of the two biosolids
treatments or compared to that of the unfertilised control.
For unknown reasons, the Cd concentrations in pasture were
highly variable, especially between sampling dates. There
were no significant differences in the concentrations of other
metals between treatments.

3.2. Mildura. At Mildura, compared to the unfertilised
control, the addition of biosolids from Lower Murray Water
resulted in a significant increase in soil Cu at the two highest
NLBAR treatments and soil Zn at 4.5 NLBAR (P < .05).
Again there was a positive linear relationship between Cd,
Cu and Zn concentrations and biosolids application rates
immediately after application with all r2 values above 0.80
(Figure 4). All soil concentrations before and after biosolids
applications were below the receiving soil contaminant limits
(RSCL) of 100 mg/kg for Cu, 200 mg/kg for Zn and 1 mg/kg
for Cd [27].

Soil pH was only measured immediately after biosolids
application in 2004 and at harvest in 2005 and 2006 on
the unfertilised control and at 4.5 NLBAR and the annual
reapplication of 1.5 NLBAR. Compared to the unfertilised
control (pH CaCl2 7.7) biosolids decreased the pH (pH
CaCl2 7.2 at 4.5 NLBAR) in receiving soils at each sampling
(P < .05). This may have been due to the initial pH of the
biosolids being slightly acidic at pH 6.5.

In general, there was a positive linear relationship
between soil C, N, P, and Colwell P concentrations and
increasing biosolids application rates at the first sampling
perhaps reflecting the low organic matter status of the soil
pretreatment. Compared to the unfertilised control (Total C
7.7 g/kg), soil C only increased at 4.5 NLBAR immediately
after biosolids applications and above 1.0 NLBAR the
following year. Compared to the unfertilised control, after
the application of biosolids, N in the receiving soils increased
at the two highest NLBAR treatments and P increased at
all rates above 0.5 NLBAR (P < .05). However, the effects
of treatment on soil P and N diminished over the two
years following biosolids application. The highest Colwell
P was 260 mg/kg in the 4.5 NBAR treatment, well above
recommendations of c.a. 60 for this soil type [36].

The application of biosolids at Mildura also appeared
to have little effect on microbial function. Compared to the
unfertilised control, SIR was affected only at 4.5 NLBAR and
only immediately after biosolids application (P < .05). This
apparent decrease in SIR may reflect decreased utilisation of
the added substrate (glucose) due to the excessive supply of
C in the 4.5 NLBAR treatment (soil Total C was 19 g/kg at 4.5
NLBAR immediately after application). Again, at Mildura,
the results of the SIN were equivocal.

Biosolids applications also had little effect on grape
production and quality (measured by pH, total acids,
brix, phenolics and clarity) (Table 6). Compared to the
unfertilised control, grape yield in the first year was not
affected by biosolids applications, but in the second year,
grape yield was higher in the 3.0 NLBAR and 4.5 NLBAR
(P < .05) treatments. Compared to the unfertilised control,
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Figure 4: Mean soil total Cd, Cu, and Zn concentrations versus biosolids application rates immediately after biosolids were applied at
Mildura in 2004.

Table 6: Grape yield and grape properties at the Mildura site from 2004 to 2006.

Grape yield (t/ha) pH Total acids (g/L) Brix Phenolicsb Clarityc

NLBARa Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

0.0 (control) 20.8 19.0 3.84 3.87 5.17 4.52 26.2 23.8 1.35 1.19 1.20 0.90

0.5 20.2 18.7 3.85 3.87 5.16 4.67 26.5 23.5 1.25 1.23 1.12 0.93

1.0 18.9 22.3 3.89 3.89 5.03 4.70 26.1 23.7 1.31 1.25 1.14 0.97

1.5 21.8 20.0 3.84 3.88 5.34 4.79 26.5 24.0 1.36 1.24 1.30 0.99

3.0 17.0 24.2∗ 3.84 3.94 5.17 4.71 25.3 23.8 1.21 1.18 1.05 0.90

4.5 20.5 24.6∗ 3.89 3.92 5.02 4.61 25.7 23.7 1.12∗ 1.25 1.01 0.90

1.5d 18.7 21.3 3.92 3.91 5.15 4.84 25.9 23.3 1.36 1.06 1.20 0.74

l.s.de 4.78 0.089 0.51 1.15 0.17 0.20
a
Nitrogen limiting biosolid application rate.

bUnits: absorbance/g of berry weight.
cUnits: (mg anthocyanins/g of berry wt).
dAnnual reapplication of biosolids
eLeast significant ratio—if the mean divided by the control value is greater than this ratio then the difference is statistically significant (P < .05, ∗).

of all the grape quality measures only phenolics increased
and this occurred at 4.5 NLBAR (P < .05).

Cadmium uptake in grapes in all years was below the
analytical limit of reporting of 0.02 mg Cd/kg. There is no
food standards guideline limit available for Cd in grapes
in Victoria, but the concentrations in grapes were below
the food standards guideline concentration of 0.1 mg/kg for
produce such as wheat and rice [38].

4. Concluding Discussion

The results from the Pakenham and Mildura sites suggest
that biosolids can be applied to pastures and grape vines
without adversely affecting soil or plant properties. On
the contrary, results from the Pakenham site suggest that
biosolids can be used to stimulate pasture production. The
monetary benefit of this additional pasture production is

difficult to estimate given that it depends on the time of year
when the pasture is produced, the costs of alternative feed
supplies, and whether the pasture is conserved. However,
it is possible to compare the costs of the biosolids and the
inorganic fertiliser treatments.

Urea is the most common inorganic N fertiliser used
by farmers in the Pakenham region. The price of urea has
varied in recent years from $500–1250/t (Personnel Commu-
nication, Rob Abbottt, Korumberra Lime and Spreading, 26
October 2010) ($1.09–2.72/kg N). Over the three years of the
trial the monetary value of the urea applied to the pastures
was estimated to be $1079–2693 (plus c. $40/ha × 3 = $120
p.a. application costs). Given that biosolids additions initially
increased pasture production relative to inorganic fertiliser,
was similar for the next four samplings and was lower in
the last two simulated grazings, it is reasonable to conclude
that biosolids resulted in similar pasture production over the
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three years to the inorganic fertiliser. It follows that if new
pastures were being established, biosolids could be a cost-
effective alternative to conventional fertilisers if the acqui-
sition, transport, and distribution costs were < $1000/ha.
Interestingly, where biosolids are used commercially in the
Barwon region of Victoria transport and spreading costs are
estimated to be <$100/ha.

The potential benefits of applying biosolids to grape vines
are more uncertain. Biosolids increased soil C and one could
reasonably assume that would be accompanied by improved
soil structural properties [39]. However, these tests were not
part of the NBRP. Whether biosolids applications to grape
vines are cost effective remains an open question.

While this study suggests that biosolids application may
be cost effective from the landholder’s point of view, the data
from Pakenham and Mildura also point to some broader
externalities associated with biosolids use. The total N
applied in biosolids at Pakenham was similar to that applied
as inorganic fertiliser (i.e., 449 and 342 kg N/ha for South
East Water and Yarra Valley Water, respectively, versus 455 kg
N/ha for the inorganic fertiliser treatment). However, the
release of N from biosolids during winter when leaching
potential is greatest may be of environmental concern. More
important are the excessive additions of P in the biosolids
treatments. Maintenance P fertiliser applications in the
Pakenham region are commonly <50 kg P/ha [40]. Biosolids
applied at 4.5 NLBAR equates to 643, 1586 and 706 kg P/ha
for South East Water, Yarra Valley Water and Lower Murray
Water, respectively. Not surprisingly, the Colwell P for these
respective treatments were up to an order of magnitude
higher than would be generally considered the agronomic
optimum of 60 mg/kg Colwell P for these sites [36]. While
the incorporation of the biosolids and P fixation will mitigate
the risk of P exports, where biosolids are applied to pasture,
this study would suggest there is a considerable risk of
excessive P exports from sites receiving repeated applications
of biosolids or in some cases where biosolids are applied at
rates above 1 NLBAR. Perhaps, there is a need to consider
a phosphorus limiting biosolids application rate (PLBAR)
in addition to an NLBAR when determining appropriate
biosolids loadings.
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Areas reclaimed for agricultural uses following coal mining often receive biosolids applications to increase organic matter and
fertility. Transport of heavy metals within these soils may be enhanced by the additional presence of biosolids colloids. Intact
monoliths from reclaimed and undisturbed soils in Virginia and Kentucky were leached to observe Cu and Zn mobility with and
without biosolids application. Transport of Cu and Zn was observed in both solution and colloid associated phases in reclaimed
and undisturbed forest soils, where the presence of unweathered spoil material and biosolids amendments contributed to higher
metal release in solution fractions. Up to 81% of mobile Cu was associated with the colloid fraction, particularly when gibbsite
was present, while only up to 18% of mobile Zn was associated with the colloid fraction. The colloid bound Cu was exchangeable
by ammonium acetate, suggesting that it will release into groundwater resources.

1. Introduction

Water dispersible colloids may be a carrier vector for
contaminants in the unsaturated soils zone, transporting
metals to surface and groundwater [1–4]. The soil matrix
is assumed to be a buffer to contaminant transport, due
to its ability to sorb metals [2], but the mobilization of
dispersible colloids from this matrix have been shown to
transport contaminants [3, 4]. Reclaimed mine soils can
be a source of heavy metals, released from unweathered
spoil material, industrial wastes, fertilizers, power station fly
ash, or biosolids applied during reclamation [5]. Copper
(Cu), lead (Pb), or zinc (Zn) sulfides can leach from fresh
spoil material [6], while cadmium (Cd), chromium (Cr),
iron (Fe), manganese (Mn), and Pb can all be contained in
phosphorus fertilizers [5].

Up to 95% of biosolids associated metals have been
accounted for in the soil profile following biosolids appli-
cation [7, 8], while under increasingly acidic conditions
trace metals were observed to at least a 1 m depth in
mine soils receiving biosolids [9]. Within this soil matrix,
metal sorption is controlled by pH, clay mineralogy [10],

or complexation with soil organic matter [11, 12]. It is
commonly assumed that metals are adsorbed in the upper
15 to 30 cm of the soil matrix, thereby reducing their
mobility [13, 14], but studies have observed significant metal
transport by dispersed colloidal material [15, 16]. Therefore,
early models which partition metals between an immobile
solid and mobile liquid phase only have to be revised to
include colloid particulate material as a third mobile solid
phase, and a potential vector of metal transport [17].

Factors that affect colloid mobilization include clay
mineralogy, ionic strength, pH, total clay content, soil
moisture, and soil management [4]. Coal mining can destroy
the original soil matrix, causing the loss of aggregation
due to mining equipment and the oxidation of organic
binding agents, both of which can increasing mineral colloid
release from the soil. Application of biosolids, a common
reclamation procedure [18], may also be a source of organic
colloids [19, 20]. Organic acids and humic material in the
biosolids can chelate and bind metals, reducing, at least
temporarily, their transport into groundwater [21]. Lime
stabilized biosolids raise the soil solution pH, thus reducing
metal solubility [18]. However, a basic pH can also cause
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Figure 1: Diagram of the soil monoliths for the Virginia and Kentucky treatments.

organic colloids to be suspended into pore water, increasing
the likelihood of being leached through the system [19].

Formation of pseudokarst channels is likely in reclaimed
soils [6, 22, 23], and colloid transport through macropores
can bypass impermeable spoil layers [3, 24]. On the other
hand, high salt content is commonly associated with fresh
mine spoils [6, 23], and increased ionic strength can
aggregate colloids and reduce their mobility [17].

Due to their high surface area and charge density, colloids
can be an important vector in transport of contaminants in
the soil [25, 26]. Higher concentrations of Cd, Cu, and Zn
within the dispersible clay fraction have been observed in
soils receiving increasing rates of biosolids [8]. Colloid facili-
tated transport of dichlorodiphenyltrichloroethane (DDT),
atrazine, and metals (Cu, Cr, Ni, Pb, Zn) have all been
observed in packed and undisturbed columns [4]. Because
of their affinity for pollutants, mobile colloids can also strip
contaminants such as atrazine and zinc from the soil matrix
[27]. Given that colloids can sorb metals from the soil matrix,
it is likely that their presence will increase metal transport.

The objectives of this study were (1) to assess the mobility
of Cu and Zn within reclaimed soils when spoil materials
are placed beneath, (2) to assess the mobility of Cu and
Zn within reclaimed soils receiving biosolids application,
(3) compare metal mobilization to that occurring in similar
undisturbed (natural) forest soils, and (4) to evaluate colloid,
soil, and reclamation practices enhancing or inhibiting metal
transport.

2. Materials and Methods

2.1. Soil Monolith Preparation. Intact soil monoliths and dis-
turbed material were obtained from the Powell River Project
(PRP), near Wise, Virginia, in the southern Appalachian
Mountains (30-year-old mine soils) and from Robinson
Forest, near Jackson, Kentucky (5-year-old mine soils). This
was done to observe any differences in colloid production as
mine soils age. All reclaimed soils were from surface mined
coal operations, where a top soil is replaced overtop of spoil
materials. The monoliths were subjected to the following

treatments for each study area (Figure 1); two replicated
unmined forest soils, referred to as natural monoliths (VN),
which were used as controls. Soils disturbed by coal mining
constituted the reclaimed (VR), reclaimed soil + mine spoil
material (VS), and reclaimed soil + mine spoil material +
biosolids application treatments (VB). Kentucky treatments
were natural monoliths (KN), reclaimed monoliths (KR),
reclaimed soil and spoil (KS), while biosolids applied
treatment (KB) constituted only of reclaimed soil + biosolids
application, following low colloid elution from VB mono-
liths. This was done so that within Kentucky treatments, the
effects of spoil and biosolids could be observed separately.

The soil and disturbed monoliths (30 cm height by 18 cm
diameter) were extracted from the Virginia study area by
carving a pedestal, then trimming them with knives and soil
picks to fit within a polyvinyl chloride (PVC) tube of 20 cm
internal diameter and 30 cm height. The 2 cm gap between
the PVC and the soil was sealed with expandable Poly-
U-Foam (Kardol, 1-800-252-7365) to stabilize monoliths
and prevent preferential flow along the walls. These intact
monoliths preserve all of the structure and soil porosity
present at the time of sampling. The PRP site in Virginia
had been reclaimed by placing a spoil layer of siltstone and
coal underneath a sandy soil material. These two layers were
sampled separately as intact reclaimed and spoil monoliths,
where each was 30 cm in height. Due to this, the reclaimed
soil treatments were only 30 cm tall, while the reclaimed plus
spoil treatments combined two separate 30 cm monoliths, for
a total height of 60 cm (Figure 1). The soil and spoil materials
were combined by placing the PVC encased monoliths flush
with each other and sealing the edges with silicone to prevent
leaking. Rock fragment content prevented consistently sized
intact monoliths from being extracted from the reclaimed
and spoil sites (for treatments KR, KS, and KB) from
University of Kentucky’s Robinson Forest. Instead, loose soil
and spoil material were obtained to build monoliths in the
lab. The reclaimed soils were obtained in two forms: (a) an
intact, granular surface horizon of about 15 cm in thickness,
and (b) a bucket of loose material from the subsurface. The
material was taken back to the lab and combined into a 30
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by 18 cm soil monolith. Wire mesh was made into a cylinder
and placed into an empty PVC tube with a 20 cm internal
diameter and 30 cm height. This mesh provided a mold for
the loose soil and spoil material. Then a section of intact
reclaimed surface horizon was placed on top to bring the
total height to 30 cm. The 2 cm gap between the PVC and
the soil was sealed with expandable Poly-U-Foam to stabilize
monoliths and prevent preferential flow along the walls. The
30 cm tall spoil monolith was built in the same way for the
KS treatment, but another 30 cm tall PVC column with wire
mesh was placed above the spoil and Kentucky reclaimed
soil material was placed above it, bringing the total height
to 60 cm. Reclaimed soils receiving biosolids (KB) did not
have a spoil monolith below them, while KN monoliths were
obtained intact as described for the Virginia monoliths.

The lime stabilized biosolids material used in the study
came from a local municipal wastewater treatment facility
in Winchester (Clark County), Kentucky. It was applied to
the surface of the soil at a rate of 40 dry Mg ha−1. A
lower rate than normally applied (80 to 125 Mg ha−1) was
done due to the small surface area of the monoliths and
the difficulty in mixing the biosolids into the surface of the
monoliths without spilling over the sides. Instead, lower rates
of biosolids were mixed by hand with the upper 6 inches
of the reclaimed soils. The biosolids contained 7.0 g kg−1 P,
27.5 g kg−1 TKN, and had a calcium carbonate equivalent of
730 g kg−1 (Table 1).

2.2. Bulk Soil Cu and Zn Analysis. Natural, reclaimed, spoil,
and biosolids materials were air-dried and passed through
a 2 mm sieve. EPA method 3050b was used to extract Cu
and Zn from 20 g of soil, spoil, or biosolids materials using
HNO3 and HCl and heating to 95◦C. Extractants were
analyzed by a Varian Vista Pro inductively coupled plasma
analyzer (ICP) to determine preliminary levels of each metal
in the materials. The pH and electrical conductivity (EC)
were determined with a Denver Instrument Model 250
pH∗ISE∗conductivity meter. Ammonium acetate extracts
were used to determine cation exchange capacity (CEC) and
total exchangeable bases (TEB).

2.3. In Situ Colloid Elution. In situ colloid generation
and elution from monoliths were assessed with leaching
experiments using a rainfall simulator previously described
by Miller et al. [28]. Deionized water (18 μS cm−1) at a rate of
250 ml hour−1 (1.0 cm h−1) was applied to the surface of each
monolith with a peristaltic pump for approximately 2-3 pore
volumes. Leaching was done in 6 hour pulses for Virginia
monoliths and increased to 8 hour pulses for Kentucky
monoliths. The cycle was repeated for 6 days until at least
2 pore volumes (pv) were achieved. The lower monolith
boundary was kept at −10 cm using a Mariotte device.

Leachate was collected at the bottom of the monolith
and tested for suspension concentrations, EC, pH, dissolved
organic carbon (DOC), aromatic content of DOC [29], min-
eralogical composition of the colloids; and colloid particle
size [28]. Larger particles were allowed to settle before sam-
pling for suspended colloids. Mineralogical composition was
performed on composite samples from each leaching cycle

Table 1: Selected chemical properties of the biosolids (processed by
the EnviroData Group, Lexington, KY).

Biosolids characteristic Value

pH 12.7

Percent Total Solids 41

g kg−1

Calcium carbonate equivalent (CCE) 730

Total Kjeldahl Nitrogen 27.5

Ammonia Nitrogen 1.2

Nitrate Nitrogen 0.03

Total P 7.0

Total K 1.1

by X-ray diffraction (XRD) and thermogravimetric analysis
(TGA) using a Phillips PW 1840 diffractometer/PW 1729
X-ray generator and a TA 2000 thermogravimetric analyzer
interfaced with a 951 DuPont TG module, respectively [30].
Colloidal particle size was determined on a Beckman Coulter
N5 Submicron Particle Size analyzer on the first sample
eluted from every cycle, if colloids were present. The software
reports an average representative particle size for the sample.

Eluents were also tested for dissolved metals by taking
a 50 mL aliquot from each hourly sample and passing it
through a 0.2 μm filter to remove the colloidal material. Some
colloids may be smaller than 0.2 um from these eluents, but
observations of filtrates passing thru 0.2, 0.1, and 0.05 um
filters showed no differences in colloid concentration. The
filtered material was analyzed for dissolved metals by ICP.
Following filtration, 20 mL of 1 M HCl/HNO3 was passed
through the same 0.2 μm filter containing the colloids to strip
any bound metals. The HCl/HNO3 filtrate was analyzed for
metals by ICP and represents the colloid bound fraction.

3. Results and Discussion

3.1. Metal Concentrations in Bulk Samples. Zinc concen-
trations in the digested samples ranged from 14.7 to
60.8 mg kg−1, and Cu from 1.7 to 23.0 (Table 2). The highest
recovered concentration of Zn was observed in the biosolids
materials (60.8 mg kg−1), while the highest Cu levels were
extracted from the Kentucky spoil (23.0 mg kg−1) and
biosolids (21.4 mg kg−1) materials, respectively. Biosolids
may contain metals that are potential contaminants to the
groundwater [31], but levels within these biosolids were well
below EPA limits. Within the Virginia sites, Cu was highest in
the spoil material, while Zn was highest in the reclaimed soils.
The Kentucky spoil was recently exposed from a roadside cut
at a surface mine, which probably explains the higher Cu and
Zn concentrations observed within this material, possibly
present as sulfate compounds. In contrast, the 30-year-old
Virginia spoil material had roughly half the extractable Cu
and Zn observed in the fresh Kentucky spoil. This indicates
that the Virginia spoil may have released metals over time
as it weathered, and we could expect the same with the
Kentucky materials. Other properties of the bulk soil material
have been discussed in Miller et al. [28, 32].
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Table 2: Extractions of Cu and Zn in mg kg−1 by HCl/HNO3 in soils, spoil, and biosolids.

VNα VR VS KN KR KS Biosolids

mg kg−1

Cu 1.7 (0.2) 4.3 (0.3) 11.3 (1.2) 4.9 (2.7) 2.4 (0.1) 23.0 (0.4) 21.4 (1.0)

Zn 14.7 (2.5) 23.6 (1.1) 16.5 (3.1) 19.1 (4.6) 17.8 (1.4) 49.8 (13.3) 60.8 (0.6)

α: VN: Virginia Natural, VR: Virginia Reclaimed, VS: Virginia Spoil, KN: Kentucky Natural, KR: Kentucky Reclaimed, KS: Kentucky Spoil.
∗represents average value with standard deviation in parenthesis.

Table 3: Total, colloidal, and percent-bound Cu and Zn for eluents from the Virginia and Kentucky treatments∗.

VNα VR VS VB KN KR KS KB

Total Cu (mg)
0.04 a
(<0.01)

0.32 a
(0.27)

0.04 a
(0.05)

0.93 a
(0.72)

0.12 b
(0.04)

0.0 b
(na)

0.49 b
(0.10)

3.30 a
(0.91)

Dissolved Cu (mg)
0.03 a
(<0.01)

0.05 a
(0.05)

0.04 a
(0.05)

0.87 a
(0.66)

0.02 b
(<0.01)

0.0 b
(na)

0.75 b
(0.10)

3.04 a
(0.87)

Colloid Cu (mg)
0.01 a
(<0.01)

0.23 a
(0.21)

0.01 a
(<0.01)

0.07 a
(0.06)

0.10 b
(0.03)

0.0 c
(na)

0.0 c (na)
0.26 a
(0.04)

Bound Cu (%)
27.3 b
(9.69)

82.0 a
(1.64)

29.9 b
(28.37)

6.5 b
(1.18)

80.9 a
(3.1)

0.0 c
(na)

0.0 c (na)
8.2 b
(1.08)

Total Zn (mg)
5.13 b
(0.46)

3.29 b
(2.60)

6.78 b
(3.09)

21.53 a
(8.53)

11.76 a
(0.04)

2.75 a
(1.47)

50.73 a
(39.2)

7.04 a
(6.8)

Dissolved Zn (mg)
5.09 b
(0.45)

2.93 b
(2.73)

6.74 b
(3.10)

20.75 a
(8.30)

11.44 a
(0.08)

2.41 a
(1.54)

50.73 a
(39.2)

6.39 a
(6.20)

Colloid Zn (mg)
0.04 b
(<0.01)

0.36 b
(0.13)

0.04 b
(0.01)

0.78 a
(0.22)

0.32 a
(0.13)

0.34 a
(0.07)

0.0 a (na)
0.65 a
(0.60)

Bound Zn (%)
0.7 a
(0.09)

18.2 a
(18.4)

0.5 a
(0.37)

3.7 a
(0.46)

2.7 ab
(1.05)

15.4 a
(10.78)

0.0 b (na)
9.7 ab
(0.78)

∗
= Statistical differences (LSD = 0.05) are represented by letters and are compared within row by sites only, standard deviations are in parenthesis, na = not

applicable.
α = VN: Virginia Natural, VR: Virginia Reclaimed, VS: Virginia Spoil, VB: Virginia Biosolids, KN: Kentucky Natural, KR: Kentucky Reclaimed, KS: Kentucky
Spoil, KB: Kentucky Biosolidsg.

3.2. Cu and Zn Elution in Virginia Mine Soils. While VN
monoliths had the largest mass of eluted colloids [32], they
did not show a significant elution of colloidal Cu or Zn. The
largest total (solution and colloid) mass of Cu was eluted
from VB monoliths. However, there were no significant dif-
ferences in the mass of soluble or colloidal Cu fractions in any
of the Virginia treatments (Table 3). The VB monoliths also
produced the highest mass of soluble (20.75 mg) and colloid-
bound (0.78 mg) Zn fractions, while all other treatments
were similar. The high initial breakthrough of dissolved Cu
and Zn observed in this study is consistent with leachate
properties observed in other mine soil profiles receiving
biosolids [33–35].

The percentage of total Cu transport mediated by colloids
(Table 3) was highest in the VR monoliths (82.0%), while all
other treatments were similar. Eluents from VR monoliths
also had the highest portion of colloid bound Zn (18.2%)
compared to other Virginia treatments, but the differences
were not significant. The higher Cu levels in the VR colloid
fraction may be due to the mineralogical makeup of the
eluted colloids [36, 37], which were dominated by 2:1
minerals and gibbsite [32]. Zinc eluted from VN monoliths
was similar in total (solution + colloid) mass to VR and VS
treatments, but less than 1% was colloid bound compared to
27.3% for Cu. Less than 4% of eluted Zn was transported

in the VN, VS, and VB treatments; suggesting that Zn is
dominantly transported in the dissolved fraction, unless
gibbsite is present. The increased mobility of soluble metals
may be attributed to the acidic eluents observed in VN, VS,
and VB monoliths [9].

When spoil material was placed below the Virginia
reclaimed monoliths (VS), colloid transport was significantly
inhibited [32, 38], thus reducing the chance of colloid
mediated transport of metals. Only trace amounts of total
Cu (0.04 mg) were present in the eluent, with only up to
30% being colloid bound (Table 3). Within the VR eluents,
Cu was dominantly transported in the colloid phase, but the
restriction of colloid movement by a dense spoil reduced the
overall total Cu mobility, with similar amounts of soluble Cu
being released from VR and VS monoliths. Zinc, on the other
hand, increased 2 fold in the dissolved phase when spoil was
added to reclaimed soils, although extractable Zn was slightly
lower in the spoil material. This may be due to the more
acidic pH of the VS eluents [32], which allowed for greater
soluble Zn mobility [38].

Concentrations of eluted colloids in VN, VR, and VS
monoliths generally started off at their highest concen-
trations, and dropped throughout the leaching cycle [32].
Only in the VB monoliths was there a low but consistent
release of colloidal material. Patterns of Cu and Zn elution
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Figure 2: Colloid associated concentrations (mg L−1) of Cu and Zn in Virginia (a, b) and Kentucky (c, d) monoliths over the entire leaching.
VN: Virginia Natural, VR: Virginia Reclaimed, VS: Virginia Spoil, VB: Virginia Biosolids, KN: Kentucky Natural, KR: Kentucky Reclaimed,
KS: Kentucky Spoil, KB: Kentucky Biosolids.

(Figures 2(a) and 2(b)) were more erratic, with colloid
associated metals showing spikes at several instances during
leaching. A relatively large mass of Cu associated with
VR colloids was eluted during an initial flushing stage,
with another spike occurring at about 1 pv (Figure 2(a)).
Colloids eluted from VB monoliths on the other hand,
had several Cu spikes within 1 pv and another after 2 pv.
This irregular elution pattern suggests that the variability
in colloid particle size and mineralogy may make colloid
mediated Cu transport difficult to predict. Combining eluted
soluble and colloid-bound Cu phases in Figures 3(a) and 3(b)
does not contribute much more to the understanding of Cu
mobility. Although it rose the overall total Cu mass eluted
from VB monoliths, the spikes in concentration contributed
by colloids remain, as with the VR and VN monoliths.

Within the VN monoliths, total Zn was observed reg-
ularly in all eluent samples (Figure 3(b)), with most of
the colloid fraction Zn eluted within 1 pv (Figure 2(b)),
following colloid elution patterns [32]. Not many samples
contained colloids [32] or bound metals after 1 pv in VR
eluents (Figure 2(b)), but solution phase Zn was present
in all samples (Figure 3(b)). The Zn concentration spikes
observed in the VS breakthrough curves at the beginning
of each leaching cycle are probably due to the diffusion

of Zn from smaller pore spaces during periods of zero to
low flow (Figure 3(b)). For biosolids amended treatments,
the elution of soluble Zn (Figure 3(b)) was much smoother
than the erratic behavior seen in Figure 2(b), except after
2 pv, where an upward shift in pH and colloid elution
was observed [32]. The total mass of eluted Zn reached
a peak concentration by 0.5 pv, (probably due to free and
DOC complexed Zn released from the biosolids), tailing
quickly thereafter (Figure 3(b)). While this elution pattern
may be alarming for an initial flushing stage of metals to
the groundwater following biosolids application, it may also
suggest a quick depletion over repeated rainfall events [35].

3.3. Cu and Zn Elution in Kentucky Mine Soils. Eluents
from KB monoliths had the greatest total, soluble, and
colloid associated Cu, while all other Kentucky treatments
were similar (Table 3). Increased Cu mobility has been
previously observed in soil leachates due to surficial biosolids
applications [33–35]. Within the Kentucky reclaimed soils
(KR) no Cu was detected in either the soluble or colloid
fractions, even though KR monoliths had the largest mass
of colloids eluted and Cu was present in the bulk soil extracts
(Table 2). The addition of unweathered spoil material (KS)
beneath reclaimed monoliths resulted in detectable levels of
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Figure 3: Total (colloid and solution) concentrations (mg L−1) of Cu and Zn in Virginia (a, b) and Kentucky (c, d) monoliths over the entire
leaching. VN: Virginia Natural, VR: Virginia Reclaimed, VS: Virginia Spoil, VB: Virginia Biosolids, KN: Kentucky Natural, KR: Kentucky
Reclaimed, KS: Kentucky Spoil, KB: Kentucky Biosolids.

Cu compared to reclaimed soils alone (KR). Colloid elution
was not detected within 2 pv of leaching [28], so all reported
Cu and Zn eluted from KS monoliths is from the solution
phase.

Dissolved Zn increased 25 fold in KS eluents compared
to other treatments, suggesting that the fresh unweathered
spoil material contributed to Zn mobilization. The chemical
properties of the eluents reflect only what it comes into
contact with in the soil/spoil matrix [23], so the effects of
toxic materials on pore water cannot be easily predicted
by average carbonate and pyrite contents of spoils. In this
case, the fresh spoil probably had unoxidized Zn minerals
throughout the matrix, but if it had been mixed with other
spoil types, Zn loads may have been lower. The application
of biosolids also doubled Zn elution compared to reclaimed
soils alone. Even the natural forest soil treatments (KN)
had five times more Zn than KR eluents. This is probably
associated with the leached sandy nature of the KR soils, due
to their inherent characteristics as an Appalachian topsoil
replacement. In spite of the large range in Zn elution, the
high variability between the duplicated monoliths prevented
significant statistical differences between the treatments.

The transport of soluble and colloidal Zn also doubled
with biosolids application. An increase in DOC was observed
in KB versus KR eluents [28], which may explain the

increased transport of dissolved Cu and Zn. The greater mass
of Zn associated with KB colloids, even with a lower colloid
mass [28], indicates that these colloids carried a larger metal
load. Colloids from KB monoliths may have more mineral-
organic complexes due to the biosolids, thus increasing their
ability to carry Cu and Zn. Overall; there was a greater
cumulative release of Zn compared to Cu with biosolid
application, which has been correlated with soil acidity in
other mine soils receiving biosolids [9].

Although KN eluents had a low total Cu elution
(0.12 mg), nearly 81% was bound to mobile colloids, greater
than any other treatment. Kentucky reclaimed (KR) mono-
liths eluted no detectable Cu, while KS monoliths eluted no
detectable colloids. The larger colloid bound transport of Cu
in undisturbed forest soils may be due to the presence of
colloidal gibbsite [28], suggesting that colloid mineralogical
composition may be more influential than total colloid mass
[36, 37]. Dissolved organic carbon was also higher in KN
eluents, which may have influenced solution and colloidal
transport of both Cu and Zn [28]. Cumulative Zn loads were
the lowest in KR monoliths, but these soils also had the lowest
extracted levels from bulk samples (Table 2).

Colloid associated leaching patterns of Cu and Zn for
all four Kentucky treatments are shown in Figures 2(c) and
2(d). Again it can be observed that no colloidal Cu was



Applied and Environmental Soil Science 7

detected within KR eluents, while no colloids were detected
in KS eluents (Figure 2(c)). The pattern of colloid bound
Cu from natural (KN) monoliths is erratic, often containing
spikes in eluted colloidal Cu, which can be associated
with pulses from flushing events [28]. Although colloids
from KB (biosolids amended) monoliths typically carried
greater Cu loads than KN colloids, at two sampling points
Cu dropped below detection (Figure 1(c)), even though
colloid concentration in KB eluents remained stable [28].
Colloids from KN monoliths, on the other hand, always had
detectable amounts of bound Cu. This indicates that colloid
mediated Cu transport may not be exclusively associated
with high colloid concentrations, but may also be controlled
by colloid mineralogy and particle size. When dissolved Cu
is accounted for, elution patterns are much smoother, as
larger concentrations of Cu in solution mask the variability
in the colloid bound phase (Figure 3(c)). The addition of
spoil material to reclaimed soils caused an initial flush of Cu
elution, before a constant rate is observed. Therefore, fresh
spoil material with unweathered Cu bearing minerals could
be a long-term source of mobile Cu.

Similar results can be seen with Zn in Kentucky
mine soils, where colloid bound Zn showed several spikes
(Figure 2(d)). Some of these peaks between VN, VR, and VB
monoliths occurred at the same point, and can be associated
with initial pulses from the daily leaching cycle (Figure 2(d)).
Other variations are more likely tied to differences in colloid
mineralogy and particle size. These flushing cycle pulses can
be better observed in Figure 3(d), where spikes in soluble Zn
from KS eluents are evident for every initial leaching cycle
samples.

3.4. Virginia versus Kentucky. Reclaimed soils in Virginia and
Kentucky eluted a similar colloid bound and total mass of Zn,
while Cu was not detectable in KR samples (Table 3). While
KR monoliths produced almost 7 fold more colloids than
their VR counterparts, total metal elution did not vary. This
may indicate that reclaimed soils alone will not contribute to
metal transport in solution or colloid phases. It is with the
addition of spoil or biosolids that increases the potential for
metal release in these systems.

The total mass of Zn was greater when spoil was added
to KS treatments compared to VS treatments. Fresh spoil
material in KS monoliths was also a more likely source
of soluble Zn compared to the spoil that had undergone
weathering for 30 years in VS monoliths. Colloid contribu-
tion to metal transport in both treatments with spoil was
limited by bulk density and EC [28, 32], so the majority
of this transport could be dominated by pH. Because most
of the metal mobility within spoil amended monoliths was
solution dominated, flushing patterns are more evident in
the leaching cycles.

The addition of biosolids to reclaimed soils resulted in
similar colloid bound metal transport patterns for both Zn
and Cu (Figure 2). Release was largely unpredictable, with
several peaks and valleys, but not often dropping below
detection. This may indicate that soil water chemistry shifts
may be moving through different pore sizes at varying rates,

Table 4: Colloid bound metals extracted by ammonium acetate
(NH4

+) and 1 M acid in mg L−1 in selected samples, with letters
representing differences at 0.01 between the extraction methods.

Cu Zn

mg L−1

NH4
+ 0.003 b 0.261 a

HCl/HNO3 0.017 a 0.266 a

% Exchangeable 17.6 98.1

releasing colloids and metals in an unpredictable pattern.
While the average pH of VB eluents is acidic, Miller et al.
[32] reported sharp increases in sample pH following 2 pv
of elution. The alkaline biosolids may release dissolved
metals quickly, but it takes more time to overcome the
pH buffer capacity of the soil. Cumulative mass Cu was
3 fold higher in KB eluents; probably due to the different
overall length of the monoliths, which were 60 and 30 cm
for VB and KB monoliths, respectively. While movement of
metals associated with organic complexes below 80 cm has
been observed with high loading rates [33], mobility beyond
30 cm appears to be limited with the lower application rates
to these soils.

A comparison of natural forest soils from each study area
does not yield similar results in colloid or metal elution. Total
mass of colloids, Cu, and Zn were greater in KN eluents
[28], indicating that undisturbed forest soils from different
regions of Appalachia will vary in mobility, which should
be expected. The ratio of total mass Zn : Cu was similar
between the two forest soils, both being 100 fold higher in
Zn and both dominantly showing greater Zn mobility in the
dissolved phase.

3.5. Metal Associations. Selected colloid samples were treated
with ammonium acetate (NH4

+) and 1 M HCl/HNO3 to
determine the exchangeable load of colloid bound metals
(Table 4). The ammonium acetate method extracted Cu and
Zn from all colloids, but the double acid extraction method
exchanged significantly more Cu. This would verify the
exchangeable nature of the Virginia and Kentucky eluted
colloid bound metals (particularly Zn), and the increased
potential for release to water resources.

4. Conclusions

The transport of Cu and Zn was observed in both the
dissolved and colloid phases, with Zn being present in all
treatments and Cu being detected in all but the KR eluents.
The presence of unweathered spoil material and biosolids
amendments contributed to higher metal release in soluble
fractions, particularly Zn. The mobility of Cu was enhanced
in the presence of gibbsite containing colloids but was less
exchangeable than Zn. Therefore, Cu mobility was more
limited and dependent on colloid movement, while dissolved
Zn was ubiquitous in all systems. The total mass of eluted Zn
in older reclaimed soils (VR, VS) was very similar, indicating
that the contribution of Zn to pore waters in younger spoil
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materials (KS) will mitigate over time. Within the younger
mine soils (KR), increases in surface organic material and
plant uptake may also reduce metal leaching over time [39].

Except for the case of the younger spoil material, total
metal concentrations were below 1 ppm and within drinking
water standards. The total accumulation of metals was also
not very high, considering the intensity of leaching in these
lab experiments. In the case of the older, weathered forest
soils, the presence of Cu and Zn in leachates indicates
that natural release and leaching of these metals in the
Appalachians must be low.

The application rate of biosolids used in the study was
lower than the typical levels applied in the field and the
concentration of the metals below the EPA limits. Therefore,
our findings may underestimate actual field occurrences.
However, our results indicate that an increase in transport
of soluble metals directly after biosolids application is to
be expected. Furthermore, mineral and organic colloid
mobilization through larger diameter, saturated conduits
occurring in cracks of disturbed soils may enhance trans-
portability of larger metal loads. Whether these metal loads
reach surface or groundwater will depend on the overall
path length and the possibility of being adsorbed to the soil
matrix. The addition of a dense spoil (VS) and salt laden
fresh spoil (KS) limited colloid bound metal transport. This
may also be the case in the field if saturated conduits are not
present.

The large spatial and vertical matrix variability existing
within mine land environments will make colloid contribu-
tions to mobility difficult though. Dispersion and movement
of colloids cannot be retarded; therefore the application of
biosolids to reclaimed lands should be offset by the depth
to the water table, or runoff potential. Spoil materials which
have the potential to release large amounts of salts should
also be placed in upland positions, where longer path lengths
to groundwater will reduce colloid and soluble metal loads.
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Land spreading is a major option internationally for the disposal/use of treated sewage sludge (biosolids), but effects of this practice
on soil organisms are largely unknown. This study investigated the effects of biosolids on two soil invertebrate species, earthworms
(Eisenia fetida) and Collembola (Folsomia candida), in laboratory tests. Five biosolids from different sewage works were assessed at
rates equivalent to 0, 2, 5, 10, and 20 t ha−1. Biosolids applied at 2 and 5 t ha−1 did not cause mortality of adult earthworms but did
at 10 and 20 t ha−1. At 5, 10 and 20 t ha−1, all biosolids had significantly fewer juvenile worms relative to controls. Increasing the
rates from 2 to 10 t ha−1 did not impact on the number of adult Collembola, but at 20 t ha−1 there were significantly fewer adults.
There were significantly fewer juvenile Collembola recorded for biosolids applied at the 2 t ha−1 when compared with controls,
and also when biosolids were applied at 5, 10, and 20 t ha−1 relative to 2 t ha−1. Some significant difference between biosolids
were observed, but generally, negative effects were not related to heavy metal concentrations in biosolids. It is recommended that
possible detrimental mechanisms (e.g., ammonia production, lack of oxygen) be investigated in future work. It is concluded that
biosolids, applied at legal, low rates (about 2 t ha−1) are unlikely to be detrimental to earthworms or adult Collembola but can be
detrimental to Collembola reproduction.

1. Introduction

The application of exogenous organic matter to agricul-
tural land is considered to be one of the most serious
anthropogenic pressures on soils in the European Union
[1]. European law and Irish law [2–4] aim to promote
the recycling of municipal sludge in agriculture and to set
standards to protect the environment and food safety.

Treated sludge of an appropriate standard is termed
“biosolids”. By 2015, towns of more than 2000 people in
Ireland will be obliged to have sludge treatment plants
complying with adopted standards. Over the next decade
it is estimated that 150.000 tonnes of dry solids will be
produced annually [5] which is more than a doubling
of current production, mirroring international trends. The
only means currently of disposing of this material is to
apply it to agricultural land. In Ireland, land spreading
of exogenous organic matter is increasing rapidly because

alternative disposal options have recently been eliminated
(sea dumping) or are soon to be precluded (landfill); a third
option, incineration, is not available, at least in the medium
term. Because this material is a relatively new form of organic
material, considered more innocuous than raw sewage sludge
produced prior to the introduction of regulatory standards,
its effects on soil biota are unknown.

European legislation that regulates sewage sludge amend-
ments in agriculture land [2] or influences indirectly their
use [6] consider just a chemical approach, imposing heavy
metal limit values and or apply nitrate/phosphorus regula-
tions. Despite the existence of standardized protocols (Eise-
nia fetida, Folsomia candida, and Enchytraeids), biological
assays are not mentioned even in the third draft of the
working document on sludge [7].

The earthworm Eisenia fetida and the Collembola
Folsomia candida are considered excellent test organisms
for studying the effects of organic amendment in the
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soil ecosystem because of their direct exposure and their
sensibility to pollutants [8–11]. The stimulation of soil
biota revealed in some field studies using agronomic dosage
of biosolids [12] is probably linked to the enhancement
of soil fertility, especially due to the contribution of the
organic matter. However, in some laboratory investigations
the application of such wastes has caused inhibitory effects
on soil invertebrates [13].

The objective of this study was to investigate the effects of
biosolids from various sources in Ireland applied at different
rates on two sensitive indicator invertebrate soil species,
Eisenia fetida and Folsomia candida, under laboratory con-
ditions. Since available test protocols are not specifically
designed for organic waste materials, the study also included
methodological developments, for example, is it necessary to
provide an organic food source in the earthworm test?

2. Materials and Methods

2.1. Test Substrate. Biosolids from five treatment plants
(sources) throughout Ireland were investigated for their
effects on the earthworm Eisenia fetida (Savigny, 1826)
and the Collembolan Folsomia candida (Willem, 1902).
The sources of biosolids were Biosolid 1 from Ringsend,
Dublin, Biosolid 2 Dungarvan, Waterford, Biosolid 3 Little
Island, Cork, Biosolid 4 Dunlickey, Limerick, and Biosolid
5 Osberstown, Kildare. All biosolids were collected during
July 2007 and stored in sealed 160 litre plastic drums. A sixth
biosolid high in Se obtained from Pueblo, Colorado, USA,
was also investigated for comparative purposes for its effects
on F. candida. Drying temperatures and dryer type used in
the production of each biosolid are given in Table 1. Heavy
metal analysis of each biosolid was obtained by means of
Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

2.2. Test Organisms. Adult Eisenia fetida worms were
obtained from a vermicompost unit managed at University
College Dublin (Ireland). Animals were reared in a con-
trolled environment cabinet (CEC) at 20 ± 2◦C and 12 : 12
photoperiod, in a breeding substrate of 50% organic cattle
dung (defaunated by drying) and 50% Sphagnum peat. The
medium of pH 6 to 7 was maintained at approximately 60%
water holding capacity (WHC). Worms were maintained in
this breeding substrate for a period of 12 weeks and were
the source of cocoons which provided worm cohorts of the
same age and development stage for tests. Test worms had
well-developed clitellae and were 40 days old. Ten worms,
selected at random from a population of more than 2000,
were weighed and used for each individual replicate of each
biosolid.

A culture of F. candida was obtained from M. T. Foun-
tain, University of Reading, UK. Laboratory reproduction
and rearing of F. candida was in accordance with The
International Standards Organization (ISO) protocol (ISO.
1999 11267, [14]) and those of Fountain and Hopkin
[15]. Collembola were cultured in glass Petri-dishes 8.5 cm
diameter and 1 cm deep on a moist substrate (approximately
0.4 cm deep) of 20 : 1 plaster-of-paris : graphite (calcium

sulphate dehydrate : charcoal) in the laboratory at room
temperature. Collembola were fed weekly with dry yeast
(Type II Sigma-Aldrich-YSC2) and the substrate was kept
moist by spraying with distilled water at intervals of 48 h.

2.3. Mortality and Reproduction. The artificial substrate used
in tests comprised Sphagnum peat 10% (sieved through
5 mm mesh), 20% kaolin, and 70% quartz sand (80%
particle size 0.2 to 2 mm) (ISO 1998 11268-2 [16], ISO 1999
11267 [14]). For worms, plastic containers (10×10×10 cm)
with perforated snap-on lids were filled with substrate to a
depth of 70 mm for each test replicate (640 mL added). The
WHC of the substrate was adjusted to 68% using distilled
water and the pH to 6.0, using calcium carbonate. This WHC
was maintained throughout the period of the test. Containers
with substrate were left without lids for 48 h prior to the
addition of 10 worms per container. Worms were fed weekly
with ground, surface-applied cow dung (5 g dry weight).
The treatments investigated included biosolids mixed with
substrate at rates equivalent to 2, 5, 10, and 20 t ha−1 dry
matter. In the case of biosolids 4 and 5, the 2 t ha−1 rate was
omitted. Additionally, Biosolid 1 was also investigated at all
rates with and without cow dung as food. Control treatments
comprised substrate without biosolid. Replication was 6-
fold. The test parameters measured were (i) pre- and posttrial
weights of each group of 10 worms per replicate, (ii) worm
mortality posttrial, (iii) reproduction: following the removal
of worms, containers with substrate were placed in the CEC
for a further 28 days after which the number of juvenile
worms in each container was recorded following collection
by wet sieving of substrate.

For Collembola, screw top plastic containers (6 cm high
and 3.7 cm diameter) were filled with substrate to a depth
of approximately 3 cm for each test replicate (50 mL added).
The soil substrate pH was adjusted to pH 6.0 using calcium
carbonate. Five rates of biosolids equivalent to 0, 2, 5, 10
and 20 t ha−1 were mixed with the soil substrate and the
pH readjusted to 6 where necessary. Additionally, every
biosolid was also investigated at 2 t ha−1 rate but placed on
the substrate surface. The substrate biosolid was moistened,
using distilled water, so that no free water was visible when
the soil was compressed [17]. Ten, 10 to 12 day old F. candida
were placed in each container and provided with 3 mg of dry
yeast (Type II Sigma-Aldrich-YSC2) as food. Replication was
6-fold. Containers were placed in a controlled environment
cabined (CEC) for 28 days at 20◦C in a 16 : 8 h light : dark
regime. Relative humidity was maintained at approximately
100% by spraying the inside of container lids with distilled
water at 48 h intervals. The food supply was replenished on
day 14 by adding a further 3 mg of dry yeast. After 28 days
the number of adult and juvenile F. candida in each container
was recorded following their recovery by water floatation in
plastic containers (26× 15× 10 cm).

2.4. Data Analysis. The data were analysed using general
linear model procedures [18]. The data comparing Biosolid
1 at various rates and with or without cow dung as feed had a
two by five factorial design and was analysed using ANOVA.
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Table 1: Biosolid production temperatures (◦C), dry matter content, and dryer type.

Biosolid 1 Biosolid 2 Biosolid 3 Biosolid 4 Biosolid 5 Biosolid 6

Dryer temp. 350–450 350–450 118–175 275–325 120–130 Air temp

Targeted dry matter >94 >94 >94 >94 >94 —

Measured dry matter 95.4 97.5 89.6 94 95.1 82.1

Dryer type Rotating drum Rotating drum Thin-film evaporator Rotating drum 3-stage Belt Filter-press

Data on adult worms and Collembola were analysed using
Friedman analysis of variance by rank with sources of
biosolids treated as blocking factors. Worm weight data was
log transformed and worm pretrial weights were included in
analysis (ANOVA) as covariates. Analysis of data on juvenile
worms and Collembola entailed Box-Cox transformations. A
group variable was used to combine the single control with
the blocked data in the case of juvenile worms, while for
Collembola each biosolid had a control. Possible effects of
chemical elements on juvenile worms and Collembola were
investigated using chemical measurements as covariates in
place of the block factor. Linear and quadratic effects and
their interaction with the treatment factor were examined.

3. Results

3.1. Effect of Presence and Absence of Cowdung on Earthworms.
The effect of presence and absence of cowdung, as a food,
with various rates of Biosolid 1 on E. fetida are given
in Table 2. There was a significant interaction between
cowdung and rate of biosolid on adult worm numbers
(P < .0001), weight (P < .0001), and number of juvenile
worms (P < .0001) produced. The mean number of worms
recovered where cowdung accompanied the various rates
of biosolid was 9.9, while that without cowdung was 8.3
worms. The latter values differed significantly. There was
no difference between treatments in worm weight pre-
trial (Table 2), but data analysis of worm weight posttrial
included individual pre-trial weights (as a covariate) since a
relationship was found between these values. The absence of
dung significantly (P < .0001) reduced worm weights when
compared with that for worms receiving dung. Similarly,
there was a significant effect of rate of biosolid on worm
weight. Comparing posttrial worm weights for dung and
no-dung at the various rates showed significant differences
between controls (P < .0001), 2 t ha−1 rate (P = .001) and
20 t ha−1 rate (P = .0003). The mean number of juvenile
worms produced where cowdung accompanied the various
rates of biosolid was 55.3, while that without cowdung was
significantly fewer with only 7.8 juveniles recorded.

3.2. Earthworms. Increasing the rate of application of the
five biosolids resulted in a significant (P = .0009) reduc-
tion in earthworm numbers (Table 3). Comparing worm
numbers recovered from the 2 t ha−1 and 5 t ha−1 rates,
for the 5 biosolids, showed no significant effect on worm
mortality. However, for comparisons between the 5 t ha−1
and 10 t ha−1 rates a significant (P = .016) reduction in

numbers for the higher rate was recorded. The 2 t ha−1
rate had significantly more worms than the 10 t ha−1 rate.
Similarly, the 20 t ha−1 rate had significantly (P = .03) fewer
worms relative to that for the 10 t ha−1 rate. An examination
of worm numbers for Biosolids 1 and 5 showed no significant
impact due to increasing rate of application. In the case of
Biosolids 2, 3, and 4, there was a significant (P ≤ .0001)
negative effect due to increasing rate.

The pre-trial weights of worms, which were randomly
selected, did not differ significantly between rates or biosolids
(Bonferroni grouping by means). However, the final weights
of worms for the various biosolids treatments were signifi-
cantly (P = .03) lower than worm weights from untreated
controls. The increased application rate of biosolids as well as
source of biosolid had significant effects (P < .0001 and .005)
on posttrial worm weights.

In the combined analysis, biosolids from the five sources
had significantly (P < .0001) fewer juveniles than controls
(Table 3). Juvenile numbers were significantly (P < .0001)
reduced with increasing rates of biosolids, and there was also
a significant (P < .0001) effect for the various biosolids
(i.e., a source effect). The effect of application rate on
juvenile worms was determined by combining each rate for
the five biosolids. This showed no difference in juvenile
numbers between untreated and 2 t ha−1 rate, while the
5 t ha−1, 10 t ha−1, and 20 t ha−1 rates had significantly
fewer juveniles (P < .0001 to .007). Only three of the five
biosolids were investigated at the 2 t ha−1 rate, nevertheless,
the results show that the 5, 10, and 20 t ha−1 rates had
significantly (P < .0001) fewer juveniles than that for
2 t ha−1. The 5 t ha−1 rate has significantly (P < .0001) more
juveniles than either 10 t ha−1 or 20 t ha−1 rates and the
10 t ha−1 rate had significantly (P = .0002) more juveniles
than the 20 t ha−1 rate. In general, comparing the number
of juvenile worms recovered from biosolids for each of the
five sources with untreated controls showed that Biosolid 1
did not differ from that for the control while biosolids 2,
3, 4, and 5 all had significantly (P < .0017) fewer juvenile
worms. Using P values to explore the block effect showed
that Biosolids 2 and 3 had significantly fewer juveniles than
Biosolid 1 and Biosolid 3 which had significantly fewer
juveniles than Biosolids 4 and 5.

3.3. Collembola. There was no significant difference in the
number of adult Collembola recovered between surface
and soil mixing for the six biosolids at the 2 t ha−1 rate.
Increasing the rate of biosolid application from the six
sources significantly (P < .0001) reduced the number
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Table 2: The effect of rate of Biosolid 1on Eisenia fetida adult mortality, body weight, and number of progeny when provided with cowdung
as food or in the absence of dung (mean of 6 replicates, 10 worms per replicate).

Biosolid rate t ha−1 Worm No. pre-trial Worm No. posttrial Worm wt. g pre-trial Worm wt. g posttrial No. juvenile worms

Cowdung provided

0 10 10.0 0.3106 0.3311 68.2

2 10 10.0 0.2942 0.3202 95.2

5 10 9.8 0.2920 0.3404 81.0

10 10 10.0 0.3024 0.3773 32.3

20 10 9.8 0.3092 0.4735 0.0

sed 0.129 0.0115 0.0188 12.88

No dung

0 10 10.0 0.3102 0.2043 1.2

2 10 10.0 0.3121 0.2665 15.5

5 10 10.0 0.3162 0.3408 21.7

10 10 10.0 0.3060 0.4413 0.7

20 10 1.7 0.3025 0.3652 0.0

sed 0.3887 0.0173 0.0189 2.911

Dung effect (P-value) — .254 <.0001 —

Biosolid rate effect (P-value) — .963 <.0001 —

Mean value + cowdung 9.93a 0.3017a — 55.33a

Mean value − cowdung 8.33b 0.3094a — 7.8b

a,bBonferroni grouping; values with different superscripts differ significantly.
sed: Standard Error of the Difference between Means.

Table 3: The effect of rate of application, t ha−1, compared for each of five Biosolids on Eisenia fetida adult mortality, weight, and progeny
(Mean of 6 replicates, 10 worms per replicate).

Biosolid Rate t ha−1 Worm No. posttrial Worm wt g pre-trial Worm wt g posttrial No. juvenile worms

Untreated control 0 10.0 0.3106 0.3311 68.2

1

2 10.0 0.2942 0.3202 95.2

5 9.8 0.292 0.3405 81.0

10 10.0 0.3025 0.3773 32.3

20 9.8 0.3092 0.4735 0.0

sed 0.136 0.0123 0.0199 13.50

2

2 10.0 0.2838 0.3231 107.0

5 10.0 0.3100 0.3629 10.5

10 8.5 0.2954 0.3849 0.0

20 0.0 0.2917 0.0 0.0

sed 0.438 0.0105 0.0160 9.342

3

2 10.0 0.3122 0.3260 44.0

5 10.0 0.3005 0.3125 6.3

10 6.2 0.3000 0.4323 0.0

20 0.0 0.3118 0.0 0.0

sed 0.902 0.00869 0.0621 4.554

4
5 9.7 0.3020 0.4444 46.8

10 9.8 0.3008 0.4042 7.0

20 3.8 0.3210 0.4557 0.0

sed 1.20 0.0119 0.0509 6.562

5
5 10.0 0.3046 0.3418 49.8

10 10.0 0.2837 0.3513 1.2

20 9.5 0.3152 0.3710 0.7

sed 0.279 0.0207 0.0253 7.864

sed: Standard Error of the Difference between Means.
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Table 4: The effect of rate of application, t ha−1, compared for each
of six biosolids on the number of adult Folsomia candida and on
the number of juveniles (mean of 6 replicates, 10 Collembola per
replicate).

Biosolid Rate, t ha−1 Adult No. posttrial
No. juvenile
Collembola

0 10.0 348.5

2-surface 9.83 200.83

1 2 9.5 142.33

5 9.67 55.83

10 7.83 40.17

20 0.0 0.0

sed 0.3717 19.857

0 10.0 252.0

2-surface 9.83 54.5

2 2 8.5 20.67

5 6.17 6.17

10 0.0 0.0

20 0.0 0.0

sed 0.5607 38.371

0 10.0 432.17

2-surface 9.67 84.33

3 2 9.0 41.17

5 5.67 0.0

10 0.0 0.0

20 0.0 0.0

sed 1.0205 35.471

0 10.0 387.67

2-surface 9.67 137.67

4 2 8.33 125.83

5 9.17 3.83

10 4.5 0.0

20 0.0 0.0

sed 0.7812 38.906

0 10.0 301.17

2-surface 9.67 139.83

5 2 9.5 103.83

5 7.83 21.83

10 7.5 0.0

20 5.0 0.0

sed 0.8608 26.954

0 10.0 359.5

2-surface 9.5 298.17

6 2 9.83 354.17

5 7.83 22.83

10 8.67 12.33

20 9.67 9.17

sed 1.0214 40.965

sed: Standard Error of the Difference between Means.

of Collembola (Table 4). A similar significant effect was
obtained when the 2 t ha−1 surface application rate was

omitted. Comparing the number of Collembola obtained
from untreated controls with 2 t ha−1 rate mixed with
soil showed the latter significantly (P < .0001) reduced
Collembolan numbers. There was no significant difference
in numbers between 2, 5, and 10 t ha−1 rates. However,
the 20 t ha−1 rate had significantly (P = .0002) fewer
Collembola when compared with the 10 t ha−1 rate.

Production of juvenile Collembola was a more sensitive
parameter than adult mortality in determining effects of
biosolids. Data analysis for combined biosolids at each rate
showed there was a significant (P < .0001) reduction in
juvenile Collembola in response to increase rate of biosolids
application. There was also a similar significant difference
between juvenile numbers for various biosolids. Each of the
four rates of biosolids (combined sources) had significant
(P < .0001) fewer juvenile Collembola when compared
with the untreated controls. Relative to the 2 t ha−1 rate,
the remaining rates of 5, 10, and 20 t ha−1 had significant
reduced numbers of juveniles. There was no significant
difference in juvenile numbers between the 5 t ha−1 and
10 t ha−1 rates. However, there were significantly (P = .001)
fewer juveniles obtained at 20 t ha−1 when compared with
5 t ha−1 rate. The difference in juvenile numbers between the
10 t ha−1 and 20 t ha−1 rates was not significant. Comparing
the effects of each of the six biosolids on the number of
juvenile Collembola obtained showed that Biosolid 1 and 6
did not differ significantly but each had significantly (P <
.0001 to .008) more juveniles than Biosolids 2, 3, 4, and
5. Comparing the 2 t ha−1 rate for the six biosolids when
surface applied and mixed with soil showed there were
significantly (P = .037) fewer juvenile Collembola where
the biosolid was mixed with the soil. Overall, most adult
and juvenile worms and Collembola were associated with
Biosolid 5 followed by biosolids 1, 4, 2, and 3, respectively.

3.4. Chemical Analysis. The chemical analysis of biosolids
is given in Table 5. Comparing the highest and lowest
concentrations of elements for each of the five Irish produced
biosolids showed greatest differences, 30 to 34-fold, for
aluminium, iron, and tin followed by nickel and lead having
8-fold and 5-fold differences, respectively, while remaining
elements differed between 1.5− and 4.5−fold. Biosolid
5 had highest concentrations of 12 of the 23 elements
measured, Biosolids 2 and 3 had highest concentrations of
7 and 5 elements, respectively, while Biosolids 1 and 4 had
highest concentrations of 3 and 2 elements, respectively.
Relative to Irish biosolids, biosolid 6 (Colorado, USA) had
higher levels of selenium, cadmium, arsenic, barium, copper,
and magnesium. Of these, selenium was 77-fold greater,
cadmium 16-fold, and the remaining elements between 2-
and 5-fold greater than Irish biosolid while beryllium was
particularly low in Biosolid 6.

Arsenic and barium were found to have a significant
negative relationship (P = .007 and P = .004) with juvenile
worm numbers. Organic matter content of biosolids was
found to have a significant positive relationship with juvenile
worm numbers and the effect was linear with rate. In the
case of juvenile Collembola, cadmium and sulphur had a
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Table 5: Chemical analysis of Biosolids.

Chemical element Biosolid 1 Biosolid 2 Biosolid 3 Biosolid 4 Biosolid 5 Biosolid 6

mg kg−1

Aluminium 9963 164038 25963 5514 31202 —

Antimony 3 2 3 3 4 —

Arsenic 2 3 3 3 4 10.5

Barium 114 99 228 222 234 332

Beryllium <0.5 0.2 <0.5 <0.5 <0.5 <0.001

Cadmium <0.5 0.8 1 0.6 0.8 16.3

Chromium 11.1 17 18 37 25 8.7

Cobalt 2 3 4 3 3 —

Copper 221 308 236 260 202 530.7

Iron∗ 2.12 7 7 5 72 —

Lead 38 157 79 57 31 54.3

Manganese 139 116 194 188 224 250

Nickel 9 15 20 23 71 31.1

Selenium 2 0.96 2 1 2 154.7

Silver 3 2 0.94 2 0.8 —

Tin 10 9 12 8 238 —

Zinc 301 547 681 355 403 83.4

Sulphur 5800 9900 7900 6300 10300 —

Nitrogen 36600 45400 39100 38400 30766 —

Phosphorous 11500 12400 15600 12800 28300 —

Potassium 1430 6430 4900 3060 2430 —

Magnesium 2530 5930 6500 3700 4060 —

Sodium 2360 5330 3410 1660 1500 —

Organic matter % 86.3 69.3 70.6 78.1 55.4 —
∗Values for Iron are mg g−1.

significant negative relationship, while silver was found to
have a positive relationship. Data analysis for combined
biosolids showed that selenium did not impact on juvenile
Collembola despite the high concentration of this element
in Biosolid 6. As with juvenile worms, organic matter
content had a significant positive relationship with juvenile
Collembolan numbers.

The phosphorous concentration of the five Irish biosolids
determined the maximum amount at which biosolids could
be applied to agricultural land [4]. In accordance with this
legislation the respective maximum rates at which biosolids
1, 2, 3, 4, and 5 could be applied to an Index 3 soil was in the
range 0.9 to 2.2 t ha−1 for cereals and 0.7 to 1.7 t ha−1 for
grassland (Table 6). The phosphorous threshold was more
critical than the heavy metal threshold [3] for which zinc
was the limiting factor. The (theoretical) permitted rates for
biosolids 1 to 5, respectively, using zinc as the determining
parameter would be 25, 14, 11, 21, and 19 t ha−1.

4. Discussion

4.1. Method Development. Ecotoxicological methods using
soil animals were originally developed for pesticide testing
[19]. Recently, these tests have been applied to the evalua-
tion of certain solid waste materials, in particular organic

materials [9, 10, 20, 21]. The study reported here suggests
that standardized tests are useful for testing biosolids at
low application rates, but there are potential pitfalls at
high rates. The high mortality of animals observed at high
biosolids rates needs to be interpreted carefully since it may
be related, at least in part, to the artificial conditions of
the experiment and not toxicity per se of materials tested.
These particular conditions include release of ammonia and
decrease in pH [22], lack of oxygen [23], and proliferation
of mould (authors’ unpublished observations). Previous
studies confirmed the high toxicity for earthworms at high
levels of organic fertilisation (slurry and thermally dried
sewage sludges), in laboratory trials [24–26] and in field
work [27, 28]. Future work on the development of these
methods for testing organic waste materials should monitor
these conditions to establish if they can have deleterious
effects on the test animals. This is also important since appli-
cation rates and location in the soil can be comparable to
field conditions, that is, detrimental mechanisms discovered
under laboratory conditions may also exist in field soils after
biosolids applications.

The use of suitable food and the correct position in
the soil profile minimises the mortality of animals in labo-
ratory cultures [29]. In our earthworm experiment, access
to cow dung improved adult survival and reproduction,
confirming its suitability for ecotoxicological studies [30].
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Table 6: The maximum rates, t ha−1, at which Biosolids could be applied to grassland and cereal crops grown in soils of varying soil indices.

Biosolid 1 Biosolid 2 Biosolid 3 Biosolid 4 Biosolid 5

Nitrogen Winter wheat

Index 1 (190 kg ha−1) 5.2 4.2 4.9 4.9 6.2

Index 2 (140 kg ha−1) 3.8 3.1 3.6 3.6 4.6

Index 3 (100 kg ha−1) 2.7 2.2 2.6 2.6 3.3

Index 4 (60 kg ha−1) 1.6 1.3 1.5 1.6 2.0

Nitrogen Spring barley

Index 1 (135 kg ha−1) 3.7 3.0 3.5 3.5 4.4

Index 2 (100 kg ha−1) 2.7 2.2 2.6 2.6 3.3

Index 3 (75 kg ha−1) 2.0 1.7 1.9 2.0 2.4

Index 4 (40 kg ha−1) 1.1 0.9 1.0 1.0 1.3

Nitrogen Grassland normal and high stocking rates

Normal (170 kg ha−1) 4.6 3.7 4.3 4.4 5.5

Phosphorous Winter wheat and Spring barley

Index 1 (45 kg ha−1) 3.9 3.6 2.9 3.5 1.6

Index 2 (35 kg ha−1) 3.0 2.8 2.2 2.7 1.2

Index 3 (25 kg ha−1) 2.2 2.0 1.6 2.0 0.9

Index 4 (0 kg ha−1) 0.0 0.0 0.0 0.0 0.0

Phosphorous Grassland normal stocking rate

Index 1 (39 kg ha−1) 3.4 3.1 2.5 3.0 1.4

Index 2 (29 kg ha−1) 2.5 2.3 1.9 2.3 1.0

Index 3 (19 kg ha−1) 1.7 1.5 1.2 1.5 0.7

Index 4 (0 kg ha−1) 0.0 0.0 0.0 0.0 0.0

It is recommended to maintain the provision of this food
source because otherwise the tests would induce starvation.
In the case of Collembola, adult F. candida produced more
offspring when biosolids were applied at the soil surface
compared with treatments where it was mixed into the
soil. This finding suggests that surface-applied biosolids may
represent a more easily located and concentrated source of
food for Collembola. This concurs with the beneficial effect
of organic wastes on F. candida as observed by [31].

It is generally recognised that reproduction is more
sensitive to toxicants than adult mortality [31, 32]. This
study confirmed that the most useful measure is the offspring
number for both earthworms and springtails. However, adult
mortality is also a useful measure of the sensitivity of spring-
tails to biosolid applications, reflecting the higher sensitivity
of springtails in comparison to earthworms. This has already
been reported for these species by Natal-da-luz et al. [9].

4.2. Toxicity of Biosolids. Pollutant content and physico-
chemical characteristics of the biosolids-artificial soil mix-
ture influence the results of toxicity tests of a complex
material such as biosolids [33]. In these materials, inorganic
elements such as Zn, Cr, Cd, and Pb are considered pollutants
because at certain rates they can affect the mortality, growth,
or reproduction of the animals tested. The pH, moisture
and organic matter content are important physicochemical
characteristics of this mixture because they can modify
pollutant effects and animal behaviours [22]. Results of the
worm reproduction test revealed that Biosolid 2, 3, and

4 had negative effects at increasing rate of application on
mortality (equivalent to 10 and 20 t ha−1 rates) as well as
reproduction (from rate 2 or 5 t ha−1), whereas Biosolid 1
and 5 produced a negative response only on reproduction,
Biosolid 1 from 10 t ha−1 and Biosolid 5 from 5 t ha−1. The
three more toxic biosolids did have greater concentrations of
Pb than Biosolid 1 and 5, however, the Pb concentration was
probably not high enough to induce toxic effects on mortality
and cocoon production. This interpretation is supported by
Garg et al. [34] who determined the effects of Pb on the
survival of E. fetida in a standard artificial soil. After 45 days
a mortality of 57–68% was observed at 500–2500 mg Pb kg−1

dry weight (DW). Spurgeon et al. [35] found a reduction
in cocoon production at concentrations of 2000 mg Pb kg−1.
These values are much higher than the values measured for
Biosolids 2, 3, and 4 (max 157 mg Pb kg−1 biosolid 2). The
Zn contents of Biosolids 2 and 3 were substantially greater
compared to those of the other biosolids. However, Zn could
not be the reason for the greater toxicities of Biosolids 2 and
3 since the concentration of this element in Biosolid 5 was
greater than that for Biosolid 4, with the latter recorded as
having a greater negative impact on juveniles worms.

The application of biosolids at 2 t ha−1 did not show any
negative effects on adult worm mortality and reproduction.
However, comparing Biosolid 1, 2, and 3 on the basis of
juvenile worms showed Biosolid 3 to be significantly more
detrimental than Biosolids 1 or 2. Moreira et al. [8] and
Natal-da-luz et al. [9] found no effects on either mortality or
growth of Eisenia spp. at 6 t ha−1 of sewage sludge, suggest-
ing the absence of toxicity a lower rates of these materials.
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The increased deleterious effects with increasing rates
of all Irish biosolids observed for Collembola confirm
the trends recorded for earthworms. However, Collembola
seem to be more sensitive than worms because they were
negatively affected by all Irish sources with increasing rates
for both mortality and reproduction. Also in the present
tests, Biosolids 2 and 3, 4 were more deleterious than 1 and
5 since they were toxic at lower rates of applications. In
the reproduction study, Biosolids 2 and 3 were more toxic
that remaining Biosolids. As outlined earlier, Pb did have
greater concentrations in Biosolids 2 and 3. According to the
literature, the observed toxicity cannot be attributed to the
level of Pb. In a study of Greenslade and Vaughan [36] using
F. candida, the EC50 for the effects of Pb on reproduction in
OECD artificial soil was about 20 times higher (2560 mg lead
kg−1 DW) than the Pb content of the most concentrated soil-
biosolid 2 mixture (157 mg lead kg−1 biosolid). Fountain and
Hopkin [15] calculated an EC50 of 580–3160 mg Pb kg−1 DW
for the effect of Pb on reproduction.

The fact that survival and reproduction decreased with
increasing biosolid concentration is supported by Domene
et al. [37] who evaluated the effects of four different kinds
of wastes (dewatered, composted or thermally dried sludges
and dried pig slurry) on survival and reproduction of F.
candida. In the latter study, reproduction was not inhibited
by aerobic thermally dried sludges at EC50 5.3 mg kg−1 DW,
nor was there inhibition for anaerobically digested sludges
at Pb concentrations of 10.4 and 19 mg kg−1 DW. Crouau
et al. [22] observed a significant reduction in juvenile
numbers only at high sewage sludge concentrations (50%
of sludge in test soil), however no effect was detected on
mortality. Results for Biosolid 6 showed a broadly similar
trend as that for Irish biosolids for F. candida reproduction
but no mortality was observed at any rate of application.
These results were somewhat surprising as it was anticipated
that the high concentration in Se (154.7 mg kg−1 biosolid)
might have impacted on Collembolan mortality. However,
the statistical analysis of data on juvenile Collembolan
mortality and selenium content of biosolids did not show any
relationship.

Spurgeon et al. [35] and Spurgeon and Hopkin [38]
found respective Zn EC50 of 276 and 462 mg kg−1 DW
for cocoon production by E. fetida. However, no negative
effects on growth rate were recorded at 400 mg Zn kg−1 DW
by Spurgeon et al. [35]. Van Gestel et al. [39], studying
E. andrei in artificial soil with a pH of 6.2, reported an
EC50 for effects on cocoon production of 512 mg Zn kg−1

DW. In the case of springtails, Smit and Van Gestel [40]
found an EC50 for the effect on F. candida reproduction
of 261 mg Zn kg−1 DW. Based on the latter investigations, a
deleterious effect would have been expected in the present
study at the highest concentrations of the soil mixtures,
where the concentration of Zn was of the same order of
magnitude as the reported EC50 value. Again, in the present
study no statistical relationship was established between
Collembolan mortality and Zn content.

Metals in our study occurred as compounds formed in
organic materials, whereas many studies added them in salt
form which is much more soluble. For instance, Fischer and

Molnár [41], from a study with E. fetida in peat and horse
manure, reported significant effects of aluminium chloride
on cocoon production at a concentration of 4850 mg Al kg−1

DW. Van Gestel and Hoogerwerf [42] determined the effects
of three different Al salts on E. andrei survival in artificial soil
at different pH levels. In artificial soils with pH of between
6.7 and 7.2, aluminium chloride appeared to be most toxic
with LC50 of 1000 mg Al kg−1 DW, whereas aluminium oxide
did not affect earthworm survival at concentrations of
5000 mg Al kg−1 DW. The same authors exposed earthworms
to soils treated with aluminium sulphate for 6 weeks and
found that at pH 7.3, aluminium affected cocoon production
at 320 and 1000 mg Al kg−1 DW. These values are much lower
than the values of aluminium of the five biosolids (between
5514 and 164038 mg Al kg−1 biosolids), however, the current
study does not establish that Al was one of the factors that
caused high toxicity at high rates of biosolid application.

Interpretation of the effects of As in this study presented
similar problems. Fisher and Koszorus [43] tested the effect
of 68 mg kg−1 DW of As (as potassium arsenate) on growth
and reproduction of E. fetida. The number of cocoons
produced per worm showed the highest sensitivity to As
with a 56% reduction at the test concentration. This value
is much higher than the values of As in the 5 biosolids
tested in our study, nevertheless, the As content of biosolids
was found to have a significant negative relationship with
juvenile worm numbers but not with numbers of juvenile
Collembola. Greenslade and Vaughan [36], using F. candida
to evaluate the toxicity of As(III) and As(V) in artificial soil
found EC50 values of 3 mg As(III) kg−1 DW for reproduction
and EC50 of 119 mg As (V) kg−1 DW for survival. Crouau and
Moı̈a [44] found a significant effect of As (sodium arsenate)
on F. candida reproduction even at the lowest concentration
tested, 2.2 mg As kg−1 DW.

4.3. Implications for Land Spreading. In compliance with
Irish and European legislation [3, 4] the P content of
biosolids was found to be the critical component in deter-
mining the maximum amount at which biosolids can be
applied to land. In the assumed case of an Index 3 soil,
the maximum allowable rate was 2.2 t ha−1 for cereals and
1.7 t ha−1 for grassland (Table 6). Applying each of the five
biosolids at 2 and 5 t ha−1 did not negatively impact on
numbers of adult worms in laboratory tests. However, of
the three biosolids investigated at the 2 t ha−1 rate, biosolid
3 did have a negative effect on the numbers of juvenile
worms while biosolid 1 and 2 had no effect. In the case
of F. candida the combined data for the five biosolids at
2 t ha−1 showed a significant negative effect on adults, but
data analysis for individual biosolids showed that at the
2 t ha−1 rate there was no significant reduction in adult
numbers when compared with untreated controls. However,
the 2 t ha−1 rate had significantly fewer juvenile Collembola
than controls. It is concluded from these laboratory-based
assays that biosolids, applied at realistically low rates (about
2 t ha−1) are unlikely to be detrimental in the short term
to earthworms or adult Collembola, but they may be
detrimental to juvenile Collembola. Further, these results
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cannot be used to predict the possible long-term effects of
continuous land spreading of biosolids.
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There are indications that the more frequent use of untreated organic residues for fertilization results in increased risk of
contamination with human pathogens. Here, we evaluate the ability of two different strains of Campylobacter jejuni to persist in
manure and soil as well as spread to spinach plants. It was revealed that different strategies for inoculation of C. jejuni contribute to
the persistence of the bacterium in soil, roots, and shoots. Upon inoculation of the bacteria into manure prior to soil application,
the amount of C. jejuni subsequently recovered in soil was higher than that from treatments involving the addition of C. jejuni cells
to the soil after plant emergence. Irrespective of the bacterial inoculation dose and strategy employed, the C. jejuni content in soil
remained relatively constant, whereas the majority of C. jejuni cells applied to spinach leaves could be recovered during the whole
evaluation period of 21 days.

1. Introduction

In contrast to infections by Salmonella spp. and pathogenic
Escherichia coli that cause massive foodborne outbreaks,
campylobacteriosis is mainly presented as sporadic illness
[1]. In view of its sporadic nature combined with an
unusual microaerophilic and thermophilic lifestyle, recovery
of Campylobacter spp. outside its host is a major challenge,
predominantly resulting in unidentified point sources of
Campylobacter contamination [2]. One possible means of
Campylobacter entry into the human food chain is through
application of untreated animal manures and/or biosolids
to agricultural crop land. Organic manure is an important
source of plant nutrients and organic matter, particularly
within organic farming where no mineral fertilizers are
allowed. The risk for Campylobacter contamination of crops
is highest in cases where the produce is likely to be eaten
raw, including crops such as salads, spinach, fruit, and
various vegetables. Consistently, Campylobacter spp. has
been detected on produce sampled at the marketplace, such
as spinach, lettuce, radish, green onion, potatoes, and parsley
[3], carrots and cabbage [4], mixed salad vegetables [5],

mushrooms [6], and spinach and fenugreek [7]. The extent
of Campylobacter spp. survival in manure is affected by the
type of animal, their diet stress, and age [8, 9], respectively,
as well as manure management and method of application
[10, 11]. The majority of studies performed to date indicate
that Campylobacter species are not able to persist effectively
in solid manure once excreted [12–17]. However, contrasting
results have been obtained in the most recent investigation,
which shows that Campylobacter cells survive in excreted
cattle feces for long periods in compost [18]. Regardless of
the rate of decline of Campylobacter species in manure, the
bacteria might potentially be able to survive and proliferate
in the rhizosphere after application of manure to soil, since
this site is considered a reservoir of human pathogens
[19]. Moreover, root colonization may lead to endophytic
spread from roots to shoots of some pathogens [20], thus
representing an even greater source of infection.

To determine the risks connected to the persistence
of Campylobacter in crop produce in the presence of
the indigenous microflora, the ability of these bacteria to
colonize manure, soil, and plant parts required thorough
evaluation. However, despite the difficulties in isolating and
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quantifying Campylobacter spp. in substrates containing
complex microbial communities, limited molecular detec-
tion and/or quantification techniques have been applied for
exploring their persistence in manure, soil, and on or within
plant products. The overall objective of the present study was
to compare the abilities of two C. jejuni strains inoculated at
different concentrations in manure and soil to spread further
through the rhizosphere to spinach root and shoot tissue.
Moreover, quantitative differences in C. jejuni among the
sites investigated (soil, roots and shoots) were evaluated by
means of molecular targeting.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions. We employed
the completely genome sequenced [21, 22] bacterial strains
C. jejuni subsp. jejuni CCUG 6824 (NCTC 11168) and C.
jejuni subsp. jejuni 81116 (NCTC 11828) in this study. The
strains were grown and maintained on mCCDA-Preston agar
plates (Oxoid LTD., Basingstoke, Hampshire, England) sup-
plemented with CCDA selective supplement (Oxoid LTD.,
Basingstoke, Hampshire, England) for 48 h, followed by
transfer to Bolton-selective enrichment broth (Merck KgaA,
Darmstadt, Germany). Plates inoculated with Campylobacter
were incubated at 42◦C under microaerophilic conditions
generated by an activated BBL CampyPak plus gas gen-
erator envelope placed in a BBL GasPak Jar system (BBL
Microbiology Systems, Cockeysville, USA). Liquid cultures
were incubated at 37◦C under microaerophilic conditions
(GasPak EZ Campy Container System, Becton Dickinson,
Sparks, USA) for 48 h. Subsequently, 10 mL of culture was
transferred to fresh Bolton broth and reincubated at 37◦C
under similar conditions for 24 h until OD600 measured
approximately 0.15, corresponding to the early exponential
phase. For inoculation of manure, Campylobacter bacteria
were harvested, washed 3 times with 0.9% NaCl, and
resuspended in 0.9% NaCl.

2.2. Manure and Soil. Cattle slurry (dry substance: 10.9%,
pH: 7.0, Tot-N: 4.3 kg ton−1, NH4-N: 2.2 kg ton−1, ash con-
tent: 2.3%, C/N ratio: 20, P: 0.59 kg ton−1, K: 4.2 kg ton−1,
Mg: 0.79 kg ton−1) was collected in a deep pit at an
organically managed farm in Sandviken, Sweden, and stored
at 4◦C until use. Clay loam soil (clay content: 36%, sand
content: 19%, humus content: 4.2%, pH: 6.6, dry substance:
88.9%, P: 1.6 mg 100 g−1 air-dried soil, K/Mg ratio: 0.3, Ca:
250 mg 100 g−1 air-dried soil, N-tot: 33 kg ha−1, NH4-N:
0.159 mg 100 g−1 dry substance, NO3-N: 1.161 mg 100 g−1

dry substance) was collected at a biodynamic farm in Järna,
Sweden, and stored at 4◦C until use. Soil was collected from
a 1 × 1 m square at a depth of approximately 20 cm, sieved
(2 mm) and mixed prior to use. Chemical analyses were
performed by Eurofins Laboratories (Kristianstad, Sweden).

2.3. Bacterial Inoculation of Manure and Soil. Two separate
experiments were performed. Experiment A examined the
effect of inoculum size on the colonization ability of C.
jejuni 6824 inoculated into manure before soil application.

In experiment B, we investigated the potential differences in
survival in soil and plant material between C. jejuni 6824 and
C. jejuni 81116. Organically produced spinach seeds (variety
Gamma) were used in both experiments and grown in plastic
pots (6.5×6.5×5 cm). Each treatment was replicated 5 times
and sampled at 4 specific dates, leading to a total of 20 pots
per treatment.

In experiment A, three inoculation doses of C. jejuni
6824 were used, specifically, 105, 106, and 107 CFU g−1

slurry (corresponding to 104, 105, and 106 CFU g−1 soil),
along with a control containing only 0.9% NaCl buffer. In
general, 220 mL slurry was inoculated with 22 mL bacterial
suspension or 0.9% NaCl buffer and mixed with 3 kg of soil.
Individual pots received 130 g of this mixture, and 6 spinach
seeds were sown in each pot at a depth of approximately
2 cm.

Pots in experiment B contained 130 g of the soil-manure
mixture described above, but no Campylobacter bacteria.
When plants were 14 days old, 10 mL bacterial suspensions
(each containing one of the Campylobacter strains at a
concentration of∼ 1 × 107 CFU mL−1) were carefully added
with a pipette to the soil and the lowest 2 cm of the shoots in
each pot.

2.4. Cultivation and Sampling of Spinach. Pots containing
the spinach plants were placed in a phytotron at SLU,
Uppsala. Conditions were set to match those in Swedish
fields in June and July, specifically, a light/dark cycle of
18 h/6 h, temperatures of 20◦C/12◦C, relative humidity of
70%, and light intensity of 400 μmol·m−2·s−1. In experiment
A, pots were sampled at 7, 14, 21, and 28 days following
inoculation of Campylobacter, whereas those in experiment
B were sampled at 1, 7, 14, and 21 days post inoculation.

2.5. DNA Extraction. The plants in experiments A and B
were removed and the soil in each pot was mixed before
an aliquot (10 g) was removed and stored at −20◦C, prior
to grinding with a mortar and DNA extraction. From each
sample, 500 mg soil was used for extraction with the FAST
DNA soil kit (MP Biomedicals). Plant roots and shoots
were separated, and the roots were thoroughly washed in
sterile water to remove soil particles and bacterial cells not
firmly attached to the roots. For the root and shoot samples,
various amounts (between 100 and 400 mg) were used for
DNA extraction. These differences were considered when
analyzing the data.

2.6. Quantification of Campylobacter mapA Genes Using Real-
Time PCR. Real-time PCR was employed to estimate the
quantitative differences between C. jejuni present within soil
and on plant roots and shoots, respectively, using the taxa-
specific primers QCjmapANF (5′-GGTTTTGAAGCAAAG-
ATTAAAGG- 3′) and QCjmapANR (5′-AAGCAATAC-
CAGTGTCTAAAGTGC- 3′) targeting the mapA gene [23].
Gene abundance was determined in three independent DNA
extracts from individual samples, and three nontemplate
controls were included in each PCR assay. Real-time PCR
reactions were performed in 20 μL mixtures containing 1x
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Flash SYBR Green q-PCR master mix (Finnzymes, Finland),
1x Rox reference dye (Finnzymes), 0.5 μM each primer
and 20 ng genomic DNA from the soil/roots as template.
The following thermal cycling conditions were employed
for amplification: 95◦C for 15 min, 40 cycles of 94◦C for
15 s, followed by 58◦C for 30 s and at 72◦C for 30 s. The
melting curve data was collected using a span between 55 and
95◦C with 0.5◦C increments and 10 s dwell time. Standard
curves were obtained using serial dilutions of genomic
DNA from the strain CCUG 6824. DNA concentrations
were determined using spectrophotometry (Nanovue, GE
Healthcare). The standards contained between 3 × 10 and
3 × 105Campylobacter mapA gene copies per μL of sample
calculated directly from the measured DNA concentration
and genome size of the sequenced C. jejuni 6824 strain.
Since Campylobacter spp. typically consists of a single
mapA operon [23], the mapA copy number should be
equivalent to bacterial cell number. To confirm the absence
of potential PCR inhibitors, genomic DNA, in combination
with extracted soil/root DNA, was quantified and compared
with the resulting gene copy numbers of genomic DNA
alone. Moreover, soil DNA was diluted, and the different
concentrations quantified and analyzed.

2.7. Detection Limits. Soil, root, and shoot materials were
inoculated with different dilutions of bacterial suspension
containing C. jejuni 6824 corresponding to concentrations of
107, 106, 105, 104, 103, 102, and 101 g−1 plant or soil material.
For these analyses, DNA was extracted from 500 mg of soil,
200 mg of shoot material, and 100 mg of root samples, as
described above. DNA extracts were evaluated with the real-
time PCR assay under the above conditions.

2.8. Statistical Analyses. Differences in mapA gene copy
numbers between treatments and environments were tested
for significance using one-way ANOVA and unpaired t-test
(GraphPad Prism v. 5, GraphPad Software, San Diego, CA,
USA). For all analyses, P < .05 was considered the level of
significance.

3. Results

3.1. Real-Time PCR. Real-time PCR was performed to esti-
mate the quantitative differences in C. jejuni amounts among
soil samples and plant parts inoculated at different time
points with varying bacterial concentrations (experiment
A) and strains (experiment B). Different concentrations of
C. jejuni were used for soil inoculation to determine the
lowest possible dose that resulted in a detectable signal. The
primers employed in this study were previously designed to
amplify mapA sequences specific for C. jejuni [23]. Extracts
of genomic DNA from strain 6824 were used to generate
standard curves that allowed analysis of the correlation
between the cycle threshold (Ct) and mapA gene copy
numbers in samples. The real-time PCR setup was very
efficient, presenting a linear response (r2) of > 0.99 for
genomic DNA of 3 × 101 and 3 × 105 gene copies per
microliter of DNA. Specific PCR products were identified
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Figure 1: Comparison between the detection of C. jejuni strain
6824 mapA gene copies in soil following the different inoculation
methods in experiments A (red diamonds) and B (turquoise
squares). Error bars represent standard deviations from 5 replicate
samples and 3 different real-time PCR reactions per replicate.

using melting curve analysis with a reproducible Tm of 75.5–
76.0◦C. Standard curves generated using serial dilutions of
genomic DNA in water resulted in the linear equation: y =
−3.651x + 38.95 with R2 = 0.998, which was nearly identical
to the linear regression equations for soil, roots, and shoots.
These results correspond to detection limits of 104 CFU/g for
soil, roots, and shoots. Controls without templates resulted
in negligible values. The average efficiency was calculated as
87.4%, and standard curves displayed similar slopes between
runs (−3.52 to −3.80).

3.2. Quantification of Campylobacter jejuni in Inoculated Soil.
Experiments A and B were performed to (1) compare the
spreading patterns of C. jejuni 6824 inoculated into manure
at different doses prior to application to soil planted with
spinach (experiment A) and (2) investigate the potential
differences in persistence of two C. jejuni strains applied
to soil at 14 days after planting of spinach (experiment
B). The two distinct stages of bacterial inoculation (i.e.,
in connection with planting and 14 days after planting)
yielded similar initial concentrations of C. jejuni cells in
soil corresponding to approximately log 6 gene copies g−1

soil (Figure 1). On subsequent sampling occasions, slightly
higher levels of mapA gene copy numbers were detected
in soil samples from experiment A, compared to those in
experiment B. Inoculation doses of 105 and 106 C. jejuni
cells g−1 soil led to the detection of mapA at all sampling
dates in experiment A (Figure 2). Gene levels were 10-fold
lower after 4 weeks at the inoculation dose of 106 CFU g−1

(5.0 log gene copies compared to 6.1 log gene copies g−1 soil
(P < .001)) and 4.7 to 4.3 log gene copies g−1 soil (P < .05)
at the 106 cells g−1 bacterial inoculation dose. No mapA gene
copies were detected in the lowest bacterial inculation dose
of 104 C. jejuni cells g−1 soil. Consistent with these results,
similar patterns were observed in experiment B, with only
slightly, reductions in gene levels from 6.1 to 5.2 mapA copies
g−1 soil (P < .001) in strain 6824 and 5.9 to 5.4 mapA gene
copies g−1 soil in strain 81116 (P < .05) between the first
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Figure 2: Detection of C. jejuni mapA gene copies in soil
from experiment A throughout the sampling period of 28 days,
with starting inoculation doses of 106 and 107 C. jejuni cells,
corresponding to 105 (blue diamonds) and 106 (pink squares) cells
g−1 soil. Error bars represent standard deviations from 5 replicate
samples and 3 different real-time PCR reactions per replicate.

and last soil sampling dates (Figure 3). In experiment B, we
observed a small but significant (P < .05) difference in mapA
gene copy numbers between the two bacterial strains at 7 and
14 days after planting. C. jejuni 81116 was detected at levels
of 5.6 and 5.1 log gene copy numbers g−1 soil, respectively,
compared to 5.2 and 4.8 log gene copy numbers g−1 soil for
strain 6824.

3.3. Detection of Campylobacter jejuni in Spinach Roots. In
experiment A, the highest initial bacterial concentration
(107 cells g−1 slurry corresponding to 106 cells g−1 soil)
resulted in detection of mapA gene copies in the spinach
roots, but not consistently over all 5 replicates. After 7 days,
the mapA gene was detected in 3 out of 5 replicates with
a mean value and standard deviation of 4.6± 0.35 log gene
copy numbers g−1 root material. Upon sampling 14 and
28 days after inoculation, the mapA gene was identified in
only one replicate with 4.7 log gene copy numbers g−1 root
material on both occasions. The mapA gene was not detected
at 21 days after inoculation (data not shown).

Data obtained from experiment B presented another pic-
ture whereby mapA was detected at all sampling dates in all
replicate samples for both C. jejuni strains (Figure 4). There
were no major differences between the strains, although the
gene was slightly more abundant in roots inoculated with
strain 81116 at 21 days after inoculation compared to strain
6824, with a mapA number of 5.0 in relation to 4.6 log copy
numbers g−1 root material (P < .05).

3.4. Detection of Campylobacter jejuni Associated with Spinach
Leaves. In experiment A, no copies of mapA were detected in
spinach shoots, irrespective of the sampling date and initial
bacterial inoculation doses in manure (data not shown). In
experiment B, which involved the addition of the inoculation
suspension both to soil and plant stem, mapA was detected
in all 5 replicates with both Campylobacter strains at the day
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Figure 3: Comparison between the two strains of C. jejuni 6824
(green diamonds) and 81116 (blue squares) mapA gene copy
numbers detected in soil in experiment B. Error bars represent
standard deviations from 5 replicate samples and 3 different real-
time PCR reactions per replicate.

0 5 10 15 20 25

Days post inoculation

0

1

2

3

4

5

6

7

lo
g

m
ap

A
ge

n
e

co
py

n
u

m
be

rs
(g
−1

)
ro

ot
ti

ss
u

e

Figure 4: Comparison between the two strains of C. jejuni 6824
(blue diamonds) and 81116 (pink squares) mapA gene copy
numbers detected on roots in experiment B. Error bars represent
standard deviations from 5 replicate samples and 3 different real-
time PCR reactions per replicate.

of inoculation (Table 1). After 7 days, the mapA gene was
detected in 3 out of 5 replicates for strain 6824 and all 5
replicates for strain 81116. At day 14 after inoculation, mapA
was detected in 3 out of 5 replicate shoot samples for strain
6824 and 2 out of 5 samples for strain 81116, whereas at the
last day of sampling (21 days after inoculation), the gene was
observed in 2 out of 5 replicates for strain 6824 and 4 out of
5 samples for 81116.

4. Discussion

Here we employ real-time PCR targeting of the mapA gene
to evaluate the spreading pattern of C. jejuni strain 6824
inoculated into manure at different concentrations prior
to soil application (experiment A). The same strain was
used along with C. jejuni 81116 in a parallel experiment
to establish potential differences in pathogen survival and
spread between bacterial inoculation into manure and
soil 14 days after planting (experiment B). As C. jejuni
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Table 1: Campylobacter jejuni cells detected on spinach shoot tissue.

Day C. jejuni strain 6824 C. jejuni strain 81116

0 5.0 5.5 5.1 5.1 5.8 5.2 6.3 5.6 5.5 6.5

7 4.5 4.2 n.d. n.d. 5.0 4.1 4.6 5.8 5.9 5.0

14 n.d. n.d. 4.9 4.3 4.4 n.d. 5.3 4.4 n.d. n.d.

21 5.5 4.4 n.d. n.d. n.d. n.d. 5.3 5.5 4.6 4.9

The numbers of Campylobacter jejuni cells from two different strains
detected on spinach shoots in five replicated pot cultures using real-time
PCR. The values correspond to log mapA gene copy numbers g−1 spinach
shoot tissue, and the sampling days are after C. jejuni inoculation. n.d.: not
detected.

typically consists of a single mapA operon [23], the mapA
gene copy number should be equivalent to bacterial cell
number.

The use of molecular tools instead of traditional culture-
based approaches has obvious advantages, including elimi-
nation of reliance on isolation and detection of viable but
nonculturable cells. However, limitations, such as potential
PCR inhibitors and primer specificity/sensitivity, need to be
taken into account when relying on molecular techniques.
The real-time PCR primers used in the present study are
established as extremely sensitive. However, the detection
limit observed for C. jejuni was still 104 CFU g−1 in soil, roots,
and shoots. As C. jejuni was present at higher densities at
most sites, this was a fairly acceptable minimum detection
threshold. Possibly the most important issue involves dealing
with the separation of dead and viable cells. A number
of techniques to distinguish between DNA derived from
dead and metabolically active cells have been established,
including bromodeoxyuridine immunocapture [24, 25], use
of ethidium monoazide [18, 26], and propidium monoazide
[27]. However, Douglas Inglis et al. [18] showed that DNA
from heat-killed C. jejuni cells remained in manure compost
for a significantly reduced time, compared to that from viable
C. jejuni cells, indicating that conclusions on colonization
patterns may be drawn even in the absence of these activity
measurement techniques. Specifically, Douglas Inglis et al.
[18] demonstrated that at 64 h after inoculation of C. jejuni,
DNA from dead cells was barely detectable, whereas that
from living cells remained in the compost. Despite the
physical and chemical differences between the previous and
current experiments, our results consistently indicate that
DNA detected and quantified in the present study is derived
either from viable C. jejuni or possibly cells that have been
dead for only a short time period. Moreover, as we saw
almost no decline in bacterial cell numbers over time in
the present study, the detected cells are most likely living
rather than dead since the latter would have declined in
number.

The initial concentrations of C. jejuni cells in soil were
similar, regardless of whether the bacterium was inoculated
directly into manure or soil 14 days later (day 0). However,
at subsequent sampling events, slightly higher densities of
C. jejuni 6824 were detected in soil amended using manure
inoculated with pathogens (experiment A), compared to that
to which pathogens had been added directly (experiment

B). This finding suggests that bacteria adapted to conditions
in manure are better equipped for life in soil, preferably
in specific nutrient-rich and/or oxygen-deficient niches,
signifying that manure-contaminated soil acts as a reservoir
for C. jejuni in the field [2]. In contrast, bacterial cells
added after plant emergence need to cope with other con-
ditions, particularly a potentially more oxygen-rich aerated
environment related to the development of root structure.
Additionally, manure composition may play a role in the
degree of C. jejuni persistence, as the bacteria are able to
survive in stored slurries and dirty water for as long as three
months, compared to a corresponding survival period in
solid manure of less than one month [15]. Consequently,
the slurry in the present study may have been an ideal
carrier medium for C. jejuni applied to soil. Regardless of the
initial inoculation dose, the C. jejuni content remained rather
constant between the first and last soil sampling sessions
(2–28 days), although with a slight decline. We additionally
observed a significant difference in the C. jejuni amounts
between the two strains at days 7 and 14 after planting. These
strain differences may be a result of distinct genotypes, but
possibly also depend on other unidentified characteristics.
The fact that C. jejuni still were detected in soil 28 days post
inoculation shows its great potential to persist in the soil
environment.

The presence of C. jejuni on roots varied significantly
between the two inoculation stages (i.e., manure inoculation
prior to soil application and at 14 days after planting).
Following addition to manure, no C. jejuni cells were
detected in any of the replicates 21 days after inoculation and
only sporadically in single replicates on previous sampling
dates. However, in the treatment involving direct addition of
C. jejuni to soil, positive PCR products were obtained from
all replicate samples at all sampling dates for both bacterial
strains, indicating that C. jejuni inoculated in manure adapts
to the manure-soil environment before the roots develop and
hence prefers the physicochemical conditions provided by
organic material in soil. C. jejuni cells added to soil 14 days
after planting possibly took advantage of root exudates and
the nutrient-rich environment surrounding plant roots.

It is assumed that the majority of C. jejuni strains present
a higher death rate than growth rate on plants [2] and better
survival rate in the rhizosphere compared to the phyllosphere
[2] due to the thermophilic and microaerophilic lifestyle of
the bacterium. Upon addition of C. jejuni cells to manure,
no cells could be recovered on shoots above the threshold
level. However, inoculation of C. jejuni cells directly into the
soil and on the lowest part of the plant stem led to detection
of the bacterium in all replicate pots on the day of bacterial
addition. This finding was probably an artefact resulting
from negligent inoculation, that is, unintentional application
of bacteria to the leaves. However, interestingly, the majority
of C. jejuni cells of both strains persisted for several days
on the shoots. At up to 21 days after inoculation, high
levels of C. jejuni were detected in the majority of replicates
(i.e., similar to that detected on the day of inoculation).
Consequently, it appears that the probable high oxygen levels
present in the phyllosphere do not significantly affect either
of the C. jejuni strains evaluated. The bacteria may be able
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to colonize specific niches on the shoots with locally low
oxygen tensions, for example, within bacterial aggregates,
broken tissue of plant lesions, or depressions accumulating
water [2].
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