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1. Introduction
Nitrogen (N) plays a key role in the synthesis of aminoacids,
proteins, ribonucleic acid (RNA), and deoxyribonucleic acid
(DNA) needed to promote and sustain plant growth and
is, therefore, the single most important nutrient needed
for agricultural production. However, N availability is often
limited or exists in forms that are unavailable for plant
uptake. Within the soil-plant root zone, N continuously
cycles among various organic (unavailable) and inorganic
(available) forms. Thus, careful management is crucial to
supply suﬃcient plant-available N from the continuous cycle
for sustainable agricultural production.
Understanding the eﬀects of N management (and how
it relates to the N cycle) in soil ecosystems is essential to
determining N availability. This special issue includes a broad
range of articles addressing the impact of N mineralization
from animal manures, soil organic matter (SOM) under
elevated CO2 , tannings in forest and pasture soil, and
horticultural potting media.
Understanding the dynamics of soil N mineralization
is essential when developing N management practices for
crop and forage production. While much research has
been conducted on N mineralization, much more work is
needed to understand the dynamics of the N cycle. As new
agronomic practices are developed, new studies are needed
to determine the impact on N fertilization. For example,
due to increasing costs of traditional potting substrates,
horticultural growers are expressing interest in alternative,
lower-cost substrates. In this special issue, a study undertaken to determine the extent of N immobilization in the
high wood-fiber content substrate—clean chip residual—
is presented. Likewise, interest in bioenergy production has
led to the development of cropping systems where cover

crops are being harvested for biomass, but the impact on N
mineralization is unknown. In another paper in this special
issue, research on N a management in cotton (Gossypium
hirsutum L.) is examined as impacted by cover crop harvest.
The advent of new crops and management systems
into new areas also brings uncertainty into the N management. For example, Potatoes (Solanum tuberosum) are an
important high-value commodity for producers in the MidAtlantic Region, but current production recommendations
were based on white potatoes and practices for Russet
potatoes have not been researched. A study presented in this
issue examines the potential impact on N management for
growing Russet potatoes in this region.
Improvements in scientific knowledge regarding soil N
cycling have the potential to help develop improved N
fertilizer management. For example, tannins are reactive
secondary metabolites produced by plants and are believed
to aﬀect the N cycle through several direct and indirect
mechanisms that reduce rates of net N mineralization or
nitrification. A study on the impact of tannins and related
phenolic compounds on the solubility of soil N and resulting
management of N availability and retention in agricultural
soils is presented.
Recent increases in commercial N fertilizer prices and
high demand for organic production have generated renewed
interest in animal manure as a nutrient source. Manure
nutrients, as well as legumes, have been used to increase
soil fertility since the beginning of agricultural production.
However, use of animal manures depends on N mineralization process to provide plant-available N. Research is needed
to understand the long-term impact of animal manure
application and the impact on the soil environment. In this
special issue, a study on N uptake by sugarbeet (Beta vulgaris
L.) in years following manure application is presented.
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Recent changes in the animal production systems and
manure handling after it has been collected have led to uncertainty as to how N mineralization from animal manures
may be impacted. In this special issue, studies addressing the
potential impact on N mineralization from changes in the
animal manure management are presented. For example, a
study to examine the potential changes in N mineralization
due to storage with and without animal urine is presented.
In another paper, a study was conducted to determine
how raw dairy slurry and anaerobically digested slurry
applied to reed canary grass (Phalaris arundinacea) aﬀected
forage production. Also, recent poultry litter management
practices have resulted in changes to the composition of
the litter (cake versus total cleanout). At the same time,
the use of chemical additives has potentially changed the
N mineralization potential of the litter. A study to examine
these potential changes on N mineralization is presented in
this special issue.
In addition, increasing global atmospheric carbon dioxide (CO2 ) concentration has led to concerns regarding its
potential eﬀects on terrestrial ecosystems and the long-term
storage of C and N in soil. Studies are needed to understand
how changes to plant inputs due to elevated CO2 may
impact soil N mineralization. In this special issue, research
is presented that examines the responses to elevated CO2 in
a grass ecosystem invaded with a leguminous shrub Acacia
farnesiana (L.) Willd (Huisache) on soil N and C dynamics.
Also, a paper is presented which examines the impact of
elevated atmospheric CO2 concentration on the eﬀects of
terrestrial C and N dynamics, including CO2 release back to
the atmosphere and soil C sequestration.

2. Conclusion
Nitrogen mineralization varies across climates, regions, landscapes, and soil management depending on many factors.
The increased research knowledge obtained in these studies
will provide valuable information for improving management practices which will, in turn, increase the available
supply of N to the soil-plant system. This special issue
includes 11 new studies on N mineralization in production
agriculture, but much work yet remains undone. As world
population continues to increase, ongoing research on N
mineralization will be needed to improve soil productivity
and N supply to crops where industrially produced commercial fertilizer is not the sole nutrient source.
H. Allen Torbert
Dexter B. Watts
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Potatoes (Solanum tuberosum) are an important high-value commodity for producers in the Mid-Atlantic Region. Current
production recommendations were based on white potatoes, and practices for Russet potatoes have not been researched in this
region. The objective of this study was to test impacts of N rate (0, 67, 134, 201, and 268 kg N ha−1 ), N application timing (100%
applied with planter, 2-way split (30% with planter and 70% band applied approximately 30 days after planting at dragoﬀ), and
three-way split (30% with planter, 50% band applied prior to drag-oﬀ, and 20% band applied at first sight of bloom)), and
additions of the growth regulator maleic hydrazide (MH-30). We tested “Goldrush” and “Norkotah” Russet potato varieties on
marketability, total yield, tuber deformity, and tuber soft rot incidence for sandy loam soils in the Mid-Atlantic. Overall, year
variations were significant with substantial rots (up to 86.5%) occurring in year 3. Maleic hydrazide and N application timing
had little consistent eﬀect on any tested parameter. Nitrogen rate and variety factors had the greatest impacts on deformity, tuber
rots, and yields for Russet potatoes in the Mid-Atlantic Region with 134 kg N ha−1 producing the highest total yields in 2009 and
2010. If tuber rots can be controlled, both “Goldrush” and “Norkotah” are acceptable varieties under the Mid-Atlantic production
practices.

1. Introduction
Potatoes are an important crop to Virginia and the rest of
the Mid-Atlantic Region that includes Delaware and Maryland, USA. Annually, the Mid-Atlantic states produce 4049
hectares (ha) of potatoes with an average yield of 30,091 kg
tubers ha−1 worth $9.97 million (5 year averages) [1]. Sandy
loam soils in the Mid-Atlantic Region are favorable for potato
production. However, a close proximity to sensitive water
bodies, such as the Chesapeake Bay, means that fertilizer use
eﬃciency and reduction of nutrient losses from production
fields are more important than ever before.
Intensive fertilizer management is necessary in sandy
loam soils in the Mid-Atlantic to ensure proper nutrient supplies to growing crops. Sandy loam soils generally have overall low organic matter, low cation exchange capacities, and
low total nitrogen (N) in the upper horizon, which means

that little N is mineralized from soil organic N sources and
N must be applied with fertilizer to match crop uptake
needs [2]. For instance, Stanford and Smith [2] found that
a Norfolk fine sandy loam had little initial N mineralized
after 4 weeks of incubation (7.3 mg kg−1 ) and this amount
gradually fell for the next 30 weeks. Similarly, Van Veen and
coworkers [3] found that any organic N applied to sandy
loam soils was quickly mineralized into inorganic forms;
therefore, soil supplies of N from crop to crop would be
minimal in sandy loam crop production systems. Generally,
only 1 to 3% of total organic N concentrations in the soil
become available to a crop within the growing season in
temperate regions of the world [4].
Nitrogen management is one of the most important
aspects for potato production. Nitrogen fertilizer recommendations vary widely around the world. In loamy sand
soils, Jamaati-E-Somarin and coworkers [5] found that
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160 kg N ha−1 was suﬃcient for producing highest yields.
Worthington et al. [6] found that 196 to 224 kg N ha−1
was necessary for the highest yields in Florida fine sands,
with sidedress N applications being important for supplying
necessary N fertilizer after leaching rain events. Nitrogen
fertilizer recommendations for white potatoes in Virginia
vary based on yield potential. For instance, producers
yielding approximately 22,000 kg tubers ha−1 need 140 to
168 kg N ha−1 while higher producing yield goals require
more N. For high yielding systems; growers are recommended to multiply yield goals in kg ha−1 by 0.006 to find
recommended kg N ha−1 necessary [7]. Currently, producers
in Virginia do not have separate guidelines for Russet potato
varieties even though Russet varieties are more prone to
deformity and other quality issues than white potatoes. Tuber
deformity and secondary growth are historically correlated
with moisture; however, other environmental factors that
initiate and decrease growth, such as N fertility, may also be
a cause [8].
Nitrogen application timing is one of the most important
management techniques that producers can use to increase
their fertilizer N use eﬃciency. For sandy loam and loamy
sand soils, Virginia Cooperative Extension recommends two
or three N fertilizer application splits to reduce potential N losses due to over irrigation or excessive rainfall.
Fertilizer should be split between at planting, at dragoﬀ
(approximately 30 days after planting when potato plants
are beginning to emerge, are bedded during cultivation, and
the bed height is reduced), and immediately prior to bloom
[7, 9]. Split N applications are recommended to increase
overall yield and fertilizer use eﬃciency [10, 11]. However, N
applications too late in the growing season can significantly
delay maturity and decrease tuber quality [12].
Nutrient availability is not only important for overall
yield in potato production, but is also important for
disease management. Mackenzie [13] studied the relationship between N rate and potato yield in association with
potato early blight in silt clay loam soils of Pennsylvania.
Mackenzie [13] demonstrated that increasing N rates from
133 to 160 kg N ha−1 decreased overall rates of potato early
blight infection. Research with potassium fertilizer also
demonstrated that fertilizer rate and source impacted disease
incidence. Panique and coworkers [14] found that potassium
sulfate increased overall yields, but potassium chloride
fertilizers decreased Rhizoctonia solani incidence. Therefore,
fertilizer applications can significantly impact both foliar and
tuber disease; however, the role of N fertilizer management in
the Mid-Atlantic on tuber rots such as Erwinia carotovora ss.
carotovora and Pythium sp. is not known.
Growth regulators have been researched for decades to
help producers manage tuber sugar content, maturity, and
sprouting after harvest and during storage [15, 16]. However,
results are mixed depending on the factors studied. For
instance, Yada et al. [17] found that foliar application of
maleic hydrazide (MH-30) at a rate of 3.39 kg ha−1 had no
significant eﬀect on potato yield or sugar content, but did
reduce sprout growth after harvest. Other research by Rex
[18] found that foliar applications of chlormequat chloride,
ethephon, and a combination of the two products reduced
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tuber size, increased tuber deformity, and reduced overall
yield. Work by Caldiz and coworkers [19] found that MH30 was safe to use on potato foliage did not cause any
phytotoxicity symptoms, and did increase yield in several
varieties. However, no yield impact was found in any variety,
but in all cases tuber sprouting was reduced. An analysis by
Davis and Groskopp [20] found that overall tuber yield was
reduced from MH-30 treatments; however, this reduction
was mainly from lower numbers of undersized tubers.
Overall, growth regulators have demonstrated positive eﬀects
on yield and sprouting, but impacts on tuber rot is not
known.
Previous studies did not focus on Russet potatoes and
most producers in the Mid-Atlantic currently use recommendations for white potatoes. The objectives of this study
included finding: (1) impacts of N rate and N application
timing and (2) impact of maleic hydrazide growth regulator
on tuber yield, deformity, and rot on sandy loam soils in the
Mid-Atlantic for Russet potatoes.

2. Materials and Methods
The trial was conducted on a Bojac sandy loam soil (Coarseloamy, mixed, semiactive, and thermic Typic Hapludult)
(65% sand, 25% silt, and 10% clay; 0.75% organic matter)
at Virginia Tech’s Eastern Shore Agricultural Research and
Extension Center near Painter, VA, USA (37.5845808N,
−75.8210421W) [21]. Prior to treatment establishment, soil
was sampled per replication to a 15 cm depth, dried, ground,
and analyzed using the Dumas method for total N and
total carbon (C) analysis using a Vario EL cube (elementar
Americas, Mt. Laurel, NJ, USA) [22]. Treatments included
a 2 × 4 × 3 factorial combination of treatments of variety
× N rate × N application timing. Ammonium nitrate
(340 g N kg−1 ) was applied with total N rates of 67, 134, 201,
and 268 kg N ha−1 at various application timing intervals.
Nitrogen treatments were applied either in a single treatment
(100% applied with planter), 2-way split (30% with planter
and 70% band applied prior to dragoﬀ (approximately 30
days after planting when potato plants are beginning to
emerge and are bedded during cultivation, and the bed
height is reduced)), or with the high yielding white potato
timing methodology of a three-way split (30% with planter,
50% band applied prior to dragoﬀ, and 20% band applied
at first sight of bloom). A 0-N control was also included.
At-planting fertilizer treatments were spread evenly across
the treatment area and incorporated using a field cultivator;
dragoﬀ treatments were surface applied and incorporated
with bed shaping, while early bloom treatments were surface
band applied. “Goldrush” and “Norkotah” Russet cultivars
were seeded into conventionally-tilled land in early April
following incorporation of fertility treatments. The growth
regulator, maleic hydrazide, was applied at the manufacturer’s recommended rate of 3.36 kg active ingredient (ai)
ha−1 (MH-30; 0.18 kg ai L−1 ). The MH-30 was broadcast
foliar-applied using a CO2 -pressurized sprayer calibrated to
deliver 280 L ha−1 at three weeks past full bloom in late June.
The MH-30 was applied to both cultivars and plots that had
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combinations of all three N application timing treatments,
and total N rates of 0, 134, and 268 kg N ha−1 . Comparable
plots with identical variety, N rate, and N application
timing treatments were maintained with and without MH-30
treatments, so direct comparisons of MH-30 impacts could
be observed. Plots were two 7.62 m rows spaced 0.9 m apart
and separated by a guard row, which did not receive any N
fertilizer or growth regulator treatments. Treatments were
replicated four times in a randomized complete block design.
During the growing season, recommended practices for
disease, weed, and insect control were followed as outlined by
Wilson and coworkers [9]. The second row of each plot was
mechanically harvested upon maturity in late July. Harvested
tubers were sorted in the following categories: deformed
(misshapen tubers), rotten, marketable (total of all tubers
not rotten = misshapen + size B + size A + chef), and total
(marketable + rotten tubers). Means were separated using
Fisher’s protected least significant diﬀerence (LSD) test at α =
0.10 that was established a priori. The 0-N control plots were
not included in the factorial combination PROC ANOVA
analysis as only 1 control plot per replication was included
per variety; therefore, the design was not balanced for all
combinations of treatments if 0-N treatments were included.

3. Results and Discussion
Total N attributed to potato plants from sandy loam soil
organic matter mineralization is expected to be low in the
Mid-Atlantic due to relatively low total C concentrations
(Table 1). Ambient soil total N concentrations ranged from
0.42 to 0.49 g N kg−1 (Table 1), which would equate to 864
to 1,008 kg total soil ha−1 at an average bulk density of
1.35 g kg−1 (2,057,400 kg soil ha−1 at 15.24 cm depth) for a
Bojac sandy loam on the Eastern Shore of Virginia [23].
Due to these low soil total N concentrations, we would
expect only 26 to 30 kg N ha−1 to be available to potato
tubers in temperate conditions from ambient soil sources
via mineralization [4]. Therefore, substantial inorganic N
fertilizer sources are necessary for optimal production and
are the overall focus of a potato grower’s fertilizer program.
In each year, Erwinia carotovora ss. carotovora and
Pythium sp. occurred naturally in these trials causing tuber
rots in the field. Data were analyzed as a year × treatment
eﬀect to test diﬀerences of treatments across years. In all
cases, year × treatment was significant (P = 0.0063, <0.0001,
<0.0001, and <0.0001 for percentage of deformed tubers,
total yield, marketable yield, and percentage of rots, resp.).
Large weather variations are likely responsible for varying
yearly eﬀects of N fertilizer, variety, and growth regulator
treatments. Total yields were the highest in 2010, followed by
2009, and the lowest in 2011, which was inversely proportion
to rots (2011 > 2009 > 2010). Therefore, each year will be
discussed separately.
3.1. 2009 Growing Season. Maleic hydrazide had no significant eﬀect on deformed tubers (55.8% of nonrotten tubers), rotten tubers (34.3% of total yield), marketable yield
(13517 kg ha−1 ), or total yield (20040 kg ha−1 ) (P = 0.6380,
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Table 1: Soil total nitrogen, carbon, and C : N ratio for a sandy loam
soil in the Mid-Atlantic by year.
Year

Total nitrogen

Total carbon
g kg−1

2009
2010
2011
LSD0.10
Pr > F

0.49 a†
0.46 ab
0.42 b
0.04
0.0716

5.26 a
4.88 a
4.87 a
0.54
0.3500

C : N ratio
g C g N−1
10.72 b
10.52 b
11.47 a
0.40
0.0081

†

Means within each dependent variable with the same letter are not significantly diﬀerent (P ≥ 0.10; Fisher’s Protected LSD) and can be compared
within column.

0.8236, 0.3860, and 0.2909, resp.) when compared to plots
with identical N application timing and total N rate treatments that did not receive MH-30. These yield results are
similar to work by Yada et al. [17] and Caldiz and coworkers
[19] where no yield advantage was seen on several Russet
potato varieties when MH-30 was used.
Generally, only the N rate and cultivar main eﬀects were
significant in 2009. When averaged across N application
timing and cultivar, the percentage of deformed tubers
and total yield increased as N rate increased (Table 2).
The 201 kg ha−1 N rate had more deformed tubers than the
lower N rate of 67 kg N ha−1 (58.3 versus 45.8% of nonrotten tubers, resp.; LSD0.10 = 9.5%). For total yield, at
least 134 kg N ha−1 was necessary to achieve commercially
acceptable yields (19267 kg ha−1 ), which is similar to N
rates currently recommended in Virginia for white potato
production [7]. However, the Virginia agronomic eﬃciency
is significantly lower than eﬃciencies for Russet potatoes
grown in Oregon and Washington states. Lauer [24] found
that Russet Burbank returned 223 kg of tubers per kg N fertilizer applied, while yields in our study returned 144 kg tubers
per kg N fertilizer. For the N rate main eﬀect, marketable
yield was not significant and averaged 13061 kg tubers
ha−1 (P = 0.4200) (Table 2). For the cultivar main eﬀect,
“Goldrush” had significantly higher yields than “Norkotah”
albeit higher percentage of deformed tubers, averaged across
N rate and N application timing (Table 3). An N rate ×
N application timing × variety cultivar interaction was
significant for rotten tubers (P = 0.0399, Table 4). Wide
variation was seen in this experiment regarding tuber rots,
which resulted in a relatively large LSD0.10 (15.9% rotten
tubers as a percentage of total yield). Generally, treatments
that one would expect to have higher N use eﬃciency
(more N splits) and higher N rates had more tuber rots.
For example, “Norkotah” 268 kg N ha−1 with 3-splits (41.9%
rots) compared to “Norkotah” 67 kg N ha−1 with all N
applied at planting (24.5% rots) or “Norkotah” 0-N fertilizer
treatments (21.8% tuber rots) (Table 4).
3.2. 2010 Growing Season. Maleic hydrazide had no impact
on deformity (16.8% deformed tubers as a percentage of
nonrotten tubers) or rot (23.4% of total yield) in 2010. An N
rate × N application timing × variety × MH-30 interaction
in 2010 for total yield was significant (P = 0.0474) and
is illustrated in Table 5. Generally, “Norkotah” yielded the
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Table 2: Nitrogen rate main eﬀect in 2009 for deformed tubers, rotten tubers as a percentage of total yield, marketable tuber yield, and total
tuber yield for Russet potatoes grown on sandy loam soils in the Mid-Atlantic, averaged across Russet cultivars and N application timing.
Nitrogen rate
kg ha−1
0†
67
134
201
268
LSD0.10
Pr > F

Deformed tubers
Percentage of tubers
30.0
45.8 b‡
54.2 ab
58.3 a
61.5 a
9.5
0.0445

Rotten tubers
Percentage of total yield
22.2
33.2 a
34.0 a
35.5 a
35.7 a
6.5
0.8967

Marketable yield
kg ha−1
12728
12248 a
14884 a
12862 a
12248 a
3053
0.4200

Total yield
15978
17360 b
21515 a
19267 ab
21507 a
3208
0.0995

†

No-fertilizer control plots were not included in Analysis of Variance and are included for informational purposes only.
within each dependent variable with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD) and can be compared within
column.

‡ Means

Table 3: Russet potato main eﬀect in 2009 for deformed tubers, rotten tubers as a percentage of total yield, marketable tuber yield, and total
tuber yield for Russet potatoes grown on sandy loam soils in the Mid-Atlantic, averaged across N rate and N application timing.
Variety
Goldrush
Norkotah
LSD0.10
Pr > F

Deformed tubers
Percentage of tubers
66.7 a†
43.2 b
6.7
< 0.0001

Rotten tubers
Percentage of total yield
34.5 a
34.6 a
4.6
0.9726

Marketable yield

Total yield
kg ha−1

16894 a
10343 b
1928
<0.0001

24549 a
15276 b
2025
<0.0001

†

Means within each dependent variable with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD) and can be compared within
column.

Table 4: Nitrogen rate × N application timing × variety interaction in 2009 for rotten tubers as a percentage of total yield for Russet potatoes
grown on sandy loam soils in the Mid-Atlantic.
Nitrogen rate
kg ha−1
0†
67
134
201
268
LSD0.10
Pr > F
†

All at planting

Goldrush
2-splits

3-splits

All at planting

Norkotah
2-splits

3-splits

24.5 ef
35.3 abcdef
39.8 abcde
31.6 bcdef

21.8
29.6 cdef
26.7 def
29.7 cdef
42.9 abc

33.7 bcdef
43.4 abc
36.6 abcdef
41.9 abcd

% of total yield
‡

47.2 ab
31.2 cdef
23.2 f
36.4 abcdef

11.8
29.3 cdef
31.9 bcdef
50.8 a
26.3 def

34.6 bcdef
35.4 abcdef
33.0 bcdef
35.2 abcdef
15.9
0.0399

No-fertilizer control plots were not included in Analysis of Variance and are included for informational purposes only.
with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD) and any mean can be compared within the table.

‡ Means

Table 5: Nitrogen rate × N application timing × variety × MH-30 interaction in 2010 for marketable yield for Russet potatoes grown on
sandy loam soils in the Mid-Atlantic.
Nitrogen rate and MH-30
kg ha−1
134 no MH-30
134 with MH-30
268 no MH-30
268 with MH-30
LSD0.10
Pr > F
†

All at planting

Goldrush
2-splits

3-splits

All at planting

Norkotah
2-splits

3-splits

28348 abcd
28337 abcd
28601 abcd
27239 abcde

32261 abc
32789 ab
27707 abcd
34883 a

29262 abcd
31356 abc
28277 abcd
32250 abc

kg ha−1
9148 j†
17187 fghi
24800 cdef
17696 fghi

13325 hij
17035 ghi
22615 defg
10815 ij

19556 efgh
12237 hij
22513 defg
26833 cde
7724
0.0474

Means with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD) and any mean can be compared within the table.
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Table 6: Nitrogen rate × N application timing × MH-30 interaction in 2010 for total yield for Russet potatoes grown on sandy loam soils
in the Mid-Atlantic.
Nitrogen rate

All at planting

No MH-30
2-splits

3-splits

−1

MH-30
2-splits

3-splits

−1

kg ha
134
268
LSD0.10
Pr > F
†

All at planting
kg ha

15185 c†
24216 ab

19144 bc
20719 abc

19378 bc
20231 abc

19200 bc
18241 c

20211 abc
18204 c

17756 c
25256 a

5766
0.0588

Means with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD) and any mean can be compared within the table.

Table 7: Nitrogen rate × variety interaction in 2010 for rotten tubers as a percentage of total yield, marketable tuber yield, and total tuber
yield for Russet potatoes grown on sandy loam soils in the Mid-Atlantic, averaged across N application timing.
Nitrogen rate
kg ha−1
0†
67
134
201
268
LSD0.10
Pr > F
†

Rotten tubers
Goldrush
Percentage of total yield
18.8
43.0 a‡
48.2 a
21.7 b
20.4 b
10.6
0.0009

Norkotah
14.0
12.2 bc
8.6 c
11.6 bc
13.2 bc

Marketable yield
Goldrush
Norkotah
kg ha−1
8507
7735
9239 c
21266 b
8396 c
27409 a
21100 b
26972 a
19000 b
2444 c
4744
0.0033

Total yield
Goldrush
Norkotah
kg ha−1
9839
8792
13593 d
23777 bc
14009 d
29957 a
26121 abc
30360 a
23309 c
28195 ab
4812
0.0184

No-fertilizer control plots were not included in Analysis of Variance and are included for informational purposes only.
within each dependent variable with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD).

‡ Means

Table 8: Growth regulator (MH-30) × variety interaction in 2011 for rotten tubers as a percentage of total yield and marketable tuber yield
for Russet potatoes grown on sandy loam soils in the Mid-Atlantic, averaged across Nrates and N application timing.
Russet cultivar

Goldrush
Norkotah
LSD0.10
Pr > F
†

Rotten tubers
With MH-30
No MH-30
Percentage of total yield
52.3 b†
39.2 c
86.4 a
86.5 a
6.5
0.0177

Marketable yield
With MH-30
No MH-30
−1
kg ha
7157 b
9423 a
2815 c
2573 c
1705
0.0873

Means within each dependent variable with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD).

Table 9: Nitrogen application timing × variety interaction in 2011 for rotten tubers as a percentage of total yield, marketable tuber yield,
and total tuber yield for Russet potatoes grown on sandy loam soils in the Mid-Atlantic, averaged across N rates.
Nitrogen application timing

†

No nitrogen
At planting
2-split
3-split
LSD0.10
Pr > F
†

Rotten tubers
Goldrush
Norkotah
Percentage of total yield
35.5
82.9
85.2 a
34.8 c‡
42.6 c
86.4 a
48.0 bc
79.7 ab
32.1
0.0131

Marketable yield
Goldrush
Norkotah

Total yield
Goldrush
Norkotah
kg ha−1

7871
7874 b
10396 a
8303 b

1773
2811 c
2696 c
3970 c
1835
0.0823

No-fertilizer control plots were not included in Analysis of Variance and are included for informational purposes only.
within each dependent variable with the same letter are not significantly diﬀerent (P ≥ 0.10, Fisher’s Protected LSD).

‡ Means

11603
11947 c
17354 a
15729 ab

9400
15698 ab
16200 ab
14284 bc
2710
0.0458

6
higher than “Goldrush” with only isolated eﬀects of N
application timing and MH-30 application. An N rate ×
N application timing × MH-30 interaction, averaged across
variety, was significant for marketable yields in 2010 (P =
0.0588) (Table 6). Similar to total yield, significant eﬀects
were isolated but at high N rates with MH-30 the 3-split
application timing yielded highest.
An N rate × variety interaction was significant in 2010 for
rotten tubers, marketable yield, and total yield (Table 7).
Overall, “Goldrush” tubers had more rot incidence than
“Norkotah” tubers at 67 and 134 kg N ha−1 . Tuber rot generally mirrored marketable yield with 134 and 201 kg N ha−1
providing the highest marketable yields for “Norkotah,”
while “Goldrush” tuber yield was lower at similar N rates
(Table 7). Compared to white potato recommendations
[4], a yield of 29957 kg tuber ha−1 would suggest a need
of 180 kg N ha−1 based on the yield × 0.006 factor for
“Norkotah,” while only 134 kg N ha−1 was necessary in both
2009 and 2010.
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potatoes in the Mid-Atlantic Region. Generally, findings
indicate that 134 kg N ha−1 were adequate for producing the
highest yields. If tuber rots can be controlled, both “Goldrush” and “Norkotah” are acceptable varieties under the
Mid-Atlantic production practices. Neither maleic hydrazide
nor application timing had a consistent impact on tuber rot,
deformity, or yield.

Abbreviations
ai:
C:
ha:
kg:
LSD:
MH-30:
m:
N:

Active ingredient
Carbon
Hectare
Kilogram
Least significant diﬀerence
Maleic hydrazide
Meter
Nitrogen.
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3.3. 2011 Growing Season. The 2011 growing season resulted
in low yields compared to 2009 and 2010. Generally, yields
were only 25 to 50% of yield expectations for potatoes
in Virginia. A wet Spring coupled with excessive heat and
drought likely contributed to low yields. In 2011, there
was an MH-30 × variety interaction for rotten tubers and
marketable yield (Table 8). For rotten tubers, “Norkotah”
had no impact if MH-30 was included; however, “Goldrush”
with MH-30 had more rotten tubers than treatments with
no MH-30 (52.3 versus 39.2, resp., LSD0.10 = 6.5) (Table 8).
Marketable yield followed an inversely proportional trend to
rotten tubers with “Goldrush” with no MH-30 treatments
having the highest marketable yields (9423 kg tubers ha−1 )
(Table 8). A main eﬀect was significant for deformed tubers
with MH-30 treatments having 38.2% of nonrotten tubers
being deformed with 27.6% being irregular if no MH-30 was
used (LSD0.10 = 6.3%), averaged across variety, N rate, and N
application timing.
Nitrogen rate generally had no significant impacts on
deformity, rot, or yield in 2011. However, N application
timing × variety interactions, averaged over N rate, indicated
that “Norkotah” tubers rotted twice as much as “Goldrush”;
which resulted in significantly higher marketable yields
for “Goldrush” (Table 9). A two-way N split (at planting and dragoﬀ) was suﬃcient for providing the highest
marketable and total tuber yields for “Goldrush” (10396
and 17354 kg ha−1 , resp.). A 3-split application timing
decreased yield for “Goldrush,” possibly due to reduced
tuber formation and delayed maturity due to excessive N
late in season as demonstrated by Ojala and coworkers
[12]. Interestingly, total yield indicated that “Norkotah”
generally yielded similar to “Goldrush” for total yield, so any
management to reduce tuber rots would be beneficial.

4. Conclusions
In conclusion, N rate and variety factors had the greatest
impacts on deformity, tuber rots, and yields for Russet
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Poultry litter is a great alternative N source for crop production. However, recent poultry litter management changes, and increased
chemical amendment use may impact its N availability. Thus, research was initiated to evaluate the eﬀect that broiler cake and total
cleanout litter amended with chemical additives have on C and N mineralization. A 35-day incubation study was carried out on
a Hartsells fine sandy loam (fine-loamy, siliceous, subactive, thermic Typic Hapludults) soil common to the USA Appalachian
Plateau region. Three poultry litter components (broiler cake, total cleanout, and bedding material) from a broiler house were
evaluated and compared to a soil control. Chemical amendments lime (CaCO3 ), gypsum (CaSO4 ), aluminum sulfate (AlSO4 ),
and ferrous sulfate (FeSO4 ) were added to the poultry litter components to determine their impact on C and N mineralization.
Litter component additions increased soil C mineralization in the order of broiler cake > total cleanout > bedding > soil control.
Although a greater concentration of organic C was observed in the bedding, broiler cake mineralized the most C, which can
be attributed to diﬀerences in the C : N ratio between treatments. Chemical amendment in addition to the manured soil also
impacted C mineralization, with AlSO4 generally decreasing mineralization. Nitrogen mineralization was also significantly aﬀected
by poultry litter component applications. Broiler cake addition increased N availability followed by total cleanout compared to soil
control, while the bedding resulted in net N immobilization. Chemical amendments impacted N mineralization primarily in the
broiler cake amended soil where all chemical amendments decreased mineralization compared to the no chemical amendment
treatment. This short-term study (35-day incubation) indicates that N availability to crops may be diﬀerent depending on the
poultry litter component used for fertilization and chemical amendment use which could decrease N mineralization.

1. Introduction
Poultry litter is increasingly being demanded as an alternative
nutrient source to commercial fertilizer in the southeastern
US region. Poultry litter is regarded as one of the most
valuable nutrient sources compared to other manures due to
its relatively high N and phosphorus (P) content. However,
poultry litter’s N and P may be susceptible to environmental
loss. This has resulted in the increased use of chemical
amendments to specifically reduce surface water P loss and
NH3 volatilization. Concurrently, poultry litter management
practices have also recently changed, with most poultry
producers cleaning the litter out of their houses less often
to reduce labor costs. The impact that increased chemical

amendment use and the changes in poultry litter management practices will have on N availability to plants is largely
unknown.
Previous studies have shown that the abatement of
P transport from land applied manure to water bodies
can be achieved with the use of chemical amendments
containing aluminum (Al), iron (Fe), or calcium (Ca) [1–
7]. These compounds (Al, Fe, or, Ca) work by binding to
P in solution thereby forming insoluble compounds. For
instance, Ca rich compounds (gypsum and lime) used as soil
amendments tend to form insoluble P compounds, largely as
a result of forming a Ca phosphate complex [8]. Aluminum
and ferrous compounds (aluminum sulfate and ferrous
sulfate) usually result in decreased pH. Consequently as pH

2
decreases, Al and Fe salts result in the precipitation of aluminum hydroxy phosphate and ferrous hydroxy phosphate
[9].
Similarly, Al, Fe, and Ca compounds are believed to
reduce ammonia volatilization from poultry litter. Ammonia
volatilization occurs through enzymatic conversion and
decomposition of organic nitrogenous compounds contained in poultry litter. Reece et al. [10] reported that
NH3 volatilization can be reduced when the litter pH
falls below 7, while it is greatly increased when pH is
above 8. Thus, chemical additives that manipulate poultry
litter’s pH are believed to be the most eﬀective. Kithome
et al. [11] evaluated eﬀects of the chemical amendments
gypsum (CaSO4) and aluminum sulfate (Al2 SO4 ) as reducing
agents, influencing ammonia volatilization. A mixture of
20% Al2 SO4 eﬀectively reduced ammonia emissions by
74% compared to control, while gypsum was somewhat
ineﬀective. Moore Jr. et al. [12] also reported significant
reductions in ammonia volatilization from poultry manure
amended with Al2 SO4 and FeSO4 . Although these chemical additives show promise for reducing environmental
degradation from litter, the question of what eﬀect these
compounds have on manure decomposition rate has not
been explored. This leads to the following question: what
eﬀect do these amendments have on agricultural production?
Understanding how soil amendments containing Al, Fe, and
Ca aﬀect the N mineralization capacity of manure will
aid in developing better management practices for manure
application.
Periodic removal of litter from poultry houses is important to promote bird health and limit manure buildup [13].
Traditionally, poultry producers cleaned their houses to the
ground (total cleanout) each year. While this management
is still practiced by some, most producers no longer follow
this procedure. Decaking (removal of the cake or top
layer of harden manure) is becoming the most popular
practice utilized by producers to save money and labor.
This procedure involves removing the top portion of the
litter, leaving behind the old bedding material. As a result,
producers do not replace bedding materials as often. Thus,
total cleanout of the litter is typically reduced to once every
three to five years. Given that the cake contains a more
concentrated manure component and less bedding than litter
removed during total cleanout, the diﬀerence between the
two poultry litter sources may influence N mineralization
rates following land application for fertilization.
Continual changes in management practices can impact
the sustainability of agricultural production. In order to keep
producers abreast of the benefits and drawbacks from these
changing practices, research must be done to evaluate their
impact on agricultural productivity. A better understanding
of how some recent manure management practices aﬀect the
decomposition and the availability of N is required. Therefore, the objective of this study was to determine impacts of
chemical amendments added to poultry litter components,
on C and N mineralization in a laboratory incubation
study.
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2. Material and Methods
2.1. Site Description for Incubated Soil. Soil for this study
was collected from a bermudagrass (Cynodon dactylon)
pasture located at the Sand Mountain Agriculture Research
and Extension Center in the Appalachian Plateau region
of northeast Alabama, USA. Soil was from plots that had
not received manure within the last 10 years. The soil
was a Hartsells fine sandy loam (fine-loamy, siliceous,
subactive, thermic Typic Hapludults). The regional climate
is subtropical with no dry season; mean annual rainfall is
1325 mm, and mean annual temperature is 16◦ C [14]. Bulk
soil samples were collected from the 0–20 cm depth and
sieved through a 2 mm mesh screen to remove rocks and
roots. Samples were stored in a cold room at 4◦ C until
laboratory incubations were performed.
2.2. Experimental Treatments. A 35-day incubation study
was conducted to measure C and N mineralization of soil
amended with poultry litter containing diﬀerent chemical
amendments that had been previously reported to reduce P
loss. Poultry litter components consisted of broiler cake, total
cleanout, and bedding. Theses component were collected
from a local broiler production facility in the Sand Mountain
Region of north Alabama, USA. Broiler cake was collected
following the decaking process during broiler house cleaning.
Total cleanout litter was collected following the cleaning of
a broiler house to the ground. Bedding material consisted
of pine wood shavings. In order to apply small-uniform
quantities of poultry litter for incubation, samples were
air dried at 40◦ C and ground to pass through a 2 mm
sieve. Characteristics of the poultry litter components are
presented in Table 1. Laboratory grade chemicals consisting
of gypsum (CaSO4 ), lime (CaCO3 ), ferrous sulfate (FeSO4 ),
and aluminum sulfate (AlSO4 ) were used as the chemical
amendments for this study.
2.3. Laboratory Analysis. Chemical analysis of soil and
poultry litter component sources was performed by the
Auburn University Soil Testing Laboratory as described by
Hue and Evans [15]. Specifically, soil pH was determined on
1 : 1 soil/water suspensions with a glass electrode pH meter.
Total C and N for the soil and poultry litter components were
determined by dry combustion using a LECO TruSpec CN
analyzer (LECO Corp., St. Joseph, MI). Concentrations of P,
K, Ca, Mg, and so forth were determined using a Mehlich
1 (double acid) extracting solution for soil [16] and with
the dry ash procedure for poultry litter components [17];
both were measured by inductively coupled Argon plasma
emission spectrometry [18] using an ICAP 9000 (Thermo
Jarrell Ash, Franklin, MA). Soil textural analysis (percentage
sand, silt, and clay) for the incubated soil was determined
using the hydrometer method [19].
2.4. Incubation Study. Methods described by Torbert et al.
[20] were utilized for quadruple determinations of potential
C and N mineralization. Twenty-five grams of soil (ovendried weight basis), passed through a 2 mm sieve, were
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Table 1: Nutrient properties of soil and poultry litter components bedding, total cleanout, and broiler cake used for incubations, dry weight
basis.
Variables

pH

CEC

C

N

P
P2 O5

K
K2 O

Ca

Mg

Al

B

Cu

g kg−1

Fe

Mn

Zn

mg kg−1

Poultry litter
components
Broiler cake

7.6

—

375

42.1

41.3

37.4

25.0

60.0

997

39.0

461

903

751

572

Total cleanout

8.5

—

262

31.3

48.4

32.3

37.5

64.0

2813

39.0

332

2115

509

439

Bedding

4.9

—

456

0.50

1.0

1.4

1.3

0.20

203

<0.1

13.36

4116

62

15

6.1

4.9

7.81

0.83

0.003

0.08

0.49

0.05

103

<0.1

1

9

11

1

Sandy loam

placed in 118 mL (4-oz) plastic containers. The poultry
litter component source (broiler cake, total cleanout, or
bedding material) was added to soils at a rate of 350 kg
total N ha−1 (based on application to a 15 cm soil furrow
slice) and mixed homogeneously to ensure uniformity within
and between samples. Following poultry litter component
addition, chemical amendments (CaSO4 , CaCO3 , FeSO4 ,
and AlSO4 ) were added to the soil at a rate that provided
either Al, Fe, or Ca at an amount equivalent to the
molar P content of the poultry litter component source
(i.e., 651 kg ha−1 gypsum, 480 kg ha−1 lime, 930 kg ha−1
ferrous sulfate, and 700 kg ha−1 aluminum sulfate) with
the greatest concentration. To facilitate uniform addition,
chemical amendments were dissolved with deionized water
and added to samples using a micropipette. Deionized water
was added to bring the soil matric potential to approximately
–20 kPa at a bulk density of 1.2 Mg m−3 . After sample
preparation, the containers were placed in 1.06 L widemouth incubation jars, and 10 mL of water was added to the
bottom of each jar (not sample) for humidity control. Jars
were incubated in the dark at 25◦ C and removed after 15 and
35 days for analysis of C and N mineralization.
Soil C mineralization was determined using a 10 mL CO2
trap (vial containing10 mL 1 N NaOH). The CO2 trap was
placed in each jar and hermetically sealed. After removal,
1 mL of a saturated BaCl2 solution (∼1N) was added to
each sample to stop CO2 adsorption, and the NaOH was
then backtitrated with 1 N HCl using phenolphthalein as an
indicator to determine the amount of CO2 released from
soil samples. Soil C mineralization was determined as the
diﬀerence between CO2 -C captured in sample traps and
from blanks (sealed jar without soil). The concentrations
of CO2 determined on day 15 and 35 days after incubation
were added together to determine the total amount of C
mineralized for the 35 d incubation period, as described by
Anderson (1982).
Soil N mineralization was determined by evaluating inorganic N concentrations during incubation. Concentrations
of ammonium (NH4) and nitrite (NO2)+ nitrate (NO3 )
were determined by extraction using 2 M KCl as described by
Keeney and Nelson [21] and measured colorimetrically using

mg CO2 -C kg−1

Soil

1600
1400
1200
1000
800
600
400
200
0

C mineralization of poultry litter components
d

b

c

a

Soil control

Bedding

Cleanout

Cake

Figure 1: Eﬀect of poultry litter components bedding, total
cleanout, and broiler cake compared to a soil control on C
mineralization following a 35-day incubation.

automated laboratory equipment (Bran-Luebbe, Norderstedt, Germany). Soil N mineralization was determined as the
diﬀerence between final and initial inorganic N contents of
the incubated sample.
2.5. Statistics. The incubation study was analyzed as a
completely randomized design with four replications. There
were 3 poultry litter sources X 5 chemical amendments
X 4 replications compared to a control (4 replicates) for
a total of 64 experimental units. Statistical analyses were
performed using the GLM procedure of SAS [22], and means
were separated using least significant diﬀerence (LSD). A
significance level of α < 0.05 was established a priori.

3. Results and Discussion
Poultry litter is generally applied as a readily available N
source to pastures in the southeastern USA. Thus, a common
upland, well-drained, low microbial activity soil managed
under bermudagrass pasture from the southeastern USA
region was used to evaluate C and N mineralization for
this study. The soil used for this incubation historically
received minimal fertilization, no grazing, or harvesting
for hay. Background nutrient concentrations for the soil

International Journal of Agronomy

1600
1400
1200
1000
800
600
400
200
0

Bedding material

a

ab

Soil
Bedding
control + soil

CaCO3

mg CO2 -C kg−1

mg CO2 -C kg−1

4

ab

ab

b

FeSO4

AlSO4

Total cleanout

1600
1400
1200
1000
800
600
400
200
0

a

a

Total
CaCO3
Soil
control cleanout
+ soil

CaSO4

FeSO4

b

AlSO4

a

CaSO4

(b)

mg CO2 -C kg−1

(a)

a

1600
1400
1200
1000
800
600
400
200
0

Broiler cake

Soil
control

a

b

a

Broiler
cake
+ soil

CaCO3

FeSO4

b

AlSO4

a

CaSO4

(c)

mg of (NH4 -N + NO3 -N) N kg−1
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of background levels.
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Figure 3: Eﬀect of poultry litter components bedding, total
cleanout, and broiler cake compared to a soil control on N
mineralization following a 35-day incubation.

and poultry litter component sources used in this study
are presented in Table 1. Nutrient concentrations varied
among the poultry litter component sources. The bedding
material had the greatest C concentrations compared to
broiler cake and total cleanout. On the other hand, the
bedding material N concentration was the lowest among
the poultry litter component sources. Between the poultry
litter component sources containing manure (broiler cake
and total cleanout), broiler cake had greater C and N
concentrations compared to the total cleanout, but C : N
ratios were similar between the two sources. Total C, N,
and C : N ratios were within the range reported by others in
previous research [13, 23]. The focus of this incubation study

was to evaluate C and N cycling in soil following poultry litter
addition amended with chemical amendments. Information
from this study will aid in a better understanding of the
N-supplying potential of broiler cake and total cleanout
amended with chemical additives containing Al, Fe, and
Ca. For discussion purposes of this manuscript, C and N
mineralization comparisons were made between the poultry
litter components alone (without chemical amendments)
and between chemical amendments for each poultry litter
component source (broiler cake, total cleanout, and bedding)
separately.
3.1. Soil Carbon Mineralization. Carbon mineralization is
the conversion of organic C material into inorganic forms
through soil microbial oxidation. This process occurs during
decomposition. An evaluation of C mineralization can be
used as an index to understand the decomposition rate of
organic substances. Carbon evolution values observed on 15
d and 35 d were summed together and expressed as total
C mineralized. Significant diﬀerences were observed in C
mineralization rates resulting from the diﬀerent poultry litter
components (Figure 1). Cumulative soil C mineralization
for the 35-day incubation period was 335 mg kg−1 for soil,
687 mg kg−1 for bedding, 801 mg kg−1 for total cleanout,
and 1293 mg kg−1 for broiler cake. As expected, amending
soil with the poultry litter components sources significantly
increased C evolution, with broiler cake having the greatest
C mineralization capacity compared to the other treatments.
Carbon mineralization rates following the 35-day incubation
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was in the order of broiler cake > total cleanout > bedding
> soil control. Although bedding contained the most C, the
percentage of total C mineralized was less than the other
poultry litter component sources. This suggests that the
bedding is a more stable material than the litter sources
containing manure (broiler cake and total cleanout). Also,
the diﬀerence in C mineralization between the bedding
and the other poultry litter component sources was most
likely due to the amount of available N. Although the litter
sources containing manure had a similar C : N ratio, broiler
cake had the highest C mineralization. Thus, since N was
not a limiting factor, the poultry litter component source
with the greatest C concentration mineralized the most
when both broiler cake and total cleanout were applied at
350 kg N ha−1 . Also, it is important to note that the total
cleanout contained a greater percentage of bedding material
compared to the broiler cake. Thus, the total cleanout
most likely contained more stable C compared to the cake.
Since broiler cake consisted of a lower recalcitrant form of
organic C, it contributed to a greater mineralization capacity.
Although C mineralization data reported for this study
represent the total C mineralized during the two sampling
periods (15 and 35 days after incubation), it is important
to note that a significantly greater C mineralization rate was
observed during the second portion of the incubation for
the bedding material (data not shown). The other poultry
litter components generally resulted in a slightly lower C
mineralization rate.
Addition of chemical amendments to the incubated
soil also impacted carbon mineralization. Diﬀerences in C
mineralization rates for each chemical compound added to
the broiler cake, total cleanout, and bedding amended soil
are illustrated in Figure 2. Chemical amendment additions
impacted C mineralization diﬀerently depending on the
poultry litter component (total cleanout, broiler cake, and
bedding) evaluated. For instance, significant diﬀerences were
observed among chemical amendments in the bedding
treatment (i.e., CaCO3 > AlSO4 ) with CaCO3 producing
the greatest C mineralization; however when each chemical
amendment was compared to the no chemical amendment
bedding treatment (bedding + soil only), no significant
diﬀerences were observed. Cumulative C mineralization in
the total cleanout treatment was significantly increased with
FeSO4 , producing significantly greater C mineralization rates
compared to the other treatments. No significant diﬀerences
were observed between the CaSO4 , FeSO4 , AlSO4 , and the
no chemical amendment treatment (total cleanout + soil
only). In the broiler cake treatment, no significant diﬀerences
were observed between CaSO4 , FeSO4 , and the no chemical
amendment broiler cake treatment (broiler + soil only),
while CaCO3 and AlSO4 produced statistically lower C
mineralization.
3.2. Soil Nitrogen Mineralization. Nitrogen in manure is
primarily in an organic form. Before plant uptake can occur,
it must be converted to inorganic forms of N. This is achieved
via microbes as a by-product of organic matter decomposition in a process called N mineralization. Understanding of
how recent changes in poultry litter management practices
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aﬀect N mineralization can help improve N management for
crop demands.
Similar to C mineralization, addition of the diﬀerent
poultry litter components impacted N mineralization. Mean
N mineralization observed during the 35-day incubation is
presented in Figure 3. Cumulative soil N mineralizations for
the 35-day incubation period were 51 mg kg−1 for soil, 13 mg
kg−1 for bedding material, 143 mg kg−1 for total cleanout,
and 159 mg kg−1 for broiler cake. Addition of bedding
resulted in a lower mineralization compared to the soil
control (no chemical amendment or poultry litter addition),
while broiler cake and total cleanout amended soils resulted
in greater N availability. This was to be expected since wood
shavings (bedding) are highly stable carbonaceous material
with a C : N ratio of 143 : 1. As rule of thumb, a C : N ratio of
20 : 1 is the breakeven point between immobilization and N
release. When organic materials with C : N ratios greater than
30 : 1 are added to soil, there is N immobilization during the
initial decomposition process. Thus, the highly carbonaceous
bedding material supplied the microbes with a new energy
source, but insuﬃcient N to build protein. Thus the soil
microbes scavenged N from the soil, thereby reducing N
availability, or, in other words, caused net N immobilization.
Broiler cake produced the highest N mineralization capacity
compared to the other poultry litter components evaluated
during this incubation study. Although the broiler cake and
total cleanout had similar C : N ratios (8.9 broiler cake and
8.4 total cleanout), broiler cake most likely contains a more
energy-rich supply of C compared to the total cleanout. For
instance, the carbon source (although not quantified) in the
cake portion of the litter in broiler houses generally contains
a higher concentration of manure while the total cleanout
contains both manure and bedding.
Use of chemical amendments with the diﬀerent poultry
litter components resulted in N availability diﬀerences
following the 35-day incubation (Figure 5). Generally, all of
the chemical amendments negatively impacted N availability
when compared with poultry litter component sources.
There was a significant interaction between the poultry
litter components and the chemical amendments. For the
bedding material, adding chemical amendments produced
a statistically similar N rate compared to the no chemical
amendment bedding treatment (bedding + soil only). The
CaCO3 amendment produced the greatest N mineralization
rate compared to the other chemical amendments applied
to the bedding material. Nitrogen mineralization for CaCO3 ,
FeSO4 , and CaSO4 was statistically similar to the no chemical
amendment bedding treatment, while the AlSO4 produced a
statistically lower N mineralization rate. Addition of AlSO4
to the bedding material, which was slightly acidic, could have
caused Al toxicity to the soil microbes that were responsible
for decomposition. Chander and Brookes [24] reported that
Al concentrations at low pH can directly aﬀect microbial
biomass and indirectly decrease inputs of soil plant-derived
substrates.
Results of N mineralization for chemical amendment
additions to total cleanout are reported in Figure 4. Addition
of chemical amendments FeSO4 , AlSO4 , and CaSO4 to soil
amended with total cleanout resulted in N mineralization
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N kg−1
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statistically similar to the no chemical amendment total
cleanout treatment. However, addition of CaCO3 to the
total cleanout amended soil resulted in a statistically lower
N mineralization rate compared to when no chemical
amendments were applied. Originally, the pH of the total
cleanout was 8.5; thus addition of the liming agent to
an already basic material had a negative eﬀect on the N
mineralization.
When evaluating the eﬀect of chemical additions to
broiler cake amended soil, a slightly diﬀerent eﬀect was
observed in the N mineralization. All of the chemical
amendments evaluated resulted in statistically lower plant
available N during the 35-day incubation compared to the

no chemical amendment broiler cake treatment. Although
all the chemical amendments decreased N mineralization,
the rate of decrease among treatments with chemical amendments was statistically similar. These results suggest that
chemical amendments added to land-applied poultry litter
to decrease P loss with surface water runoﬀ or in the poultry
production facilities to reduce NH3 volatilization during
growout could aﬀect N availability to crops.
3.3. Soil pH Change. Addition of the poultry litter component sources significantly impacted pH of the incubated
soil. Soil pH during the 35-day incubation containing the
poultry litter component sources and soil control are shown
in Figure 5. Initial soil pH prior to the incubation was 6.1.
The soil control pH was essentially unchanged following the
35-day incubation (6.0). Poultry litter additions significantly
increased soil pH compared to the soil control. The greatest
pH change was observed in soil amended with bedding
material followed by total cleanout, broiler cake, and soil
control. Generally, poultry litter is not a liming material,
but because of the alkaline pH and large Ca content, the
broiler cake and total cleanout amendments increased the
incubated soil’s pH. Increases in soil pH following poultry
litter addition have been reported by others [25–27]. Moore
and Edwards [27] reported an increase in pH from 5.1 to 5.8
after poultry litter was applied for 7 years. On the other hand,
an unexpected increase was also observed with the bedding
material, but this phenomenon cannot be explained from
previous reports.
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Chemical amendment addition to soil with the poultry
litter components also impacted pH levels (Figure 6). The
general pH trend resulting from chemical amendment
additions to the incubated soil containing the diﬀerent
poultry litter components was statistically similar between
the no chemical amendment, CaSO4 , and CaCO3 treatments;
lower levels were observed for AlSO4 and FeSO4 . Evaluation
of the chemical amendment additions to the incubated
soil with bedding was similar to the general trend with
no significant diﬀerence being observed between the no
chemical amendment, CaSO4 , and CaCO3 treatments, while
AlSO4 and FeSO4 resulted in significantly lower soil pH.
Significant diﬀerences were also observed for the total
cleanout. No significant diﬀerence was observed between
the no chemical amendment, CaSO4, FeSO4 , and CaCO3
treatments. The addition of AlSO4 to the total cleanout
treatment resulted in decreases to soil pH. An evaluation of
broiler cake showed that AlSO4 and FeSO4 resulted in the
lowest pH values similar to the bedding and total cleanout
poultry litter component. However, AlSO4 was the only
chemical amendment that was statistically diﬀerent from the
no chemical amendment broiler cake treatment.

4. Conclusions
Nitrogen is the most limiting nutrient in a crop production
system. When manure sources are used for N fertilization,
N mineralization accounts for most of the crop N needs.
An understanding of how manure management practices

aﬀect N availability is important to maintain crop yields.
The information obtained from this incubation study may
be useful when considering fertilization with poultry litter.
For instance, should poultry litter cake or cleanout be used
for N fertilization and which chemical amendment provides
the best N availability? Carbon mineralization, which is a
representation of microbial activity, was increased by the
addition of the poultry litter components. Even though the
bedding material had the greatest C source, broiler cake had
the highest C mineralization rate. Carbon mineralization was
in the order of broiler cake, total cleanout, and bedding. Evaluation of N mineralization showed that the bedding material
resulted in severe N immobilization. On the other hand,
broiler cake had the highest N mineralization rate followed
by total cleanout. Addition of chemical amendments to the
poultry litter components also impacted C mineralization.
The greatest diﬀerences in C mineralization were observed
with AlSO4 , generally decreasing mineralization. Chemical
amendment additions also resulted in significant N mineralization diﬀerences. The greatest diﬀerences were observed in
the broiler cake treatment. All chemical amendments applied
to the broiler cake amended soil resulted in decreased N
mineralization compared to the no chemical amendment
treatment. For the total cleanout treatment, CaCO3 was
the only chemical amendment to decrease N mineralization
compared to the no chemical amendment treatment. These
results suggest that while the use of chemical amendments
has been shown to reduce P loss and decrease NH3 volatilization, a reduction in N mineralization may also occur. Also

8
changes in poultry litter management practices are likely to
impact N availability in soil.
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Smallholder farmers in Kenya collect manure from confined cattle housing termed zero-grazing units. Zero-grazing designs may
include urine collection, though the eﬀectiveness of these designs in improving manure N content has not been established. The
manure-urine mixtures produced in these units were simulated to determine urine eﬀects on manure N composition. Manure and
manure-urine mixtures were stored for 120 days during dry and rainy seasons in Kenya. Manure-urine mixtures leached 26% of
their mineral N content during the dry season, but only 12% during the rainy season. After storage, manure-urine mixtures had
less organic-N and fiber-N than manure alone during the dry season (P < 0.01), but not during the rainy season. Results suggest
that the eﬀect of cattle urine on manure N composition is greater during dry seasons than rainy. Manure should not be stored
more than 30 days to minimize N loss to leaching. Farmers may take steps to reduce N loss by controlling leaching and protecting
manure from rainfall.

1. Introduction
Smallholder farmers in Kenya who confine their livestock in
zero-grazing units collect and store manure for use as a soil
amendment during the growing seasons [1]. The design of
zero-grazing units may allow for the collection and preservation of some of the cattle urine. A survey of 60 smallholders
in the Kenyan highlands reported that more than half of
the farms used zero-grazing units with sloped floors and
manure storage piles just outside the animal confinement
area at the base of the sloped floor [1]. Farmers perceived that
manure decomposition speeds up when manure and urine
are mixed. Liquids from the zero-grazing unit floor drained
into the manure storage pile. Less than 10% of farms used
designs that allowed direct urine collection such as channels
to transfer liquid from the zero-grazing unit floor into a
reservoir just outside of the confinement area [1]. The animal
housing on the remaining farms had no design attributes

to conserve urine. The liquid from the floor of the animal
confinement area was either absorbed by bedding and feed
refusals on the floor of the zero-grazing unit, or soaked into
the soil [1, 2]. Whether the urine-conserving zero-grazing
unit designs actually increased manure N content was not
established. The designs may not prevent urinary N losses
via volatilization [1, 2].
The N retention eﬃciency of zero-grazing systems is
poor. More than 36% of N in a mixture of manure and
urine may be lost between excretion and the end of storage.
Urinary-N losses are greater when no refusals to absorb the
urine are on the floor of the zero-grazing unit. Manure and
urine N may be lost via leaching when the dirt floors of the
zero-grazing units are cleaned out only a few times each year
[3].
To determine whether the presence of urine increased
manure N content, experiments were conducted with
manure-urine mixtures similar to those produced on farms
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Figure 1: Rainfall at the experiment site, Kenya Agricultural Research Institute. Dry season experiment duration: 17 January to 01 June
2007. Rainy season experiment duration: 18 April to 18 May 2007.

with zero-grazing units designed to drain urine into the
manure storage piles. In addition to total manure N content,
it is important to consider the patterns of transformation
of nitrogenous compounds in manure that occur during
storage. One objective of this study was to examine the
changes in specific manure N fractions resulting from inclusion of urine in manure storage systems. It was hypothesized
that most N losses from stored manure occur within the
first month of storage. In a study of stored beef cattle
manure, N losses of more than 10% occurred after 42 days
of storage [4]. A second hypothesis was that manure with
urine contains more mineral N and less fiber-N and ligninN than manure without urine. Urine is a major source of
N in stored manure [5], so stored manure with urine may
not be N-limited, allowing manure microbes to degrade the
fibrous manure materials more rapidly. The third hypothesis
was that manure mixed with urine leaches more mineral N
than manure without urine. Large losses of urinary N via
leaching and volatilization may occur from manure before
its application to soil [6]. Finally, it was hypothesized that
heavy rainfall increases N losses from leaching in newly
stockpiled manure because the rain saturates the manure
and the water-soluble N compounds in fresh manure leach
from the manure and are not recovered. The eﬀects of season
on manure composition and leaching were investigated by
starting one experiment during the dry season and one
during the rainy season.

2. Materials and Methods
2.1. Experimental Design. Manure from two diﬀerent farms
in the Embu area was used to demonstrate the eﬀects of farm
and cattle diet management on manure quality. The larger
farm maintained a milking herd of approximately 20 cows.
The smaller farm milked 4 Holstein-Freisian cattles. The
cattles on both farms were fed by the cut-and-carry method,
but the cattle of the larger farm were fed energy concentrates

and Napier grass (Pennisetum purpureum), a relatively high
protein forage, more regularly. That the manure diﬀered
in terms of total N and organic matter (OM) content was
established prior to the start of the dry season experiment
to establish the eﬀects of diﬀerent management regimes on
manure composition. Based on the initial manure composition and the management styles of the farms, the larger farm
was designated the better-managed farm and the smaller
farm the less well-managed farm. Based on this distinction
in management quality, manure from the smaller farm will
be referred to as “Low quality” and manure from the larger
farm will be referred to as “Medium quality” from this
point forward. The cattle urine used in the manure storage
experiments was collected from the milking herds of both
farms and mixed before being used in the experiment. The
urine collection lasted approximately 10 days before the start
of the dry season experiment and the start of the rainy season
experiment. The urine was stored at 4◦ C before the beginning of each experiment. At the start of each experiment,
samples of the urine were acidified to pH < 2.5 using concentrated H2 SO4 to prevent NH3 volatilization by microbes
[7]. Before NH4 -N analysis, samples were stored at −20◦ C.
Two manure storage experiments were conducted, the
first beginning in the dry season and carried out for 120
days, and the second beginning early in the long rainy season,
ending after 30 days. The two experiments were designed
to demonstrate the eﬀects of rainfall on newly established
manure storage systems.
The dry season manure storage experiment was conducted from January through June 2007 at the Embu oﬃce of
the Kenya Agricultural Research Institute in Embu, Eastern
Province, Kenya. Mid-January usually marks the beginning
of the dry season in Embu, so the experiment was started
on January 17, 2007. The installation of the dry season
experiment marked the beginning of a 2-month period of
very dry weather (Figure 1).
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Five-liter plastic buckets were modified to collect leachate
from the manure. The bottom of each bucket was removed
and replaced with a circular piece of stainless steel 50-mesh
screen with square apertures of 279 μ on a side. Each of
the 120 buckets was assigned to one of four treatments and
placed in one of four adjacent tables in a spatially balanced
complete block design to ensure spatial homogeneity in the
experiment [8]. A standard funnel-graduated cylinder rain
gauge was positioned at the center of the tables and rainfall
was measured daily. Three replicates of each treatment
were incubated. On a fresh weight (FW) basis, 4.8 kg of
manure was added to each bucket. A volume of 1.4 L of
urine was added to half of the buckets, representing the
daily urine volume-to-fecal mass excretion ratio of cattle
in water-constrained environments [9]. The urine NH4 N concentration was 0.03 M. Three buckets from each
treatment were randomly selected for destructive sampling
after 6, 12, 18, 24, 30, 50, 70, 90, and 120 days of incubation.
After sampling, subsamples of the manure were immediately
stored at −20◦ C.
The rainy season manure storage experiment, to assess
the eﬀects of rainfall on newly installed manure storage units,
was installed on April 18, 2007. A preliminary period of ten
days of moderate precipitation preceded the onset of the long
rainy period in mid-April (Figure 1).
The goal of this experiment was to demonstrate the
response of newly stockpiled manure to heavy rainfall. The
design of the experiment was similar to that of the dry season
experiment. Each of 60 buckets was assigned to one of the
four treatments in a randomized complete block design.
Three replicates of each treatment type were incubated. An
initial mass of 4.1 kg (FW basis) of manure was added to each
bucket. This initial manure mass diﬀered from the mass used
in the dry season experiment because the manure for this
study had a greater water content. The manure for the rainy
season study was collected early in the long rainy season. The
rains dampened manure in the cattle pens before it was collected. An initial volume of 1.2 L of urine was added to half of
the buckets, to represent the daily urine volume-to-fecal mass
excretion ratio of cattle in water-constrained environments
[9]. The NH4 -N concentration of the urine was 0.15 M. The
higher NH4 -N concentration of the rainy season urine likely
was because cattle were fed more high-protein forages such
as Napier grass during the rainy season than during the
dry season. Three buckets of each treatment were sampled
destructively after 6, 12, 18, 24, and 30 days of incubation.
For both the rainy and dry season experiments, leachates
were collected through a plastic funnel attached to the
mesh bottom of each bucket into a 60 mL bottle containing
1 mL concentrated H2 SO4 . The acid immediately lowered
the leachate pH to less than 2.5 upon entering the bottle in
order to check the degradation of organic and inorganic-N
by microbes [7]. The leachate collection bottles were replaced
when full and upon the destructive sampling of each bucket.
The mass and volume of the leachate collected were recorded.
Leachates for each individual bucket were composited by
date: after 6, 12, 18, 24, 30, 50, 70, 90, and 120 days of storage
for the dry season experiment and after 6, 12, 18, 24, and 30
days of storage for the rainy season experiment.
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2.2. Chemical Analyses. One gram of each frozen subsample
was thawed and extracted in 50 mL water for 30 min using
an orbital shaker set to 180 rpm. The NH4 -N contents of
the extracts were measured using a colorimetric method [10]
in the soil analysis laboratories of the Kenya Agricultural
Research Institute in Embu, Kenya and of the World Agroforestry Centre Headquarters in Nairobi, Kenya.
Aliquots of the manure samples were dried at ≤60◦ C and
ground to pass a 1 mm screen in preparation for analysis.
The samples were analyzed at the Dairy One Laboratories,
Ithaca New York, USA for total N by the Kjeldahl method
[11] and for neutral detergent insoluble N (NDIN) and acid
detergent insoluble N (ADIN) [12]. It was assumed that all
mineral N volatilized from the manure during the drying
process, so the measurement of total N by the Kjeldahl
method was a direct measurement of organic N for the dried
samples.
2.3. Statistical Analyses. The dry and rainy experiments were
designed as multi-factor models with fixed eﬀects where the
fixed factors were manure quality, urine presence, and days
in storage. All possible interactions between the fixed eﬀects
were tested. The absolute concentration data were analyzed
using the PROC MIXED procedure of the SAS software [13].
Comparisons were made using the Student’s t-test.
Using the PROC NLIN procedure of the SAS software
[13], exponential decay models were developed to describe
the NH4 -N, total organic N, NDIN, and ADIN the manure
in storage over time. Decay models with one exponential
term were fitted to the data using the equation Y = αekx ,
where Y represents the NH4 -N, organic N, NDIN, or ADIN
content of the manure, x represents the number of days the
manure was incubated in storage, and k represents the rate
of decay of the NH4 -N, organic N, NDIN, or ADIN in the
manure. Regression of the data using double exponential
decay equations failed to converge.
The PROC NLIN procedure of the SAS software was used
to develop logarithmic models describing the cumulative
NH4 -N losses from manure in storage via leaching [13].
Logarithmic models with one term were fitted to the data
using the equation Y = k ln(x), where Y represents the
leached NH4 -N, x represents the number of days the manure
was incubated in storage, and k represents the rate of accumulation of the NH4 -N leached from the manure. Regression
of the data using log-log equations failed to converge.

3. Results
Results of the mixed model analyses for the dry season
experiment appear in Tables 1, 2, and 3. The mixed model
analyses results for the rainy season experiment appear in
Tables 4 and 5.
Cattle feces contain essentially no urea [14, 15]. Cattle
urine contains both urea and NH4 . However, since the fecal
pH was approximately pH 8, it is assumed that the urea of
the urine immediately underwent hydrolysis to produce NH4
when the urine and manure were mixed. In this study, NH4 N represents mineral N.
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Table 1: ANOVA results for dry matter (DM) mass remaining in manure in storage in the dry season experiment, as a percent of the initial
manure DM mass and for N content (DM basis) of manure in storage in the dry season experiment, as a percent of the initial manure N
content. Fixed eﬀects are the manure quality (Medium versus Low quality), the presence or absence of urine in the manure, and the number
of days the manure was incubated (0, 6, 12, 18, 24, 30, 50, 70, 90, or 120 days). Terms for the interaction between fixed eﬀects are denoted by
fixed eﬀects terms separated by an asterisk (∗ ). DF represents the degrees of freedom of the test.
Eﬀect
Medium versus Low quality manure
[A]
Urine added versus no urine [B]
Days in storage [C]
A∗ B
A∗ C
B∗ C
A ∗ B∗ C

DF

DM mass
(% of initial DM mass)

P-value
N
(% of DM)

ADIN
(% of DM)

NDIN
(% of DM)

1

<0.0001

0.0218

<0.0001

<0.0001

1
8
1
8
8
8

<0.0001
<0.0001
0.8085
0.0058
0.0749
0.2125

0.0024
<0.0001
0.0348
0.0798
0.0464
0.8771

0.0303
<0.0001
0.0875
0.1258
0.0092
0.8403

0.0052
<0.0001
0.0119
0.1166
0.0029
0.3715

Table 2: ANOVA results for NH4 -N concentration (mg NH4 N/kg manure, DM basis) of manure in storage in the dry season
experiment. Fixed eﬀects are the manure quality (Medium versus
Low quality), the presence or absence of urine in the manure, and
the number of days the manure was incubated (0, 6, 12, 18, 24, 30,
50, 70, 90, or 120 days). Terms for the interaction between fixed
eﬀects are denoted by fixed eﬀects terms separated by an asterisk
(∗ ). DF represents the degrees of freedom of the test.
Eﬀect
Medium versus Low quality manure
[A]
Urine added versus no urine [B]
Days in storage [C]
A∗ B
A∗ C
B∗ C
A ∗ B∗ C

DF

P-value
NH4 -N
(mg/kg manure)

1

0.0147

1
9
1
8
9
8

0.0079
<0.0001
0.7994
0.5932
0.0199
0.0453

Figure 2 shows the NH4 -N dynamics in manure of the
dry season experiments. After 30 days of storage, the NH4 N concentration of manure alone ranged from 156 to
241 mg NH4 -N per kg of manure (DM basis) in individual
treatments. The NH4 -N concentration of urine-amended
manure ranged from 372 to 375 mg NH4 -N per kg of manure
(DM basis) in individual treatments after 30 days of storage.
The manure source had no eﬀect on manure NH4 -N after
30 days or 120 days (α = 0.05, Figure 2). In the dry season
experiment, manure alone contained less NH4 -N per kg of
manure (DM basis) than the treatments with urine after 30
days of storage (P < 0.04).
Exponential decay models to describe the NH4 -N dynamics of the Medium quality manure and Low quality manure in the rainy season experiment using two exponential
terms did not converge. Exponential models with one exponential term to describe NH4 -N dynamics appear in Figure 3.

Table 3: ANOVA results for NH4 -N content (mg NH4 -N per
manure storage unit) of leachate collected from manure in storage
in the dry season experiment. Fixed eﬀects are the manure quality
(Medium versus Low quality), the presence or absence of urine in
the manure, and the number of days the manure was incubated (0,
6, 12, 18, 24, 30, 50, 70, 90, or 120 days). Terms for the interaction
between fixed eﬀects are denoted by fixed eﬀects terms separated by
an asterisk (∗ ). DF represents the degrees of freedom of the test.
Eﬀect
Medium versus Low quality manure
[A]
Urine added versus no urine [B]
Days in storage [C]
A∗ B
A∗ C
B∗ C
A ∗ B∗ C

DF

P-value
Leachate NH4 -N
(mg/storage unit)

1

0.4382

1
8
1
8
7
7

0.0192
0.0281
0.9802
0.9152
0.3538
0.9861

During the early rainy season, forages are more nutritious
and digestible which may explain the marked diﬀerence in
the NH4 -N concentration of the urine used in the dry season
and rainy season experiments. Neither the source of the
manure nor the presence of urine in the manure aﬀected
the NH4 -N concentration of the manure in the rainy season
experiment (α = 0.05, Table 5). Average manure NH4 -N for
all treatments after 30 days of storage during the rainy season
was 572 mg per kg of manure (DM basis).
Figures 4(a)–4(c) show the organic N, NDIN, and ADIN
dynamics in manure of the dry season experiment in terms
of % remaining from the total amounts in the fresh manure
at the start of the experiment. In terms of absolute content,
there was no diﬀerence in the manure NDIN or manure
ADIN after 30 days in storage (α = 0.05), nor was there
a diﬀerence between the total organic N content of the
medium and low farm manure after 30 days of storage or at
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Table 4: ANOVA results for N content (DM basis) of manure in storage in the rainy season experiment, as a percent of the initial manure
N content, and for NH4 -N content (mg NH4 -N per manure storage unit) of leachate collected from manure in storage in the rainy season
experiment. Fixed eﬀects are the manure quality (Medium versus Low quality), the presence or absence of urine in the manure, and the
number of days the manure was incubated (0, 6, 12, 18, 24, or 30 days). Terms for the interaction between fixed eﬀects are denoted by fixed
eﬀects terms separated by an asterisk (∗ ). DF represents the degrees of freedom of the test.
Eﬀect

DM mass
DF
(% of initial DM mass)
Medium versus Low quality [A] 1
0.1037
Urine added versus no urine [B] 1
0.9842
Days in storage [C]
4
0.0004
∗
A B
1
0.4727
A∗ C
4
0.9315
B∗ C
4
0.5561
A ∗ B∗ C
4
0.7194

N
(% of DM)
<0.0001
0.1039
0.0077
0.009
0.932
0.922
0.1104

Table 5: ANOVA results for NH4 -N concentration (mg NH4 N/kg manure, DM basis) of manure in storage in the rainy season
experiment. Fixed eﬀects are the manure quality (Medium versus
Low quality), the presence or absence of urine in the manure, and
the number of days the manure was incubated (0, 6, 12, 18, 24, or
30 days). Terms for the interaction between fixed eﬀects are denoted
by fixed eﬀects terms separated by an asterisk (∗ ). DF represents the
degrees of freedom of the test.
Eﬀect
Medium versus Low quality manure
[A]
Urine added versus no urine [B]
Days in storage [C]
A∗ B
A∗ C
B∗ C
A ∗ B∗ C

DF

P-value
NH4 -N
(mg/kg manure)

1

0.8389

1
5
1
5
5
5

0.2912
0.0473
0.1899
0.7942
0.6891
0.904

the end of the experiment (α = 0.05). The days in storage had
an eﬀect on the organic N, ADIN, and NDIN contents of the
dry season manure over the entire experiment (P < 0.0001,
Table 1), but no treatment eﬀects on total organic N, NDIN,
or ADIN were observed after 30 days in storage (Figures
4(a)–4(c)). Single-term exponential decay models for total
N, NDIN, and ADIN dynamics in manure appear in Figures
4(a)–4(c). Exponential decay models using two exponential
terms to describe total N, NDIN, and ADIN dynamics in the
manure failed to converge.
In general, lignin-bound N is considered to be quite
refractory and poorly available for microbial degradation [16, 17]. Non-fiber bound nitrogenous organic compounds are more readily available for degradation than
hemicellulose-bound N, cellulose-bound N, and lignin-N
(represented by NDIN), and cellulose-bound N and ligninN (represented by ADIN). The portion of the labile organic
N that is microbial N can be recycled when a microbe

P-value
ADIN
(% of DM)
<0.0001
0.1967
0.0314
0.4382
0.8198
0.9606
0.2577

NDIN
(% of DM)
<0.0001
0.079
0.2868
0.2768
0.9332
0.9683
0.435

Leachate NH4 -N
(mg/storage unit)
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

dies and lyses and its cell contents, including nitrogenous
compounds, are metabolized by other living microbes. The
magnitudes of the N fractions in manure of the rainy
season experiment were not aﬀected by urine amendments
(α = 0.05, Table 4). After 30 days of storage, the Medium
quality manure alone contained 9.2% organic N, 4.9%
NDIN, and 3.9% ADIN (DM basis). The Low quality manure
contained 11.0% organic N, 5.1% NDIN, and 4.1% ADIN
(DM basis, Figures 5(a)–5(c)). The source of the manure did
aﬀect N composition (P < 0.0001 for organic N, P < 0.0001
for ADIN, P < 0.0001 for NDIN) with higher levels of ADIN
in the Low quality manure (P < 0.04) after 30 days of storage.
The time in storage had an eﬀect on the organic N (P <
0.008) and ADIN (P < 0.04) throughout the experiment, but
at the end of the rainy season experiment, the total organic
N and ADIN content of the two manures did not diﬀer
(α = 0.05, Table 4). The length of storage had no eﬀect on
NDIN (α = 0.05, Table 4). Exponential decay models with
one exponential term were developed for total N, NDIN,
and ADIN dynamics in manure (Figures 5(a)–5(c)). Decay
models with two exponential terms did not converge.
Single-term logarithmic rate equations describing cumulative leaching of NH4 -N from manure in the dry season
experiment appear in Figure 6. Logarithmic models with
two terms to describe cumulative NH4 -N leaching failed to
converge. From each of the 4 treatments, more than 50% of
the final amount of NH4 -N loss from the manure via leaching
occurred during the first 30 days of storage.
Inclusion of urine significantly increased the amount of
NH4 -N leached from manure in the rainy season experiment
(P < 0.0001, Table 4). Total NH4 -N losses from urineamended manure in the rainy season experiment were larger
than from urine-amended manure in the dry season experiment. Neither the manure source nor the urine treatment
aﬀected the amount of NH4 -N leached during the 30 day
storage period (α = 0.05; Figure 7). The final cumulative
leaching loss from urine-amended manure storage units was
larger than that from units containing only manure. After 30
days of storage during the rainy season, the urine-amended
manure storage units lost an average of 337 mg NH4 -N and
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Figure 2: NH4 -N dynamics in manure of the dry season storage
experiment. Error bars represent standard error of the mean values.
Continuous lines represent the best-fit regression equations for
NH4 -N dynamics in manure during the dry season experiment.
Y represents the amount of NH4 -N (mg/kg manure DM) in
the manure. The solid line (—) represents the Medium quality
manure, no urine treatment. The dashed line (- - - -) represents
the urine-amended Medium quality manure treatment. The dotted
line (· · · ·) represents the Low quality manure, no urine treatment.
The dot-dash line (-··-··) represents the urine-amended Low
quality manure treatment. Medium quality manure, no urine: Y =
462.3e−0.0180x , R2 = 0.807. Medium quality manure, with urine:
Y = 621.8e−0.0232x , R2 = 0.619. Low quality manure, no urine:
Y = 249.1e−0.00955x , R2 = 0.715. Low quality manure, with urine:
Y = 1033.7e−0.0570x , R2 = 0.812. The rate equations for NH4 -N
dynamics between the manure sources did not diﬀer at significance
level α = 0.05.

the storage units containing manure alone lost an average of
97 mg NH4 -N. These cumulative leaching losses represent up
to 12% of the initial manure NH4 -N from urine-amended
manure and up to 57% of the initial manure NH4 -N from
manure alone.
After 120 days of storage in the dry season experiment,
urine-amended manure lost up to 59% of its initial DM
mass while manure alone lost up to 45% of the initial DM.
These represent mass losses of up to 0.6 kg DM from urineamended manure and 0.5 kg DM from manure alone after
120 days of storage. At the end of the rainy season experiment, there were no treatment eﬀects on mass loss (α = 0.05).
Figure 2 shows the NH4 -N dynamics in manure of the
dry season experiment. Exponential regression equations
with one term to describe the NH4 -N dynamics were
developed using manure data for the dry season experiment
(Figure 2). Attempted exponential decay models to describe
NH4 -N dynamics with two exponential terms did not
converge. In the dry season experiment, the manure NH4 -N
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Low quality manure
Medium quality manure

Figure 3: NH4 -N dynamics in manure of the rainy season storage
experiment. Error bars represent standard error of the mean values.
Continuous lines represent the best-fit regression equations for
NH4 -N dynamics in manure during the dry season experiment. The
solid line (—) represents the best-fit regression for the Medium
quality manure treatments. The dashed line (- - - -) represents
the best-fit regression for the Low quality manure treatments. Y
represents the amount of NH4 -N (mg/kg manure DM) in the
manure. Medium quality manure: Y = 144.7e0.0349x , R2 = 0.508.
Low quality manure: Y = 240.7e0.0201x , R2 = 0.571. The rate
equations for NH4 -N dynamics between the manure sources did not
diﬀer at significance level α = 0.05.

dynamics fit an exponential decay pattern (Figure 2). Most
of the NH4 -N loss from the manure occurred during the first
50 days of incubation (Figure 2), before heavy rainfall began
at 63 days of incubation (Figure 1). At the end of 120 days of
storage in the dry season experiment, manure NH4 -N fell to
less than 200 mg per kg of manure, with the exception of the
urine-amended Medium quality manure. In this treatment,
the manure NH4 -N concentration increased after 50 days in
storage. At 120 days of storage, the NH4 -N concentration of
the Medium quality manure amended with urine was nearly
400 mg per kg of manure (Figure 2). This eﬀect was likely due
not to an increase in the pool of NH4 -N in the manure, but
the result of an increase in the manure NH4 -N concentration
as the manure decomposed. As manure decomposes, its Ccontaining compounds are converted to CO2 and CH4 . The
loss of C mass reduces the manure C : N, and the content of
manure N compounds increase [18].
In the dry season experiment, manure with urine treatments did not contain significantly more NH4 -N at the end
of the 120 day experiment than the treatments with manure
alone (α = 0.05). The manure NH4 -N concentration averaged
176 mg NH4 -N per kg of manure (DM basis) with a range
of 63 to 385 mg NH4 -N per kg of manure (DM basis). The
manure source had no eﬀect on manure NH4 -N after 120
days (α = 0.05, Figure 2).
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Figure 4: Total organic N, neutral detergent insoluble N (NDIN), and acid detergent insoluble N (ADIN) dynamics in manure in the dry
season experiment (DM basis). Error bars represent standard error of means. Continuous lines represent best-fit regression equations for
organic N dynamics in manure during the dry season experiment. Y represents the amount of organic N, NDIN, or ADIN remaining in the
manure (% of initial content, DM basis). The solid line (—) represents the Medium quality manure, no urine treatment. The dashed line
(- - - -) represents the urine-amended Medium quality manure treatment. The dotted line (····) represents the Low quality manure, no urine
treatment. The dot-dash line (-··-··) represents the urine-amended Low quality manure treatment. (a) Total organic N dynamics (% N, DM
basis). Medium quality manure, no urine: Y = 100e−0.00213x , R2 = 0.978. Medium quality manure, with urine: Y = 100e−0.00768x , R2 = 0.916.
Low quality manure, no urine: Y = 100e−0.00087x , R2 = 0.971. Low quality manure, with urine: Y = 100e−0.00327x , R2 = 0.982. The rate
equations for NDIN dynamics between the four treatments did not diﬀer at significance level α = 0.05. (b) NDIN dynamics (%NDIN, DM
basis). Medium quality manure, no urine: Y = 100e−0.00318x , R2 = 0.940. Medium quality manure, with urine: Y = 100e−0.00994x , R2 = 0.823.
Low quality manure, no urine: Y = 100e−0.00202x , R2 = 0.945. Low quality manure, with urine: Y = 100e−0.00529x , R2 = 0.961. The rate
equations for organic N dynamics between the four treatments did not diﬀer at significance level α = 0.05. (c) ADIN dynamics (%ADIN, DM
basis). Medium quality manure, no urine: Y = 100e0.00528x , R2 = 0.976. Medium quality manure, with urine: Y = 100e0.000918x , R2 = 0.970.
Low quality manure, no urine: Y = 100e0.000219x , R2 = 0.951. Low quality manure, with urine: Y = 100e−0.00288x , R2 = 0.964. Rate constants
for ADIN dynamics in manure with no urine added diﬀered between the manure sources (P < 0.0001). No diﬀerence was observed in the
urine treatments (α = 0.05).
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Figure 5: Total organic N, neutral detergent insoluble N (NDIN), and acid detergent insoluble N (ADIN) dynamics in manure in the
rainy season experiment (DM basis). Error bars represent standard error of means. Continuous lines represent regression equations for
organic N dynamics in manure during the rainy season experiment. Solid lines (—) represent the best fit regression lines for Medium quality
manure treatments. Dashed lines (- - - -) represent the best fit regression lines for Low quality manure treatments. Y represents the amount
of organic N, NDIN, or ADIN remaining in the manure (% of initial content, DM basis). (a) Total organic N dynamics (%N, DM basis).
Medium quality manure: Y = 100e0.00174x , R2 = 0.989. Low quality manure: Y = 100e0.00576x , R2 = 0.986. The rate equations for organic N
dynamics between the two manure sources did not diﬀer at significance level α = 0.05. (b) Neutral detergent insoluble N dynamics (%NDIN,
DM basis). Medium quality manure: Y = 100e0.00478x , R2 = 0.984. Low quality manure: Y = 100e0.0112x , R2 = 0.973. The rate equations for
NDIN dynamics between the two treatments did not diﬀer at significance level α = 0.05. (c) Acid detergent insoluble N dynamics (%ADIN,
DM basis). Medium quality manure: Y = 100e0.00578x , R2 = 0.974. Low quality manure: Y = 100e0.00394x , R2 = 0.973. The rate equations for
ADIN dynamics between the two treatments did not diﬀer at significance level α = 0.05.

The presence of urine lowered the fiber-bound N content
of the manure in storage. After 120 days of storage during the
dry season experiment, the Medium quality manure alone
contained 4.9% NDIN, and 3.9% ADIN (DM basis). Urineamended Medium quality manure contained 3.9% NDIN,
and 3.2% ADIN (DM basis). At the end of the dry season
experiment, the Low quality manure alone contained 6.2%

NDIN, and 5.2% ADIN (DM basis). Low quality manure
containing urine contained 5.0% NDIN, and 4.1% ADIN.
At the end of the dry season experiment, the Low quality
manure contained more NDIN and ADIN than the medium
manure (P < 0.02 and P < 0.03, resp.). The average organic
N content of manure after 120 days of storage was 8.6% (DM
basis). Manure from both sources without urine contained
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Figure 6: Cumulative NH4 -N (mg NH4 -N per manure storage
unit) leached from manure of the dry season storage experiment.
Error bars represent standard error of the mean values. Continuous
lines represent best-fit regression equations for cumulative NH4 N (mg) leached from manure during the dry season experiment.
The solid line (—) represents the Medium quality manure, no
urine treatment. The dashed line (- - - -) represents the urineamended Medium quality manure treatment. The dotted line
(· · · ·) represents the Low quality manure, no urine treatment.
The dot-dash line (-··-··) represents the urine-amended Low
quality manure treatment. Y represents the cumulative NH4 -N
(mg) leached from the manure. Medium quality manure, no urine:
Y = 18.3144 ln(x), R2 = 0.989. Medium quality manure, with
urine: Y = 41.1785 ln(x), R2 = 0.993. Low quality manure, no
urine: Y = 7.1964 ln(x), R2 = 0.988. Low quality manure, with
urine: Y = 30.5345 ln(x), R2 = 0.994. The rate equations for
leachate NH4 -N between the four treatments did not diﬀer at
significance level α = 0.05.

more NDIN at the end of 120 days than did the urine
treatments (P < 0.05). While the time in storage did have
an eﬀect on the organic N, ADIN, and NDIN contents of
the dry season manure over the entire experiment (P <
0.0001, Table 1), total organic N and ADIN did not diﬀer
between the treatments after 120 days in storage (α = 0.05).
Exponential decay models with one exponential term were
developed for total N, NDIN, and ADIN dynamics in manure
(Figures 4(a)–4(c)). Exponential regression with two terms
to describe total N, NDIN, and ADIN dynamics in manure
failed to converge.
Logarithmic regression using equations with two terms
to describe NH4 -N leaching losses did not converge. Cumulative leaching of NH4 -N from manure in the dry season
experiment is described by the single-term logarithmic rate
equations in Figure 6. The presence of urine had a significant
positive eﬀect on the amount of NH4 -N leached from
manure in the dry season experiment (P < 0.02, Table 3).
In total, the urine-amended manure units lost an average of
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Figure 7: Cumulative NH4 -N (mg NH4 -N per manure storage
unit) leached from manure of the rainy season storage experiment.
Error bars represent standard error of the mean values. The
continuous line represents best-fit regression equations for cumulative NH4 -N (mg) leached from manure during the dry season
experiment. X represents the number of days in storage. The solid
line represents all treatments. Y represents the cumulative NH4 -N
(mg) leached from the manure. All treatments: Y = 70.7127 ln(x),
R2 = 0.998.

199 mg NH4 -N while storage units containing only manure
lost an average of 104 mg NH4 -N over 120 days of storage.
These cumulative leaching losses represents up to 26% of the
initial manure NH4 -N from urine-amended manure and up
to 61% of the initial manure NH4 -N from manure alone.
The source of the manure, low farm or medium farm, had
no eﬀect on NH4 -N leaching rates (α = 0.05, Table 3).

4. Discussion
The 14% greater loss of mass from urine-amended manure
observed in this study, a loss of 0.6 kg manure DM in urineamended manure and 0.5 kg manure DM from manure
alone, was a larger diﬀerence than expected. The observation
supports the perception of smallholder farmers that urine
speeds up the decomposition of manure in storage [1]. In
previous studies of composted manure, the manure lost mass
over time due to the mineralization of nutrients and other
degradation processes that cause structural disintegration
[19]. In this study, mass loss was observed. The manure
continued to lose solid mass after 30 days of storage as a result
of microbial activity. Farmers may find the faster degradation
of urine-amended manure unacceptable because it results
in a smaller volume of manure available to apply to the
soil at planting. However, urine may increase the rate
of decomposition of the feed refusals in manure, thereby
lowering the C : N ratio of the manure and lowering the risk
of N immobilization when manure is applied to soil.
The results partially support the hypothesis that most
N losses from stored manure occur within the first month
of storage. In the dry season and rainy season experiments,
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NH4 -N losses were large during the first 30 days of storage.
In both experiments, the pools of total organic N, the more
degradable hemicellulose-bound N, and the refractory fiberbound and lignin bound N had increased in content by the
end of the storage period (Figures 4(a)–4(c) and 5(a)–5(c)).
The increase in the recalcitrant N fractions is probably due
to manure mass loss: as the manure loses mass over time, the
concentration of the recalcitrant N fractions inflates [18].
Although some low molecular weight organic-N compounds may have escaped the system via the leachate, the
bulk of the loss of the available N is due to the mineralization
activities by microbes. The labile organic N remaining in the
manure after 30 days is likely of microbial origin. The ADIN
that remains, 5.1% of manure DM in the rainy experiment,
likely is either part of the lignin fraction or indigestible
components of microbial cell walls. The ADIN is very slowly
mineralized by microbes [16, 17].
The hypothesis that manure containing urine would have
more NH4 -N and less fiber-N and lignin-N than manure
without urine was only partly upheld by the results of
this study. In the dry season, the results were as expected.
The presence of urine significantly decreased the organic
N content in the manure. This eﬀect may be due to the
urine providing the microbes with a larger pool of NH4 N for metabolism and growth than the NH4 -N pool in
the manure solution alone. The less N-constrained environment of urine-amended manure supports larger bacterial
populations than that of manure alone, so the microbial
degradation of refractory manure compounds is more rapid
when urine is present in the manure mixture. The results of
another study of stockpiled manure on small Kenyan farms
indicated that urine, when added to manure, had no eﬀect
on the nutrient composition of the manure [2]. This result
may have occurred because the manure piles sampled in the
study diﬀered in age or because the urinary N was lost to
volatilization before being mixed with manure. The manure
came from actual manure storage units on many small farms
in central Kenya, and manure age was not controlled [2].
Urine may also boost the mineralization of organic N,
thereby lowering the total organic N content of the manure,
by increasing the water content of the manure. This eﬀect was
observed in this study, with urine amendments producing
manure with less fiber- and lignin-bound N than manure
with no amendments (Figures 4(b) and 4(c)). The wetter
environment and increased saturation of the manure may
allow microbes easier access to sites where organic N is
present. Also, solubilization of OM may be facilitated in
the more saturated system. Dissolved organic matter (OM)
is more easily degraded by microorganisms than solid OM
[20]. The failure of urine to significantly aﬀect the organic N
composition of the manure in the rainy season experiment
may be due to the fact that the heavy rainfall resulted in
urine-amended and nonamended manure with similar water
contents, so that any diﬀerence between the treatments was
obscured (Figures 4(a)–4(c) and 5(a)–5(c)).
The hypothesis that the presence of urine in stored manure would leach a greater volume of leachate with a higher
content of NH4 -N than manure without urine was supported
in the rainy season experiment. Urine did increase the
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NH4 -N content of the leachate in both the dry season and
rainy season experiments. These results suggest measures to
prevent leaching losses, such as sheltering the manure from
rain and creating a leachate catchment system in which the
leachate is collected and returned to the manure pile, should
be taken for urine-rich manure in order to conserve manure
NH4 -N.
The hypothesis that rainfall increases N losses from manure via leaching was not supported by the data for the urineamended manure. Total NH4 -N losses from urine-amended
manure in the rainy season experiment were 100 mg more
(1.5 times greater) than the amount lost from urineamended manure in the dry season experiment. However, as
a percentage of the initial manure NH4 -N concentration, the
urine-amended manure in the dry season lost more NH4 -N
than in the rainy season: a loss of 26% of the initial NH4 N in the dry season experiment versus a 12% loss of the
initial NH4 -N in the rainy season experiment. Heavy rainfall
increased the volume of the leachate, and the NH4 -N content
decreased accordingly for the no urine treatments. In spite of
this result, the loss of 337 mg NH4 -N from urine-amended
manure observed in the rainy experiment is an N loss that
should be prevented in order to conserve manure N.

5. Conclusions
The results suggest the need to protect manure from rain to
prevent leaching N losses. Collecting the leachate as it escapes
the manure in storage and pouring it back onto the manure
would be another way to conserve manure N. If manure is
piled on a downhill slope immediately adjacent to fields that
require fertilizing, the N-rich leachate may drain into the soil
of those fields. If plastic sheeting, an aﬀordable and readily
available commodity in Kenya, is first placed on the ground
and manure piled on top of it, more of the leachate would
drain onto the field. Plastic sheeting could also be used to
collect leachate to return to the manure. Contamination of
drinking water by uncontrolled leachate runoﬀ and seepage
into soil can also be avoided by the use of plastic sheeting.
A limitation of using plastic sheeting to collect leachate is
the potential for large N losses from the leachate via NH3
volatilization when the leachate is exposed to air. Covering
stored manure using plastic sheeting or another material
impervious to rainfall may conserve manure N by preventing
leaching losses.
Manure that remains in storage for many months continues to lose mass because of microbial activity and compacts
due to gravity. The result is manure with far less N than its
initial content and less bulk manure to spread on the fields at
planting time. To use the manure N before it is lost via leaching, it is recommended that manure not be stored more than
30 days. If the manure cannot be applied to major crops such
as maize during the growing seasons, it might be applied to
the kitchen gardens. These gardens often contain vegetables
that provide important vitamins and minerals to the diets of
farm residents. Selling manure to neighboring farms would
generate income but could exacerbate the negative nutrient
balances observed on most of the farms in the Kenyan
highlands.
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OM: Organic matter
NDIN: Neutral detergent insoluble N
ADIN: Acid detergent insoluble N.
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There is a potential in the southeastern US to harvest winter cover crops from cotton (Gossypium hirsutum L.) fields for biofuels
or animal feed use, but this could impact yields and nitrogen (N) fertilizer response. An experiment was established to examine
rye (Secale cereale L.) residue management (RM) and N rates on cotton productivity. Three RM treatments (no winter cover crop
(NC), residue removed (REM) and residue retained (RET)) and four N rates for cotton were studied. Cotton population, leaf
and plant N concentration, cotton biomass and N uptake at first square, and cotton biomass production between first square and
cutout were higher for RET, followed by REM and NC. However, leaf N concentration at early bloom and N concentration in the
cotton biomass between first square and cutout were higher for NC, followed by REM and RET. Seed cotton yield response to
N interacted with year and RM, but yields were greater with RET followed by REM both years. These results indicate that a rye
cover crop can be beneficial for cotton, especially during hot and dry years. Long-term studies would be required to completely
understand the eﬀect of rye residue harvest on cotton production under conservation tillage.

1. Introduction
Nitrogen is the most diﬃcult nutrient to manage when growing cotton. About 5,445,749 ha of the cotton were planted in
the USA in 2003 [1]. Applying optimum N rates is necessary
to maximize economic yields and minimize the negative
impacts that N overapplication can have on the crop and
environment [2]. Higher N rates than required can result in
excessive vegetative growth which increases the proportion
of immature bolls, reduces lint quality and cotton yields, and
increases disease and insect damage [3–6]. However, N deficiencies can reduce vegetative and reproductive growth and
decrease yields [3]. Many parameters combine to determine
the optimum N rates for cotton, such as soil type, location, N
application method, tillage system, water availability, use of
winter cover crops, and potential yield [7].
Conservation systems for cotton production in the
southeastern US have increased in adoption to approximately
50% of the 2.9 million ha planted in this area [8]. The use of
winter cover crops has been well documented as an eﬀective
method for improving soil chemical, biological, and physical

properties [9, 10]. Among winter crop species, winter cereals
like rye can have many benefits because they produce high
amounts of biomass, are easy to establish and kill, and provide good ground cover during the winter [8, 11]. However,
the high biomass grass cover crops can produce combined
with their high C/N ratios and can lead to N immobilization,
which can increase the N fertilizer demand for maximizing
cotton yields [10, 12, 13]. Additionally, the probability of N
immobilization increases when the N fertilizer is broadcast
over a soil covered with grass residue [7].
Higher N fertilizer requirements for cotton following
small grain cover crops were reported by Howard et al. [7],
Varco et al. [14], and Mitchell [15]. Varco et al. [14] reported
that 120 kg N ha−1 was required to achieve maximum cotton
lint yields after a rye cover crop compared to 96 kg N ha−1
needed after winter fallow, but lint yields were greater after
rye than winter fallow. Howard et al. [7] stated that for
achieving similar yields, 101 and 67 kg N ha−1 were required
for maximizing lint yields when cotton followed corn stover
and native winter weed vegetation, respectively. However, it
is expected that the long-term use of high biomass cover
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crops in conservation tillage systems will increase the soil
organic carbon levels with a simultaneous increase of organic
fractions of N in the soil, and once a new equilibrium
is reached, N rates for crops could be reduced due to an
increase of N provided through mineralization [16].
Recently, it has been proposed that winter cover crop
biomass could be used as an alternative source of energy
or for animal feed. Alternative uses for cover crop biomass
would help farmers to increase revenue while diversifying
market opportunities [17]. Cover crop biomass removal
could cause significant changes in soil C and N dynamics and
also impact crop yields and their response to N fertilization.
Crop biomass removal can cause reductions in soil organic
C levels with a subsequent deterioration of soil physical,
chemical, and biological properties [18–23]. As a result of
these changes in soil properties, reductions in crops yields are
expected to occur [24, 25]. The impact of residue removal
on soil properties and crop productivity has been well documented, but no research has been conducted emphasizing
the potential impact of winter cover crop biomass removal
on cotton yields and its response to N fertilization under
conservation tillage.
We speculate that when rye residue is removed, N rates
required for maximizing cotton production could be reduced
because of the lower eﬀect of N immobilization under conditions of low levels of residue with a high C/N ratio. Even
though diﬀerences in soil properties in response to new management practices require some time to occur, we consider
that short-term rye residue removal may produce enough
changes in the soil environment to cause reductions in cotton
yields. The objectives of this research were (i) to determine
the eﬀect of rye residue management on cotton growth
parameters and yield, (ii) to quantify the impact of rye
residue management and cotton response to N fertilization,
and (iii) to determine if optimum N rates for cotton can be
reduced under rye residue removal conditions.

2. Materials and Methods
A 2-year field experiment under supplemental irrigation was
established in November 2005 at the Alabama Agricultural
Experiment Station’s E.V. Smith Research Center, Field Crops
Unit (32◦ 25 19 N, 85◦ 53 7 W), near Shorter in central
Alabama, USA. The soil was a Marvyn loamy sand (fineloamy, kaolinitic, thermic Typic Kanhapludult). This region
is characterized by a humid subtropical climate, with an average annual precipitation of about 1100 mm [8]. The experimental area was previously managed with conventional
tillage. Three rye RM schemes and four N rates were evaluated for cotton production. Rye RMs were no cover (NC),
residue removed (REM), and residue retained (RET). Each
RM was evaluated with cotton N fertilization rates of 0, 50,
100, and 140 kg ha−1 applied at the first pinhead square stage.
The RMs were the main plots (18 m long by 8 m wide) and N
rates for cotton were the subplots (9 m long by 4 m wide).
2.1. Soil Management. Before planting rye the first year, the
entire area was deep-tilled with a noninversion, bent-leg
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subsoiler to a depth of 46 cm to remove any soil compaction
present, and leveled with a field cultivator. In early May each
year the experimental area was tilled in-row (1 m between
rows) with a narrow-shanked subsoiler to a depth of 40 cm.
The in-row tillage was conducted using a tractor equipped
with an automatic steering system with centimeter level
precision. The NC treatment was kept free of weeds during
winter by applying herbicide when required.
2.2. Crop Management. Rye (cultivar “Elbon”) was drilled
at 100 kg ha−1 , in early November each year, using a no-till
drill. Plots planted with rye received 40 and 30 kg N ha−1 as
ammonium nitrate applied manually three weeks after planting and in late February, respectively. In the RET treatment,
rye was rolled down at the early milk development stage
[26] in late April each year and then sprayed with glyphosate
(N-phosphonomethyl glycine) at a rate of 0.9 kg a.i. ha−1 . At
the same time rye was terminated in the RET treatment,
the aboveground rye biomass in the REM treatment was
harvested with a small forage harvester to a height of 10 cm
over the soil surface and removed from the plots.
The entire experimental area received an application
of 21, 10, 42, and 6 kg ha−1 of nitrogen, phosphorus (P)
as P2 O5 , potassium (K) as K2 O, and sulfur (S) as SO4 ,
respectively, each year by early May, based on the Alabama
Cooperative Extension System soil test recommendations
[27]. Cotton, cultivar DP 454 BG/RR (Delta Pine and Land
Co., Scott, MS), was planted on May 19 and 18 in 2006
and 2007, respectively, using a four-row vacuum planter at a
rate of 17 seeds m−1 . Row spacing was one meter. Herbicides,
insecticides, defoliant, and boll opener applied to cotton were
based on the Alabama Cooperative Extension System recommendations. The entire research area received supplemental
irrigation of 70 and 160 mm during the 2006 and 2007 cotton
seasons, respectively, using a linear-movement sprinkler irrigation system. Nitrogen treatments for cotton were applied
manually as ammonium nitrate at the first pinhead square
stage (37 days after planting (DAP)). Cotton was chemically
defoliated and a boll opener was applied when 60–70% of the
bolls in RET were opened. Before cotton harvest, one meter
of each end of the plots was cut oﬀ with a rotary mower. After
harvesting, cotton stalks were shredded with a rotary mower.
2.3. Data Collection. Cotton population, leaf blade samples,
and seed cotton yield were determined from the two middle
rows of each subplot and cotton biomass from the two
exterior rows of each subplot. Cotton population was
determined by counting the number of plants from a 3 m
length in each of the two middle rows of the subplots at
37 DAP. Ten upper-most fully developed blades of leafs were
collected from recently matured leaves in the upper canopy
of each subplot, at 37 and 65 DAP in 2006 and at 37 and
69 DAP in 2007. Total aboveground cotton biomass was
determined at 37 and 92 DAP in 2006 and 2007 by randomly
cutting eight plants per subplot. Leaf blade and whole plant
samples were oven dried at 55◦ C until constant weight,
finely ground to pass a 1 mm sieve, and analyzed for total N
by dry combustion using a LECO TruSpec analyzer (LECO
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Table 1: Analysis of variance for cotton population, leaf N concentration, plant N concentration, cotton biomass, and N uptake at first
square as aﬀected by year and rye residue management. P values within a row in bold are significant at α ≤ 0.05.
Source of variation

Cotton population

Leaf N
concentration

≤0.01

≤0.01

≤0.01

0.64

0.15

≤0.01

≤0.01

≤0.01

≤0.01

≤0.01

0.58

0.02

≤0.01

0.33

0.58

Plant N concentration

Cotton biomass

N uptake

P>F
Year
RM†
Year∗RM
†

Rye residue management.

Corp., St. Joseph, MI). Total cotton biomass was estimated
using the dry weight per plant and cotton population. Plant
N uptake at each sampling time was calculated based on
the total biomass and plant N concentration. The cotton
biomass and N uptake between first square and cutout were
calculated by subtracting the amount at first square from
the amount at cutout for each parameter. Seed cotton yield
was determined at 139 and 125 DAP in 2006 and 2007,
respectively, by harvesting a 14.6 m2 (2 m wide by 7.3 m
long) area from each subplot using a spindle picker.
2.4. Weather. Daily average temperature data for both years
were taken from an automated weather station located at the
Experimental Station, beginning when cotton was planted
and ending at the cutout stage of cotton development. Daily
heats units (HUs) between planting and cutout were calculated as the diﬀerence between the average daily temperature
and a base temperature of 15.6◦ C [28]. Rainfall and irrigation
during each season were measured directly in the experimental area with a rain gauge connected to a data-logger.
2.5. Experimental Design and Statistical Analyses. The experiment was arranged in a randomized complete block design
(RCBD) with a split-plot restriction on the randomization
and four replications. Rye RM was the main factor and N
rates for cotton the subfactor. As N treatments were applied
at the first pinhead stage of cotton development, data collected before this N application were analyzed using the
MIXED procedure of SAS [29] only considering the RM
eﬀect (RCBD). The LSMEANS PDIFF option was used to
establish mean diﬀerences between RM treatments. Data collected after applying N treatments to cotton were analyzed
through covariance analysis using the MIXED procedure of
SAS [29] considering N as covariate. Replication and its
interactions were considered as random eﬀects. Treatments
and year were considered fixed eﬀects. When a significant
interaction including year occurred, data were presented separately for each year. When Year × RM × N or RM × N interactions were not significant, the LSMEANS PDIFF option
was used to establish means diﬀerences between RM treatments. The covariance analysis was used to evaluate linear
and quadratic eﬀects of N rates on cotton parameters measured and to fit the best linear or quadratic regression model.
Linear or quadratic eﬀects were considered significant when
P ≤ 0.15 [30]. Treatment eﬀects and diﬀerences of least
squares means were considered significant when P ≤ 0.05.

3. Results and Discussion
3.1. Climate Data. Rainfall and irrigation during both years
were diﬀerent in amount and distribution. In 2006, rainfall
and irrigation between one week before planting cotton
and cutout were 247 and 70 mm, respectively. For the same
period during 2007, they were 207 and 176 mm, respectively.
Rainfall in 2006 and 2007 was 23 and 36% lower than the
10-year average. In 2006, rainfall was below the 10-year
average until midseason, after which it was similar or greater.
However, in 2007 rainfall was below the 10-year average
early and late in the cotton season and it was not uniformly
distributed, with 75% of rainfall occurring during the first
10 days of July, resulting in a higher amount of irrigation
applied during 2007. The main diﬀerence in HU between
years occurred at the end of the cotton season. For the last 20day period before cutout, HUs in 2007 were 20% higher than
that in 2006, indicating that higher temperatures occurred
during this period in 2007 with respect to 2006.
3.2. Cotton Population. Rye residue management had a
significant eﬀect on cotton population 37 DAP, across years
(Table 1). Rye residue retained had a significantly higher
population than NC (P ≤ 0.01), but population for REM
was not significantly diﬀerent with respect to the other
two treatments. Population for RET was 4 and 7% greater
than REM and NC, respectively. Tillage operations were
identical among RM, so diﬀerences in cotton populations
can be attributed to diﬀerences in soil water content among
treatments during the establishment period of the crop.
Higher soil water content was measured in RET compared to
REM and NC until 20–25 days after cotton planting in both
years (data not shown) which probably contributed to better
plant establishment.
Cotton population was also significantly diﬀerent (P ≤
0.01) between years when averaged across RM. Higher cotton
populations were observed in 2006 compared to 2007. In
both years, the quality of the seed bed at planting and the
soil water content between planting and the following two
weeks were similar, indicating that other factors could be
responsible for this diﬀerence between years. Accumulated
HUs during the first 13 days after planting were 24% lower
in 2007 compared to 2006, indicating that this period of
2007 was colder than 2006. These low temperatures could
explain the population reduction in 2007, which probably
contributed to slower plant growth, extending the period of
time that young plants are susceptible to water deficit and
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Figure 1: Eﬀect of rye residue management and year on (a) leaf N concentration and (b) plant N concentration, at first square. Columns
sharing the same letter for each parameter inside of year are not significantly diﬀerent (P ≤ 0.05). NC: no winter cover crop; REM: rye
residue removed; RET: rye residue retained.

pest damage. Cotton populations in 2006 and 2007 were
about 150,000 and 140,000 plants ha−1 , respectively, which
were in a range considered high for cotton production, even
though seed cotton yields can be stable for a wide range
of plant densities [31]. However, this yield stability may be
threatened if dry periods occur later in the growing season.
3.3. Leaf and Plant N Concentration at First Square. There
was a significant Year × RM interaction for leaf and plant N
concentration at first square (Table 1). In 2006, RET had a
significantly higher leaf N concentration than NC and REM
(P ≤ 0.01 and P = 0.03, resp.), and NC was not significantly
diﬀerent from REM (Figure 1(a)). In 2007, RET and REM
had significantly higher leaf N concentration than NC
(P ≤ 0.01 and P ≤ 0.01, resp.), but diﬀerences between these
two treatments were not significant. Leaf N concentration
values ranged between 38 and 43 g kg−1 in 2006 and between
40 and 46 g kg−1 in 2007. These values were lower than
the 54 g kg−1 critical level reported by Bell et al. [32] at
first pinhead square, for cotton in the southern USA. The
N applied before planting and the N possibly provided
through mineralization were not enough to increase leaf N
concentration to this critical value. Nonetheless, Bell et al.
[32] also stated that high cotton yields can still be achieved
by crops having low leaf N at first pinhead square, if N
deficiencies are corrected at this stage of development and
leaf N concentrations at early bloom are in the suﬃciency
range. Further, leaf N concentration levels in our study were
in the suﬃciency range reported by Mills and Jones [33].
In 2006, RET had a significantly higher plant N concentration than REM and NC (P ≤ 0.01 and P ≤ 0.01, resp.), but
REM was not significantly diﬀerent from NC (Figure 1(b)).
However, in 2007 diﬀerences among RM treatments were
not significant and plant N concentration values were very
similar for each treatment. Plant N concentration for RM

in 2006 followed a similar pattern to leaf N concentration,
but their values were lower. This is expected because plant
samples that include older tissues other than upper leaves are
characterized by lower N concentrations. Further, there was
a higher accumulation of HU during June 2007 compared to
June 2006, which could help explain the greater leaf and plant
N concentrations at first square. Additionally, the amount
of soil mineral N at first square was 19% higher in 2007
compared to 2006 averaged across RM (data not shown),
indicating that N availability during June was probably
greater in 2007. However, soil mineral N amounts for all RM
treatments in both years appeared to be suﬃcient, indicating
that N availability was not a limiting factor for cotton growth
at first square.
3.4. Cotton Biomass and N Uptake at First Square. Rye RM
had a significant influence on cotton biomass and N uptake
at first pinhead square, averaged across years (Table 1). The
RET treatment had significantly higher cotton biomass than
NC and REM (P ≤ 0.01 and P ≤ 0.01, resp.; Figure 2). Rye
residue removed had a cotton biomass 35% higher than
NC, but this diﬀerence was not significant. Similar results
were obtained for N uptake, with RET having values 96 and
166% higher than REM and NC (P ≤ 0.01 and P ≤ 0.01,
resp.). No significant diﬀerences occurred between REM
and NC, but N uptake was 39% higher for REM (Figure 2).
Diﬀerences in N uptake among RM treatments can be
partially explained by diﬀerences in cotton biomass and
plant N concentration. When averaged across years, plant
N concentration was 34, 35.7, and 37.1 g N kg−1 for NC,
REM, and RET, respectively. Although these two growth
parameters influenced N uptake in the same manner, cotton
biomass could have had the highest impact on N uptake,
because its variability between RM treatments was higher in
proportion to plant N concentration.
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Table 2: Analysis of variance for the eﬀect of year, rye residue management, and N fertilization on leaf N concentration at early bloom,
cotton biomass, cotton biomass N concentration and N uptake between first square and cutout, and seed cotton yield. P values within a row
in bold are significant at α ≤ 0.05.
Leaf N
concentration†

Eﬀect

Year
RMδ
N
Year∗RM
Year∗N
RM∗N
Year∗RM∗N

Cotton biomass‡

Cotton biomass N
concentration‡
P>F

N uptake‡

Seed cotton yield

≤0.01

0.04

≤0.01

≤0.01

≤0.01

0.03
≤0.01
0.23
0.57
0.76
0.16

≤0.01

≤0.01

≤0.01

≤0.01

0.95
0.02
0.07
0.99

0.30
0.15
0.82
0.45

0.63
≤0.01
0.79
≤0.01
0.05
0.83

≤0.01
≤0.01
≤0.01
≤0.01

0.02
≤0.01

†

At early bloom.
first square and cutout.
δ RM: rye residue management.
N: nitrogen.
‡ Between
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Figure 2: Eﬀect of rye residue management on cotton biomass and
N uptake at first square, averaged across years. Means followed by
the same letter for each parameter are not significantly diﬀerent
(P ≤ 0.05). NC: no winter cover crop; REM: rye residue removed;
RET: rye residue retained.

These results show that in both years RET provided better
conditions for cotton growth and N uptake early in the
season. This could have been a consequence of greater N
availability between planting and first square, as indicated
by the residual levels of N at this time, and also because
of the higher soil water content during this period of time.
Although plant populations were greater with RET than
REM and NC, plant biomass was also greater with RET at
first square (130 and 77% greater relative to NC and REM,
resp.). Further, the lack of a Year × RM interaction and a Year
eﬀect on cotton biomass and N uptake suggests that, at least
until this stage of development, growth of the cotton crop
was very similar in both seasons.

3.5. Leaf N Concentration at Early Bloom. Leaf N concentration at early bloom was significantly aﬀected by RM, N rate,
and year, but interactions were not significant (Table 2). No
winter cover crop and REM had significantly higher leaf N
concentration compared to RET (P ≤ 0.01 and P ≤ 0.01,
resp.). It is possible that the rye residue immobilized some
of the soil mineral N between first square and early bloom,
decreasing the availability of N for cotton and reducing
the N concentration in cotton tissues. Another possible
explanation can be that higher cotton biomass production
in RET could have caused a N dilution eﬀect within cotton
tissues. Cotton biomass was not measured at this growth
stage, but plant heights at this sampling time averaged
across years and N rates showed that plants in RET were
taller than in REM and NC (data not shown), indicating
a possible higher cotton biomass and potential N dilution
eﬀect. Similar results were reported by Fridgen and Varco
[34] and Balkcom et al. [35], who found a dilution of leaf
N when cotton biomass production was high.
Averaged across years and RM, leaf N concentration
responded in a quadratic manner to fertilizer N rate, with
a maximum leaf N concentration of 40 g kg−1 observed at
the highest N rate applied (Figure 3(a)). This value was very
close to the suﬃciency range of 43 g kg−1 reported by Bell et
al. [32]. However, our results do not agree with Fridgen and
Varco [34], who reported a higher leaf N concentration using
similar N rates as we did. Further, a maximum leaf N concentration was not achieved even with the highest N rate applied.
This indicates that to reach the maximum leaf N concentration in the conditions of this experiment would have required
a greater fertilizer N application than 140 kg ha−1 .
Year also significantly aﬀected leaf N concentration at
early bloom. The leaf N concentration was significantly
lower (P ≤ 0.01) in 2007, with a decrease of 22% with
respect to 2006 (Figure 3(b)). Rainfall distribution and HU
during 2007 could explain this trend between years. A more
detailed analysis of the rainfall eﬀect on cotton growth
parameters will be provided when data of cotton biomass N
concentration are presented hereinafter.
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Figure 5: Cotton biomass production between first square and
cutout as aﬀected by year and N rate, averaged across rye residue
management.

3.6. Cotton Biomass Production between First Square and Cutout. Rye RM had a significant eﬀect on cotton biomass
production between first square and cutout, averaged across
years, and N rates (Table 2). Rye residue retained had
significantly higher cotton biomass production than REM
and NC (both of which were P ≤ 0.01), and REM was
significantly higher than NC (P ≤ 0.01) (Figure 4). Cotton
biomass production for RET was 24 and 43% higher than
REM and NC, respectively, while REM was 16% higher than
to NC. These results demonstrate that RET provided better
conditions for cotton growth. Govaerts et al. [19] reported
that keeping residue on the soil surface improves infiltration,
increasing water available for plants.

The cotton biomass response to N produced a significant
interaction with year, when averaged across RM treatments
(Table 2). In both seasons, cotton biomass response to N
was quadratic (Figure 5). The small increase between the 100
and 140 kg ha−1 N rates indicates that the N rate required to
maximize cotton biomass would be similar to the highest
rate used in this experiment. Cotton biomass in 2006 was
similar to the one reported by Bassett et al. [36] for an N
rate of 134 kg ha−1 , but it was extremely low compared to the
findings of Boquet and Breitenbeck [2]. In spite of the similar
trend between both seasons, cotton biomass was lower for
all N rates in 2007 than that in 2006. The diﬀerence for the
no N control was very low between years, with a decrease of

International Journal of Agronomy

7

Cotton biomass N concentration (g kg -1)

16
a
b

12

b

8

4

0
NC

REM
Rye residue management

RET

Figure 6: Eﬀect of rye residue management on cotton biomass
N concentration between first square and cutout, averaged across
years and N rates. Columns sharing the same letter are not significantly diﬀerent (P ≤ 0.05). NC: no winter cover crop; REM: rye
residue removed; RET: rye residue retained.

9% in 2007 compared to 2006. However, about 20% less
biomass was produced in 2007 than that in 2006 when N was
applied independent of the N rate used. This cotton biomass
reduction could be explained by the lower rainfall and
nonuniform distribution during 2007. Additionally, the last
20 days before cutout in 2007 were characterized by elevated
temperatures as indicated by the higher accumulation of HU
units relative to 2006. High temperatures and low rainfall
in 2007 could have imposed a stress to the crop causing
lower biomass production. This may have occurred even
though irrigation was applied since low amounts of water
were applied with each irrigation event (10 to 12 mm) and
the high temperatures would have increased water loss due
to evapotranspiration. These results agree with Balkcom et
al. [35], who reported lower cotton biomass in hot and dry
years regardless of irrigation.
3.7. Cotton Biomass N Concentration. The N concentration
in cotton biomass accumulated between first square and
cutout was significantly aﬀected by RM, N, and year, but
interactions were not significant (Table 2). No winter cover
crop had 12 and 22% significantly higher cotton biomass
N concentration compared to REM and RET, respectively
(P = 0.03 and P ≤ 0.01, resp.; Figure 6). Rye residue
removed had a numerically higher cotton biomass N concentration compared to RET (9%), but this diﬀerence was
not significant. As previously mentioned, N immobilization
probably occurred in both growing seasons but at low levels.
This would indicate that the reduction in cotton biomass
N concentration in REM and RET relative to NC could be
explained by the higher cotton biomass compared to NC
(Figure 4) which may have contributed to a dilution of N in
cotton tissues. Rye residue retained and REM accumulated 43
and 16% more biomass between first square and cutout than
NC, respectively, but their increment in N uptake relative to

NC was only 18 and 5%, respectively. This result also suggests
an occurrence of N dilution in the accumulated biomass.
Gerik et al. [3] and Bell et al. [32] reported that under
conditions of high availability of N, cotton plants increase
vegetative growth very quickly which leads to a N dilution
in the biomass produced and a subsequent drop in tissue N
concentration.
Cotton biomass N concentration response to N rates was
linear (averaged across years and RM), indicating that the
highest N rate applied did not maximize N concentration
in the biomass (Figure 7(a)). This trend was similar to that
observed for leaf N concentration, even though that response
to N was quadratic.
Cotton biomass N concentration was significantly influenced by year (Table 2). In 2007, there was a significant
decrease (P ≤ 0.01) of about 28% in cotton biomass N concentration compared to 2006 (Figure 7(b)). A similar pattern
was also observed at early bloom for leaf N concentration
and cotton biomass production. There was a simultaneous
decrease in cotton biomass and N concentration, but the
reduction in cotton biomass N concentration was greater
with respect to cotton biomass (28 versus 18%, resp.),
providing strong evidence that N dilution in plant tissues
occurred. These results indicate that the 2007 crop was
aﬀected by N dynamics in the soil-plant system. The rainfall
regime during 2007 may have played an important role in
these findings. The high rainfall that occurred during the first
10 days of July (about 150 mm) was twice than the 70 mm
of available water that the soil in the experimental area can
retain to a depth of 50 cm. The excess rainfall above the soil
water holding capacity could have leached part of the N
fertilizer out of the root zone. These high rainfall events at
the beginning of July in 2007 occurred only one week after
the N fertilizer was applied to cotton.
3.8. Nitrogen Uptake between First Square and Cutout.
Table 2 shows that there was a significant RM × N interaction
for N uptake between first square and cutout. Nitrogen
uptake response to N rates was linear for RET and REM,
whereas for NC this relationship was best described by a
quadratic model (Figure 8(a)). The response of N uptake per
kg of N added up to the highest N rate was 0.49, 0.61, and
0.68 for NC, REM, and RET, respectively. Cotton plants in
RET absorbed more N independent of the N rates applied.
Even though RET had higher values of N uptake than REM
and NC at all N rates, these diﬀerences were magnified with
increasing rates of N fertilizer (Figure 8(a)). The highest
N uptake for each RM treatment occurred at the highest
N rate applied, where at this rate, N uptake for RET was
32 and 15% higher than NC and REM, respectively, and
it was 15% higher for REM compared to NC. The linear
relationship between N uptake and N rate for RET and REM
indicates that the highest N rate applied was not enough to
maximize N uptake under the conditions of this experiment.
Conversely, NC had a quadratic relationship with a very low
N uptake increment between the 100 and 140 kg ha−1 N rates,
indicating that the N rate required for maximizing N uptake
was very similar to the highest N rate we applied. Our results
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for RET were similar to the findings of Basset et al. [36], who
found a total N uptake of 142 kg ha−1 for irrigated cotton
that received 134 kg N ha−1 . However, a study by Mullins and
Burmester [37] revealed greater N taken up with an N rate
of 112 kg ha−1 . The N uptake by cotton plants at the highest
N rate (140 kg N ha−1 ) represented 72, 83, and 95% of the
N added, for NC, REM, and RET, respectively. This would
indicate that RET provided better growing conditions for
cotton that possibly improved the N use eﬃciency of the
fertilizer applied.
The amount of N absorbed by a crop depends on its
biomass production and its N tissue concentration. When
averaged across years, the interaction RM × N was not significant for cotton biomass N concentration (P = 0.82)

and cotton biomass production (P = 0.07) between first
square and cutout (Table 2). Even though no significant
interaction existed, cotton biomass N concentration values
were slightly higher for NC, followed by REM and RET, but
cotton biomass was higher for RET, followed by RM and NC,
at each N rate (Table 3). This tendency supports the findings
of higher biomass production with RET compared to REM
and NC (particularly for the 100 and 140 kg ha−1 N rates)
and its greater N uptake. These results agree with Gastal and
Lemaire [38], who stated that N taken up by crops is mainly
aﬀected by the crop growth rate.
There was a significant Year × N interaction for cotton N
uptake between first square and cutout (Table 2). Nitrogen
uptake response was quadratic in 2006 and linear in 2007
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Table 3: Eﬀects of rye residue management and N fertilization on cotton biomass production and cotton biomass N concentration between
first square and cutout, averaged across years.
Cotton biomass
N rates

REM
kg ha−1

RET

NC

REM
g ha−1

RET

3,620
5,430
6,371
5,954

4,190
6,060
7,034
7,468

5,281
7,684
8,365
9,258

9.8
11.4
15.0
16.7

7.9
10.1
13.9
15.4

7.3
9.4
12.7
14.3

−1

kg ha
0
50
100
140

Cotton biomass N concentration

NC†

†

NC: no winter cover crop.
REM: rye residue removed.
RET: rye residue retained.
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Figure 9: Seed cotton yield as aﬀected by rye residue management and N rate, for the 2006 and 2007 seasons. NC: no winter cover crop;
REM: rye residue removed; RET: rye residue retained.

(Figure 8(b)). In both years, the uptake response to N
occurred up to the highest N rate applied, with 0.7 and
0.4 kg of N taken up per kg of N added in 2006 and 2007,
respectively. Nitrogen uptake was lower for 2007 compared to
2006 for all N rates, but diﬀerences were greater when N was
applied. Nitrogen uptake in 2007 was 33 and 39% lower for
the no N control and for the 140 kg ha−1 N rate, respectively,
relative to 2006 (Figure 8(b)). This observed reduction in
N uptake can be attributed to the lower cotton biomass
production in 2007 for all N rates and the reduction in cotton
biomass N concentration measured for both years (Figures 5
and 7(b)).
3.9. Seed Cotton Yield. A significant Year × RM × N interaction occurred for seed cotton yield (Table 2). In 2006,
observed seed cotton yields ranged from 1,740 (REM, no
N control) to 3,970 kg ha−1 (REM, 140 kg of N ha−1 ). The
seed cotton yield response to N for RET was linear, while

REM and NC were quadratic (Figure 9(a)). Highest observed
and predicted yields corresponded to RET and REM with
the application of 140 kg N ha−1 , with both treatments producing similar yields (Figure 9). Seed cotton yield response
to N for RET and REM occurred up to the highest N rate
applied without reaching a maximum. The fact that a plateau
yield was not achieved in RET and REM indicates that the
maximum yield potential with a cover crop was greater than
that with no cover in 2006. Further, seed cotton yield in NC
reached an estimated maximum at a N rate of 102 kg ha−1
and higher N rates caused a decrease in yields. The highest
predicted seed cotton yield for RET and REM was about
17% higher than that for NC, showing that growing a cover
was the best scenario for obtaining higher yields during
2006, whether or not the cover crop residue was removed
or left on the soil surface. Our results for RET and REM are
similar to the findings of Reiter et al. [12] who stated that
conservation-tilled cotton on a Decatur silt loam responded
up to 134 kg N ha−1 . Seed cotton yields observed in RET and

10
REM were also similar to results of Clawson et al. [39], who
found cotton response to N up to 151 kg ha−1 . However,
Wiatrak et al. [40] reported a linear increase in lint yields up
to 200 kg N ha−1 , a rate considerably greater than that used
in this experiment.
The seed cotton yield response to N during 2006 was
11.3, 15.9, and 9.7 kg of seed cotton per kg of N added for
NC, REM, and RET at N rates of 102, 140, and 140 kg ha−1 ,
respectively. The highest yield increase with respect to the
no N control corresponded to REM, followed by RET and
NC (128, 53, and 45%, resp.), at the previously mentioned
N rates. The lower response to N for RET can be somewhat
explained by the greater seed cotton yield for the no N
control relative to REM and NC. The REM treatment had the
lowest seed cotton yield when no N was applied, with yield
lower by 22 and 33% compared to NC and RET, respectively.
Lower yields in REM compared to NC for the no N control
were unexpected, since all cotton growth parameters for
REM were at least similar or better than for NC when N
was not applied. This yield decrease could be related to a
factor or combination of factors directly aﬀecting some of
the yield components. However, the application of 50 and
100 kg of N ha−1 was enough to increase yields up to levels
similar to NC and RET, and with 140 kg of N ha−1 the yield
for REM was one of the highest. This observed trend for REM
indicates that a severe N deficiency possibly occurred with
this treatment when no N was added.
In 2007, seed cotton yields ranged from 1,295 kg ha−1
(NC, no N control) to 2,677 kg ha−1 (RET, 140 kg of N ha−1 ).
Rye residue retained and REM had a quadratic seed cotton
yield response to N fertilization, while the yield increase for
NC followed a linear trend (Figure 9). Rye residue retained
had the highest predicted yield with 125 kg N ha−1 , followed
by REM and NC at N rates of 106 and 140 kg N ha−1 ,
respectively (Figure 9). Boquet et al. [41] and Varco et al.
[14] reported an optimum N rate of about 118 kg ha−1
for conservation tillage cotton, a value similar to the one
we found for RET in 2007. Rye residue retained required
21 kg N ha−1 more than REM for maximizing yields but it
had a higher yield. The highest estimated seed cotton yield
for RET was 12 and 8% higher than that for NC and REM,
respectively. Nitrogen rates above the optimum for REM
tended to slightly decrease yields. A similar reduction in seed
cotton yields occurred for NC in 2006 with N rates higher
than 102 kg ha−1 . Cotton yield reductions with application
of high N rates were reported by McConnell et al. [42] and
Boquet et al. [43]. High N levels in soil can cause excessive
vegetative growth, with a subsequent competition between
vegetative and reproductive structures, which generally
is detrimental to bolls and lint development, lint quality,
and yield [4]. Regardless of its linear response to N, the
decreasing yield with increasing N rate for NC indicates that
the 140 kg N ha−1 we applied was near the optimum rate.
In 2007, not only did NC have the lowest yield but also it
required the highest N rate for achieving its highest seed
cotton yield. Yields during 2007 were highly dependent on
residue management. The best situation for achieving high
seed cotton yields was to have a cover crop and keeping the
residue on the soil surface.
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The seed cotton yield response to N in 2007 was very
similar among RM treatments, 7, 8, and 7 kg of seed cotton
per kg of N for NC, REM, and RET (at N rates of 140,
106, and 140 kg ha−1 , resp.). No winter cover crop had the
highest yield increase relative to the no N control, followed
by REM and RET (75, 53, and 43%, resp.), for the previously
indicated N rates. As in 2006, in 2007 RET had the lowest
yield increment compared to the no N control, even though
it had the highest estimated seed cotton yield. This pattern
is explained by its greater seed cotton yield when no N was
added.
In both years, RET had higher seed cotton yield than
REM and NC in the no N control. This result was not
expected because the presence of rye residue with a high C/N
ratio on the soil surface has been commonly associated with
the occurrence of N immobilization, which reduces levels of
soil mineral N and decreases yields [10]. In situations with no
N added this eﬀect would have a greater negative impact on
crop yields. However, results of cotton N uptake between first
square and cutout in the no N control averaged across years
(Figure 8(a)) followed a similar trend as seed cotton yield.
The cotton N uptake in RET was 9 and 15% higher than that
in NC and REM, respectively, for the no N control. These
results indicate that under the conditions of our experiment
N immobilization was not high enough to reduce seed cotton
yields in RET.

4. Conclusions
Rye residue management treatments significantly influenced
cotton growth parameters and seed cotton yield. In general,
cotton population, leaf and plant N concentration, cotton
biomass and N uptake at first square, and cotton biomass
production between first square and cutout were higher for
RET. However, leaf N concentration at early bloom and
cotton biomass N concentration between first square and
cutout were higher for NC. Leaf N concentration at early
bloom, cotton biomass, and N concentration between first
square and cutout increased with increasing N rates, when
averaged across RM treatments. The highest N uptake was
measured in RET, at the highest N rate. In 2006, the highest
predicted seed cotton yield corresponded to RET and REM
with the application of 140 kg N ha−1 (about 3,950 kg ha−1 ).
In 2007, RET had the highest predicted seed cotton yield
with 125 kg N ha−1 (2,657 kg ha−1 ) followed by REM with
106 kg N ha−1 (2,466 kg ha−1 ). In both years, the lowest
predicted yield was for NC. In 2006, the increase in cotton
biomass for RET compared to REM did not necessarily result
in an increase in seed cotton yields. However, a stronger
association between cotton biomass production and seed
cotton yields was observed in the hot and dry 2007 season.
Even though RET had low leaf N concentration values at
early bloom, it had high yields in both years, indicating that
in our study leaf N concentration was not a good predictor of
seed cotton yields. Results of this study show that short-term
eﬀects of rye residue removal can occur mainly in vegetative
cotton parameters, but its eﬀect on seed cotton yield and
cotton response to N fertilization would depend more on
the characteristics of the season. No rye residue removal
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eﬀect would be expected in years with average temperatures
and rainfall. However, during hot and dry years, rye residue
removal may lead to a decrease in cotton yields. We anticipate
that cotton N requirements under rye residue removed
conditions would not be lower compared to residue retained.
The year dependence of rye residue removal impact on seed
cotton yields and cotton response to N fertilization suggests
that long-term studies are required to strengthen conclusions
concerning this management practice.
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Nitrogen mineralization rates in ten surface soils amended with (200 µg N g−1 soil) or without broiler litter were investigated. The
soil-broiler litter mixture was incubated at 25 ± 1◦ C for 28 weeks. A nonlinear regression approach for N mineralization was used
to estimate the readily mineralizable organic N pools (N0 ) and the first-order rate constant (k). The cumulative N mineralized
in the nonamended soils did not exceed 80 mg N kg−1 soil. However, in Decatur soil amended with broiler litter 2, it exceeded
320 mg N kg−1 soil. The greatest calculated N0 of the native soils was observed in Sucarnoochee soil alone (123 mg NO3 − kg−1
soil) which when amended with broiler litter 1 reached 596 mg N kg−1 soil. The added broiler litter mineralized initially at a fast
rate (k1 ) followed by a slow rate (k2 ) of the most resistant fraction. Half-life of organic N remaining in the soils alone varied from
33 to 75 weeks and from 43 to 15 weeks in the amended soils. When N0 was regressed against soil organic N (r = 0.782∗∗ ) and
C (r = 0.884∗∗∗ ), positive linear relationships were obtained. The N0 pools increased with sand but decreased with silt and clay
contents.

1. Introduction
In general, nitrogen (N) is said to be the most diﬃcult
nutrient to manage in agriculture because of challenges in
estimating the amount of N available for plant uptake and
synchronizing N release from sources to meet a specific crop
demand [1]. Even though the Earth’s atmosphere contains
78% N in the form of dinitrogen (N2 ) gas, most of this
N is unavailable for plant uptake [2] with the exception
of leguminous plants which can fix N. In the plant root
zone, N is present in organic forms, including plant and
microbial protein and amino acids, all together forming soil
organic matter [3] from which the N is slowly converted
into plant-available forms. During mineralization, organic
N is converted into plant-useable inorganic forms (NH4 + –
N and, NO3 − –N) that are released into soil and subjected
to various fates. For farmers in general and organic farmers
in particular, N mineralization is an important process
to understand because several environmental conditions
govern this process [3]. Presently, there is an array of
commercial inorganic N fertilizers available; however, their
costs are prohibitory and out of range for many limited
resource farmers. Thus, a careful management of organic

N sources is one of the most important priorities for
farmers; this in turn will limit unfavorable N losses into the
environment.
Because of the rapid growth of the organic farming
segment of the United States agriculture, there is a high
demand for alternative plant nutrient sources, especially,
organic sources. It is estimated that organic produce sales
reached approximately $23.0 billion in 2009 [4] from 2.6
billion in 1997 [5]. This rapid growth in organic food
demand urges researchers to obtain a more thorough
understanding of organic amendment in organic farming
systems. The United States poultry industry produced 9.2
billion broiler chickens and 90.6 billion eggs in 2007 with
nearly 82% of the broilers and 31% of the eggs produced
in the southeastern states of Georgia, Arkansas, Alabama,
Mississippi, and North Carolina. These five states account
for approximately 60% of all broiler meat produced in the
United States [6, 7]. Broiler production in the United States
has been transformed dramatically from small backyard
operations to more integrated farms. As time progressed,
broiler production became an industry that established itself
in the South due to favorable climate, low labor costs, and
advantages in feed production [8]. In 2009, approximately
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8.6 billion broiler chickens equaling 50 billion pounds
valued at $22 billion were raised in the USA, and the
state of Alabama accounted for approximately 12% of this
total [9]. This robust broiler industry generates substantial
quantities of poultry litter as waste at a rate of 1 to 1.4
tons per 1000 birds. It is estimated that broiler litter in
Alabama contains 41.1 g kg−1 Kjeldahl N [10]. The broiler
litter generated has historically been applied to pasture and
agricultural land in close proximity to poultry production
facilities [11]. Consequently, negative environmental impacts
of these waste products are a major concern worldwide.
One major problem that occurs is the presence and buildup of trace elements in soil over time [12]. Despite the fact
that broiler litter contains trace elements that may aﬀect N
transformations in soils; it remains a cheap organic fertilizer
used in organic farming systems.
Excessive applications of broiler litter to farmlands have
resulted in NO3 − contamination of both ground and surface
water bodies. Accurate estimates of N availability from
broiler litter is a prerequisite to determine application rates
necessary for optimum plant growth and minimal NO3 −
leaching. A method to estimate the amount of N available
in broiler litter to increase crop yields and reduce N losses to
the environment was assessed [13]. In this method, broiler
litter application rates were based on predicted available N
(PAN). It was assumed that 80% of the inorganic N in the
broiler litter would be recovered and 60% of the organic N
would be mineralized within 140 days. In addition, other
methods used to predict N availability from broiler litter
include complex mechanistic and simple kinetic models [14].
Mechanistic models are more process based and require
large amounts of input data. On the other hand, kinetic
models rely on laboratory incubations to obtain certain
parameters; however, these kinetic models do not account
for N turnover processes [15]. The various types of kinetic
models used to describe inorganic N production from soil
alone or amended with organic material include sigmoid,
hyperbolic, single exponential, and linear models [16, 17].
However, explanations behind the theoretical implications
of the parameters in these various mathematical equations
have been limited [18]. Therefore, the two first-order kinetic
models that remain widely used include the single [19] and
double [20] exponential models.
The Stanford and smith (1972) model is represented by




Nm = N0 1 − e−kt ,

(1)

where, Nm is the cumulative mineral-N (mg N kg−1 soil) at
time t. N0 is defined as the potentially mineralizable N and k
as the mineralization rate constant.
The double exponential model separates the mineralizable organic N into active and slow pools and is represented
by








Nm = N0 1 − e−k0 t + N1 1 − e−k1 t ,

(2)

where Nm is the cumulative amount of N mineralized at
time t, N0 , and N1 are the sizes of the active and slow
pools of mineralizable N, respectively; k0 and k1 are the
corresponding mineralization rate constants for each pool.

In the study reported here, the single exponential model
[19] was used. The model suggests that the potentially
mineralizable N (N0 ) of a soil and its rate constant (k) can be
estimated by incubating the soil at optimum conditions and
measuring the N mineralized (Nm ) and time of incubation
(t). The main assumption is that organic N mineralization
at optimum temperature and moisture follows first-order
kinetics. The objectives of the study were to (1) determine
N mineralization rates in ten Alabama soils amended and
nonamended with broiler litter, (2) compare potentially
mineralizable organic N pools in the soils, (3) compare halflife of N remaining in the soils, and (4) establish relationships
between the soils’ potentially mineralizable organic N and
soil properties.

2. Materials and Methods
Alabama surface (0–15 cm) soil samples were collected from
Barbour County (Troup soil), Bullock County (Maytag and
Sucarnoochee soils), Dekalb County (Colbert, Hartsells, and
Linker soils), Coﬀee County (Dothan soil), Talladega County
(Decatur soil), and Tallapoosa County (Appling and Cecil
soils). The physical and chemical properties of the soils are
presented in Table 1. Following sampling, the soils were airdried and ground to pass through a 2 mm sieve. A subsample
was finely ground to pass a 100-mesh (<149-µm) sieve for
analysis of total C and N by Vario EL III Automated Analyzer
(CHNS Analyzer, Hanau, Germany) using a combustion
method. In the analysis reported in Table 1, soil pH was
measured (soil : water ratio 1 : 2.5) using a glass electrode,
organic C by the Mebius method [21], total N by SemimicroKjeldahl procedure [22], inorganic N by steam distillation
[23], and partial-size distribution by the pipette method
[24]. Selected properties of the broiler litter samples used
in the study are shown in Table 2 where total C and N
were determined by the elemental CHNS Analyzer (Vario
EL III Elemental Analyzer, Hanau, Germany). The pH was
determined (broiler litter : water ratio 1 : 5) using a glass
electrode. The NH4 + –N and NO3 − –N were determined by
steam distillation [23]. Properties of the soil and the broiler
litter samples shown in Tables 1 and 2, respectively, were
previously reported [25].
The experimental setup was a 10 × 3 factorial in a
completely randomized design. The treatments included
a control (soil alone with no broiler litter added), soilamended with broiler litter 1, and soil-amended with broiler
litter 2. The broiler litter was added at a rate to give a
concentration of 200 µg N g−1 soil. A 20 g soil sample (<2mm, OD) and an equal amount of acid-washed silica sand
were weighted into a weighing dish and mixed thoroughly.
Before the experiment, the silica sand was washed in 10%
HCl solution and let to stand for 1 hour after which the
silica sand was washed three times in deionized water. The
washed silica sand was allowed to dry under the hood for
several days. A sample of the silica sand was analyzed for
inorganic N by steam distillation and showed absence of
NH4 + – and NO3 − –N. The soil-silica sand mixture was then
treated with broiler litter 1 or 2. A thin glass wool was
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Table 1: Selected properties of the soils used† .

Soil series†

pH

Organic Carbon

Total nitrogen

g kg−1
Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Maytag
Linker
Sucarnoochee
Troup

5.95
5.87
6.05
5.90
6.48
6.06
5.95
6.31
5.91
6.64

26.4
19.0
6.88
14.3
9.37
9.58
7.37
9.71
11.4
20.1

3.90
3.38
2.53
3.91
2.57
2.67
2.55
2.73
2.82
3.30

Inorganic N
NH4 –(NO2 − + NO3 − )–N
mg kg−1
14.3
9.57
14.4
20.8
13.1
23.0
8.91
8.73
12.0
21.2
3.91
5.39
2.55
3.05
3.10
7.02
6.87
3.39
2.16
5.07
+

Clay
75
75
—
—
75
125
125
25
75
125

Texture
Silt
g kg−1
125
225
125
100
650
300
325
350
475
75

Sand
800
700
875
900
275
575
550
625
450
800

†

Appling: Fine, kaolinitic thermic kanapludult; Cecil: Fine, kaolinitic thermic, Typic kanapludults; Colbert; Fine, smetitic, thermic Vertic Hapludults;
Decatur; Clayey, kaolinitic thermic Rhodic Paleudults; Dothan; Fine-loamy, siliceous, thermic Plinthic Paleudults; Hartsells; Fine-loamy, siliceous subactive
thermic Typic Hapludults; Maytag; Fine montmorillonitic, thermic, oxyaquic Hapluderts; Linker; Fine-loamy, siliceous semiactive thermic Typic Hapludults;
Sucarnoochee; montmorillonitic, thermic chromic Epiaqurand; Troup; Loamy, siliceous, Thermic Grossarenic Paleudults. From Sissoko and Kpomblekou-A
2010 [25].

Table 2: Selected properties of the broiler litter used† .
Broiler litter ID

pH

Organic C

Total N

1
2

8.4
8.6

229
351

27.5
46.1

†

NH4 +
g kg−1
1.61
4.39

Inorganic N
(NO2 − + NO3 − )
1.03
1.95

C/N

Bedding material

Litter age

8.32
7.61

Pine sawdust
Peanut hulls

Month
9
9

From Kpomblekou-A [10].

inserted at the bottom of a leaching tube to retain the
mixture. To prevent any disturbance of the soil during the
leaching procedure, a thin glass wool pad was also placed on
the top of the mixture in the leaching tube. The leaching
tube was placed on a flask and immediately leached with
100 mL of 5 mM CaCl2 to remove any initial inorganic N
(time zero). A suction of 60 cm Hg (6 kpa) was applied to
remove the remaining solution. The volume of the leachate
obtained was adjusted to 100 mL with deionized water. The
leaching tube was covered with parafilm and a small hole
was inserted for aeration and placed in an incubator (Low
Temperature Incubator 815, Precision Scientific Winchester,
VA) at 25 ± 1◦ C for 22 weeks. The inorganic N mineralized in
the leaching tube was leached every two weeks for 28 weeks
with 100 mL CaCl2 (5 mM) and filtered through a membrane
filter (0.5 µm, Osomics Inc., Minnetonka, MN). The filtrate
was analyzed for NH4 + –N and (NO2 − + NO3 − )–N by steam
distillation [23]. Controls for each soil without broiler litter
were included. Results presented are average of duplicate
samples.
2.1. Model Description and Statistical Analysis. The nonlinear
regression [26] approach for N mineralization in (1) was
used to estimate the readily mineralizable organic pools (N0 )
in the broiler litter and the first-order rate constant (k).
The Statistical Analysis System (SAS) computer language was
used to calculate N0 and k [27]. From the slopes of the linear

segments of curves obtained by plotting the natural log of
organic N remaining against time [28], the decomposition
rates (ki ) of the organic N pool was calculated. The half-life
(t1/2 ) of the most resistant N fraction in the organic materials
was calculated by using the ki value of the resistant fraction
of the broiler litter samples (t1/2 = 0.693/ki ). The fitting of
the mathematical models was done using SAS-ProcNLIN
[29], an interactive method using MARQUADART [30]
algorithm. Estimated potentially mineralizable organic N
(N0 ) values were used in a 10 × 3 factorial arrangement and
analyzed by SAS-Proc GLM. Therefore, when soil diﬀerences
or treatment diﬀerences were detected base on overall
analysis of variance, least significant diﬀerence (LSD) was
used to evaluate diﬀerences between treatments and between
soils. However, in this study, no soil by treatment interactions
was detected.

3. Results and Discussion
3.1. Nitrogen Mineralization. The total N content of the soils
varied considerably (Table 1). These variations are attributed
to climate, vegetation, and topography [31] that are major
components of soil formation factors. In cultivated soils,
total N content tends to decline over time if external organic
N sources are not incorporated into the soil to compensate
for losses due to increasing microbial N mineralization. In
general, N mineralization increases as temperature rises to a
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Table 3: Organic carbon, sulfur, and total nitrogen contents of soil-amended with broiler litter sample 1 or 2 before aerobic incubation
studies† .
Broiler litter 1

Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Maytag
Linker
Sucarnoochee
Troup
Median
Mean

Broiler litter 2

Organic carbon

Total nitrogen

Organic sulfur

33.4
23.5
11.1
18.0
11.2
15.2
13.1
15.4
15.2
22.0
15.3
22.0

4.62
3.99
2.94
3.48
2.91
3.25
3.03
3.31
3.14
3.40
3.28
3.40

0.60
0.67
0.32
0.58
0.53
0.50
0.41
0.56
0.53
0.52
0.53
0.52

point where microbial growth is reduced [32]. The amount
of total N present in the soil after addition of the broiler litter
samples is shown in Table 3. The soil-broiler litter mixture
was ground to pass through a 100-mesh (<149-µm) and a
subsample was analyzed for organic C and N. Data obtained
from this analysis were used in calculating the remaining
organic N in the soils at the end of incubation period. The
results showed an increase in organic C and N contents of
the soil-broiler litter mixture. However, the increase varied
among the ten soil samples analyzed. The total N content
of the mixtures ranged from 2.91 g kg−1 in Dothan soil
to 4.62 g kg−1 in Appling soil treated with broiler litter 1
(Table 3). The analysis also showed that for soils treated with
broiler litter 1, the median for total N was 3.28 g kg−1 with
a mean of 3.40 g kg−1 . However, for the same soils treated
with broiler litter 2, the median and the mean were 3.76 and
3.93 g kg−1 , respectively.
Among the ten soils used in this study, the cumulative
ammonium-N (NH4 + –N) produced in the nonamended
soils were 21.2, 22.6, 23.7, 24.3, 26.5, 26.9, 27.0, 27, 35.8,
and 50.5 mg N kg−1 soil for Appling, Hartsells, Colbert,
Linker, Decatur, Maytag, Troup, Dothan, Sucarnoochee,
and Cecil soil, respectively, after 28 weeks of incubation
(data not shown). On the other hand, soils amended with
broiler litter 2 had significantly greater amounts of NH4 + –
N produced. For example, Maytag, Cecil, and Sucarnoochee
soils amended with broiler litter 2 showed the highest
amount of NH4 + –N produced after 28 weeks of incubation
with 325, 326, and 366 mg kg−1 soil, respectively. However,
the total amount of NO3 − –N mineralized in the soils alone
was 27.5 in Hartsells, 43.5 in Troup, 49.6 in Dothan, 62.2 in
Appling, 58.1 in Colbert, 65.7 in Maytag, 69.3 in Decatur,
85.7 in Linker, 106 in Cecil, and 111 mg N kg−1 soil in
Sucarnoochee soil after 28 weeks of incubation (data not
shown). In addition, the amount of NO3 − –N mineralized
also varied with soil types and broiler litter samples. For
Appling soil amended with broiler litter 1, the total amount

Organic Carbon
g kg−1
52.7
29.6
13.2
24.6
19.6
15.9
20.5
18.1
20.5
23.7
20.5
23.7

Total nitrogen

Organic sulfur

7.64
4.64
3.05
4.25
3.76
3.54
3.76
3.60
3.74
3.93
3.76
3.93

0.96
0.65
0.48
0.45
0.49
0.57
0.50
0.54
0.29
0.40
0.50
0.40

of NO3 − –N released at 14 weeks of incubation was about
7.42 mg N kg−1 soil while in that same soil amended with
broiler litter 2, NO3 − –N released was 8.31 mg N kg−1 soil.
In contrast, NO3 − –N released in Cecil soil amended with
broiler litter 1 at 14 weeks was 8.72 mg N kg−1 soil while
that released in Cecil soil amended with broiler litter 2 was
only 4.03 mg kg−1 . The amount of NO3 − –N released in the
ten soils were significantly greater than those of NH4 + –
N released after 28 weeks of incubation. The cumulative
amount of NO3 − –N mineralized in soils amended with
broiler litter 1 after 28 weeks of incubation varied from 131
in Troup to 269 mg N kg−1 soil in Decatur soil, respectively.
On the other hand, the total NO3 − –N nitrified in soils
amended with broiler litter 2 after 28 weeks of incubation
ranged from 120 in Dothan soil to 248 mg kg−1 soil in
Appling and Sucarnoochee soil, respectively. In addition,
Linker soil amended with broiler litter 1 or 2 nitrified the
same amounts of N with 163 mg N kg−1 soil, respectively.
Only Sucarnoochee and Troup soils showed higher amounts
of NO3 − –N mineralized when amended with broiler litter 1
than with broiler litter 2. In those soils mineralization varied
from 231 to 248 in Sucarnoochee amended with broiler litter
1 and 2, and from 131 to 138 mg N kg−1 soil when Troup
was amended with broiler litter 1 and 2, respectively. All
remaining soils showed similar trends with broiler litter 1
mineralizing higher amounts of N as NO3 − –N than those
amended with broiler litter 2.
3.2. Nitrogen Mineralization Models. The trends of N mineralization from broiler litter added to ten Alabama soils
were similar to those reported for Iowa soils amended with
leguminous crops [33]. In this study, the diﬀerences in
organic N mineralized may be attributed to the resistance of
organic N fractions in the diﬀerent broiler litter samples. In
general, the amounts of N mineralized in the broiler litteramended soils increased gradually but at a decreasing rate.
Thus, mineralization of organic N added to soils starts with
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Table 4: Regression equations (for curves in Figures 1–5) for organic N mineralized in selected Alabama soils.
Soil series
Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Linker
Maytag
Sucarnoochee
Troup
†

Treatment specified†
Soil + broiler litter 1
Nm = 252 (1 − e−0.1730t )
Nm = 251 (1 − e−0.0494t )
Nm = 360 (1 − e−0.0405t )
Nm = 356 (1 − e−0.063t )
Nm = 131 (1 − e−0.0877t )
Nm = 208 (1 − e−0.0614t )
Nm = 195 (1 − e−0.0819t )
Nm = 221 (1 − e−0.0764t )
Nm = 569 (1 − e−0.0230t )
Nm = 189 (1 − e−0.0571t )

Soil alone
Nm = 85.3 (1 − e−0.1320t )
Nm = 120 (1 − e−0.0405t )
Nm = 76.7 (1 − e−0.406t )
Nm = 86.9 (1 − e−0.0627t )
Nm = 66.9 (1 − e−0.0865t )
Nm = 47.9 (1 − e−0.0620t )
Nm = 102 (1 − e−0.0801t )
Nm = 82.8 (1 − e−0.0793t )
Nm = 123 (1 − e−0.0516t )
Nm = 59.7 (1 − e−0.0640t )

Soil + broiler litter 2
Nm = 283 (1 − e−0.0910t )
Nm = 331 (1 − e−0.0315t )
Nm = 369 (1 − e−0.0406t )
Nm = 405 (1 − e−0.0619t )
Nm = 167 (1 − e−0.0854t )
Nm = 294 (1 − e−0.0625t )
Nm = 209 (1 − e−0.0783t )
Nm = 217 (1 − e−0.0821t )
Nm = 286 (1 − e−0.0802t )
Nm = 185 (1 − e−0.0709t )

Nm = organic N mineralized (mg kg−1 ) at specific time (t).

Table 5: Comparison of calculated potentially mineralizable organic N pools (N0 ) in soils alone and soils amended with broiler litter 1 or 2.
Soil series
Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Linker
Maytag
Sucarnoochee
Troup
†

Soil alone†
85.3c
120a
76.7cd
86.9cb
66.9ed
47.9f
102b
82.8cd
123a
59.7ef

Soil + broiler litter 1††
mg NO3 − kg−1
252b
251a
360a
356a
131a
208a
195a
221a
569a
189a

Soil + broiler litter 2††
283a
331a
368a
405a
167a
294a
209a
217a
286b
185a

Means with the same letter in the soil alone column are not significantly diﬀerent at P < 0.05.
with the same letter in the same row of the broiler litter-amended soils are not significantly diﬀerent at P < 0.05.

†† Means

a rapid mineralization of the easily mineralizable organic
N, followed by mineralization of the intermediate fraction,
and finally the most resistant organic fraction where the
curve tends to plateau with increasing incubation time. In
addition, this N mineralization pattern can be attributed to
the diﬀerences in chemical properties of the soils. Previous
studies showed that generally, the amounts of N mineralized
correlate with total N, total C, and microbial N [34–36].
The diﬀerences in N mineralized from the same broiler
litter sample in two diﬀerent soils (Figures 1(a) and 1(b))
suggest that N mineralization is dependent not only on
organic N fractions in a given broiler litter sample, but
also on soil properties. Furthermore, mineralization of N
in the broiler litter samples behaved diﬀerently in Decatur
(Figure 2(b)), Hartsells (Figure 3(b)), and Sucarnoochee
(Figure 5(b)) soils. However, in Cecil (Figure 1(b)), Colbert
(Figure 2(a)), Linker (Figure 4(a)), Maytag (Figure 4(b)),
and Troup (Figure 5(b)), N mineraliztion of the broiler litter
samples followed much closer trends.
Initially the broiler litter samples mineralized rapidly
during the first 10 weeks following their addition to soils,
especially in Appling (Figure 1(a)) and Decatur (Figure 2(b))
soils. Nitrogen mineralization was slow in Troup soil

(Figure 5(b)) containing 125 g kg−1 clay and 800 g kg−1 of
sand, while the highest mineralization occurred in Decatur
soil (Figure 2(b)) containing 900 g kg−1 sand and 100 g kg−1
silt. Mineralization of leguminous crops added to five Iowa
soils incubated for 16 weeks at 30◦ C has been reported [33]
and the results were similar to those discussed here.
The regression equations for organic N mineralized for
the nonamended and amended soils are shown in Table 4.
The potentially mineralizable (N0 ) organic N mineralized in
the nonamended soils ranged from 47.9 to 123 mg N kg−1
in Hartsells and Sucarnoochee soils, respectively. Hartsells
soil showed the lowest N0 mineralized probably because
of its texture (high clay and moderate sand contents) that
restricted access of soil microorganisms to organic residues.
Conversely, in a sandy soil such as Sucarnoochee soil in which
pore spaces are larger microorganisms have greater access
to organic N [3]. The potentially mineralizable organic N
(N0 ) released in soils amended with broiler litter 1 or 2 were
significantly higher than in those nonamended. The N0 in
soils amended with broiler litter 1 varied from 131 mg kg−1
in Dothan soil to 569 mg kg−1 in Sucarnoochee soil with
a rate constant (k) of 0.0877 and 0.0230, respectively.
Similarly, Dothan soil amended with broiler litter 2 had
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Figure 1: Cumulative organic nitrogen mineralized from Appling
(a) or Cecil (b) soils amended with broiler litter 1 or 2 and incubated
for 28 weeks under aerobic conditions.

the lowest potentially mineralizable organic N releasing
167 mg kg−1 soil with a rate constant of 0.0854. However,
Decatur soil amended with broiler litter 2 showed the highest
potentially mineralizable N releasing 405 mg kg−1 soil with
a rate constant of 0.0619. Among the ten soil samples
studied, soils amended with broiler litter 2 had the highest
N0 as compared with those amended with broiler litter 1
with the exception of Maytag, Sucarnoochee, and Troup
soils, which had greater N0 when amended with broiler
litter 1. Statistical analysis of the complied N0 in Table 5
showed diﬀerences in the studied soils alone or amended
with broiler litter. Among the nonamended soils, Appling,
Colbert, Decatur, and Maytag soils showed no significant
diﬀerences in N0 at P < 0.05. Additionally, nonamended
Cecil and Sucarnoochee soils (N0 = 120 and N0 =
123 mg N kg−1 soil, resp.) showed no significant diﬀerence at

Decatur alone
Decatur + broiler litter 1
Decatur + broiler litter 2
(b)

Figure 2: Cumulative organic nitrogen mineralized from Colbert
(a) or Decatur (b) soils amended with broiler litter 1 or 2 and
incubated for 28 weeks under aerobic conditions.

P < 0.05. Furthermore, for soils amended with broiler litter
1 or 2 there were no significant diﬀerences detected between
Cecil, Colbert, Decatur, Dothan, Hartsells, Linker, Maytag,
and Troup soils. However, Appling and Sucarnoochee soils
treated with broiler litter 1 or 2 showed significant diﬀerences
at P < 0.05. The broiler litter samples 1 and 2 added to the ten
soils contained 27.5 and 46.1 g kg−1 of total N, respectively
(Table 2). The bedding material also varied in the broiler
litter samples; broiler litter 1 consisted of pine sawdust and
broiler litter 2 peanut hulls. Therefore, the results suggest that
the bedding material (peanut hulls or pine sawdust) may not
have a significant diﬀerence on the N0 pools.
3.3. Estimation of Mineralization Rate (ki ) of Organic N. To
identify the various phases involved in the mineralization
of organic N and to estimate the mineralization rate (ki )
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Table 6: First-order rate constants for decomposition of organic N in soil alone and broiler litter-amended soils.
Soil series

Broiler Litter Sample ID

Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Linker
Maytag
Sucarnoochee
Troup
Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Linker
Maytag
Sucarnoochee
Troup
Appling
Cecil
Colbert
Decatur
Dothan
Hartsells
Linker
Maytag
Sucarnoochee
Troup

none
none
none
none
none
none
none
none
none
none
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2

Decomposition rate (week−1 )† Percentage of N mineralized at each Phase
k1
0.00132
0.0127
0.004
0.003
0.006
0.0015
0.007
0.0105
0.012
0.0025
0.0065
0.0026
0.0038
0.004
0.0028
0.003
0.0036
0.0044
0.003
0.0023
0.0039
0.0028
0.0031
0.0045
0.0029
0.0043
0.0035
0.0044
0.0049
0.0025

k2
0.0003
0.0019
0.002
0.001
0.002
0.0006
0.003
0.0016
0.001
0.0026
0.0023
0.0014
0.0025
0.0018
0.0015
0.0014
0.0012
0.0015
0.0029
0.00115
0.0012
0.0014
0.0021
0.002
0.0018
0.0021
0.0014
0.0013
0.0018
0.00095

D1
6.73
3.54
2.27
6.03
3.80
1.85
5.10
4.15
4.68
2.49
18.8
17.7
18.2
11.3
14.1
20.7
20.4
19.7
17.5
5.55
51.1
29.9
19.7
17.8
33.7
28.6
26.6
35.3
28.7
18.5

D2
1.38
2.01
1.34
1.57
1.78
0.78
0.37
1.43
2.31
0.95
1.10
1.86
3.32
2.40
1.25
2.29
2.32
2.43
—
1.37
1.49
—
3.49
3.41
1.56
2.69
2.58
2.36
2.93
1.29

Half-life of N
Remaining (weeks)
75
52
50
33
50
66
33
62
38
40
15
38
26
25
35
33
28
23
33
43
25
35
32
22
34
23
28
23
20
40

†

k1 and k2 were calculated from graphs prepared by plotting organic N remaining after each incubation time against time. No second phase was identified in
Sucarnoochee and Cecil soils amended with broiler litter 2.

of the various organic N pools in the broiler litter, graphs
were constructed by plotting the natural log of N remaining
against incubation time (weeks) for the data collected. With
the exception of Appling soil which showed three-phase
decomposition, all other soils showed two-phase decomposition model and an example is provided in Figure 6 for
two soils. In phase I (k1 ), soil microorganisms mineralized
quickly the easily mineralizable fraction in broiler litter; in
phase II (k2 ) a more resistant fraction of organic N is being
mineralized, thus, mineralization rate slowed down. Finally,
during phase III (k3 ), soil microorganisms are mineralizing
the most resistant fraction of organic N. A study conducted
in three soil types concluded that soil type had a significant
impact on broiler litter mineralization [37].
The half-life of N remaining corresponds to the amount
of time required to mineralize half of the potentially
mineralizable organic N (Table 6). Therefore, the higher the

half-life of N remaining is, the slower the mineralization rate.
The transformation of N mineralization data showed that
the decomposition of organic N from broiler litter amended
soils occurred in two phases as shown by D1 and D2 . The
percentage of N mineralized in the nonamended soils during
phase I varied from 1.85% in Hartsells soil to 6.73% in
Appling soil, respectively. However, in the same nonamended
Hartsells and Appling soils, the percentages of organic N in
phase II were only 0.78% and 1.38%, respectively. Again,
in Appling soil amended with broiler litter 1, the organic
N mineralized was 18.8% and 1.10% in phases I and II,
respectively. With respect to soils amended with broiler litter
2, Appling soil mineralized 51.1% and 1.49%, of organic N
in phases I, and II, respectively. Since the nonamended soils
consist of a more resistant fraction of organic N, it was not
easily mineralized by soil microbes; the values of organic N
remaining in the nonamended soils were high. Similarly, the
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Figure 3: Cumulative organic nitrogen mineralized from Dothan
(a) or Hartsells (b) soils amended with broiler litter 1 or 2 and
incubated for 28 weeks under aerobic conditions.

Figure 4: Cumulative organic nitrogen mineralized from Linker (a)
or Maytag (b) soils amended with broiler litter 1 or 2 and incubated
for 28 weeks under aerobic conditions.

half-life of N remaining in nonamended soils varied from 33
weeks in Decatur and Linker soils to 75 weeks in Appling soil.
In addition, Appling and Maytag soils amended with broiler
litter 1 and 2 showed significantly lower half-lives with 15
and 23 weeks when amended with broiler litter 1, and 25 and
23 weeks when amended with broiler litter 2, respectively.
Moreover, the half-life of N remaining in the soils varied
considerably with broiler litter samples and diﬀerences in soil
type.
3.4. Relationships of Potentially Mineralizable Organic N (N0 )
and Soil Properties. Linear regression lines show relationships between potentially mineralizable organic N (N0 ) soil
textures (Figure 7). There are a number of factors that
aﬀect the amount of available N in a soil for plant uptake.
Some of these factors include soil properties such as texture,

structure, temperature, pH, and organic matter content [38].
Other factors which aﬀect N mineralization of broiler litter
in soils include C/N ratio, particle size, pH of the litter,
type of bedding material, and soluble N fractions of the
litter [25]. The slopes of the linear curves are negative and
imply that high silt and clay contents reduce N0 . However,
high sand content accelerates mineralization of organic N
in soils. A strong positive correlation (r = 0.874∗∗∗ )
between potentially mineralizable organic N (N0 ) and sand
content was observed. However, correlations between N0 and
both silt (r = 0.780∗∗∗ ) and clay (r = 0.983∗∗∗ ) were
strongly negative. Influence of soil type and texture on N
mineralization has been reported [39, 40]. These studies
suggested that soils with relatively high silt and clay contents
may have less ability to mineralize N than soils with high
sand content, that promotes N mineralization. Nitrogen
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Figure 5: Cumulative organic nitrogen mineralized from
Sucarnoochee soil (a) or Troup (b) soils amended with broiler litter
1 or 2 and incubated for 28 weeks under aerobic conditions.

Figure 6: Natural log of organic N remaining in Appling (a) or Cecil
(b) soils amended with broiler litter 1 or 2 as a function of time.

mineralization potential in five important agricultural soils
of Hawaii showed that the amount and type of clay in a
soil aﬀects mineralization processes [3]. Finely textured soils
with high clay content have many tiny micropores in which
organic matter can find physical protection from microbial
decomposition. These results also agree with those reported
in nine soils amended with broiler litter that showed a strong
positive correlation with sand and a negative correlation with
silt and clay contents of the soils [41]. In addition, this study
shows a positive correlation (r = 0.782∗∗ ) between N0 and
soil organic N (Figure 8(a)) and soil organic C (r = 0.884∗∗∗
Figure 8(b)). A positive correlation between C/N ratio and N
mineralization (r = 0.69) was reported [42] but contradicted
another study that reported no relationship between manure
C/N ratios and N mineralization for a range of stored and
fresh animal manures [43]. In this study also no significant

relationship was found between N0 and C/N ratio (data not
shown).

4. Summary and Conclusions
Investigation of the mineralization of native N and added
broiler litter as N source to soils clearly demonstrated
that soil type impacts N mineralization. The mineralization of native or added broiler litter conformed to a
first-order kinetic reaction but varied considerably with
soil type and broiler litter samples. Broiler litter samples
1 and 2 mineralized diﬀerent quantities of organic N
from the ten soils studied. This indicates that organic
N fractions in diﬀerent broiler litter samples are not
the same. Notably, the amounts of organic N mineralized
from the same broiler litter sample in two diﬀerent soil
types suggest that organic N mineralized from the diﬀerent
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broiler litter samples are dependent not only on organic N
fractions in the broiler litter, but also on soil properties.
Statistical analyses indicated that nonamended soil samples
have diﬀerences in their ability to mineralize native organic
N. However, among the ten soils studied only Appling and
Sucarnoochee soils amended with broiler litter 1 or 2 showed
significant diﬀerences at P < 0.05. The diﬀerences in the
N0 of the nonamended soils were obvious. The bedding
materials varied in the broiler litter samples used in the study;
broiler litter 1 consisted of pine sawdust and broiler litter 2
peanut hulls. The results suggested that the bedding material
(peanut hulls or pine sawdust) may not have a significant
diﬀerence on the N0 pools. The decomposition of organic
N from broiler litter amended soils occurred mainly in two
phases represented by D1 , and D2 . Half-life of N remaining
in the nonamended soils was significantly higher than that
of soils amended with broiler litter 1 or 2 suggesting that
the nonamended soils consisted of a very resistant organic N
fraction that could not be easily mineralized by soil microbes.
However, in the amended soils, the half-life was significantly
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25

Soil organic C

(c)

Figure 7: Relationships between potentially mineralizable organic
nitrogen (N0 ) and silt (a), clay (b), and sand (c) contents for soils
amended with broiler litter 1 or 2. The open circles did not fit the
relationships.

5

(b)

Figure 8: Relationships between potentially mineralizable organic
nitrogen (N0 ) and soil organic nitrogen (a) and soil organic carbon
(b) in soils amended with broiler litter 1 or 2. The open circles did
not fit the relationship.

lower and varied with broiler litter samples and soil types.
The results also demonstrated that mineralization of broiler
litter in soils is closely related to soil chemical and physical
properties. Thus, decomposition of organic residues and
animal waste in soils vary with waste and soils types and
must be investigated in an eﬀort to synchronize N release
with crop demand and protect the environment from excess
nitrate accumulation.
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Rising costs of potting substrates have caused horticultural growers to search for alternative, lower-cost materials. Objectives of this
study were to determine the extent of nitrogen immobilization and microbial respiration in a high wood-fiber content substrate,
clean chip residual. Microbial activity and nitrogen availability of two screen sizes (0.95 cm and 0.48 cm) of clean chip residual
were compared to control treatments of pine bark and peatmoss in a 60-day incubation experiment. Four rates (0, 1, 2, or 3 mg)
of supplemental nitrogen were assessed. Peatmoss displayed little microbial respiration over the course of the study, regardless
of nitrogen rate; followed by pine bark, 0.95 cm clean chip residual, and 0.48 cm clean chip residual. Respiration increased with
increasing nitrogen. Total inorganic nitrogen (plant available nitrogen) was greatest with peatmoss; inorganic nitrogen in other
treatments were similar at the 0, 1, and 2 mg supplemental nitrogen rates, while an increase occurred with the highest rate (3 mg).
Clean chip residual and pine bark were similar in available nitrogen compared to peatmoss. This study suggests that nitrogen
immobilization in substrates composed of clean chip residual is similar to pine bark and can be treated with similar fertilizer
amendments during nursery production.

1. Introduction
Pine bark (PB) and peatmoss (PM) have traditionally been
used as nursery and greenhouse substrates in the US. These
materials are becoming more costly to use in horticultural
industries due to increasing fuel costs, reduced availability of
PB [1], and environmental concerns over the use of PM for
growing crops [2, 3]. Finding alternative substrates as a way
to reduce costs has become an important issue for growers.
One promising alternative substrate is CCR, a forest byproduct of the ‘clean chip’ industry. The ‘clean chip’ industry
processes small caliper pine trees into uniform, bark-free
material for making paper products. This procedure is
conducted on site at pine plantations with in-field harvesting
equipment. This equipment delimbs, debarks, and chips the

material into the back of a chip van/truck for shipment to
a pulp mill. The remaining material, composed of approximately 40% wood, 35% bark, 10% needles, and 15%
indistinguishable fine material, is either spread back across
the harvested area or processed once more through a grinder
with 10.2 to 15.2 cm screens and sold to the pulp mills for
boiler fuel. Currently, this leftover material composes around
25% of the site biomass and represents an income loss for
forest landowners.
Clean chip residual has been evaluated (in a fresh state)
for the production of several types of horticultural crops
[4–7]. The residual material is obtained from loggers and
further processed through a swinging hammer mill in
order to produce material with reasonable particle size for
horticultural use. Since this material is processed before use,
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it can be hammer milled to pass several diﬀerent screen
sizes, producing substrates that are suitable for a variety of
crop types and container sizes. Boyer et al. [4] evaluated
perennials, buddleia (Buddleja davidii ‘Pink Delight’), and
verbena (Verbena canadensis ‘Homestead Purple’) in CCR
and reported similar results among all treatments. A further
study indicated that the use of supplemental N (in addition
to standard control release fertilizer) was not necessary for
growth of buddleia as compared to PB [5]. Later, Boyer et al.
[6] demonstrated that annual plants, ageratum (Ageratum
houstonianum ‘Blue Hawaii’), and salvia (Salvia superba
‘Vista Purple’) grown in CCR or in combinations of CCR
and PM produced similarly sized plants when compared to
a traditional PB substrate treated with the same fertilizer
regime. Woody plants such as loropetalum (Loropetalum
chinensis var. rubrum) were also shown to have adequate
growth in several screen sizes of CCR (compared to PB) over
the course of one year [7].
While crop growth in CCR has been equal to that displayed by plants grown in traditional substrates, questions
remain regarding the high wood content of forest residuals
(especially among growers). Since PB has a high lignin content, it is slow to decompose, and producing crops over a
short-term growing season (and some long-term seasons)
has not caused problems due to shrinkage of substrate during
decomposition [8].
Gruda et al. [9] reported significant N-immobilization
resulting in less tomato (Lycopersicon lycopersicum) plant
growth in substrates composed of a 100% wood fiber
product. N-immobilization was calculated on the basis of Nbalance including N-uptake by plants and residual mineral
N in the substrates. Higher N-immobilization was found by
increasing N-application rates. They determined that it is
necessary to supply wood fiber substrates with nutrient solutions or fertilizer from the beginning of plant culture. Also,
substrates without plants in this study (wood fiber and white
PM) exposed to the same environmental conditions showed
the same tendencies in N-immobilization as substrates with
plants.
Concern has arisen over whether the high wood content
of CCR will immobilize N to an extent that plants experience
a reduction in growth early in the crop cycle. This is especially
important in greenhouse crops where the first few days and
weeks are critical to long-term crop growth. The objective of
this study was to determine the extent of N-immobilization
in CCR, PB, and PM in order to make recommendations
regarding how to overcome such a production problem.

2. Materials and Methods
Clean chip residual used in this study was obtained from a
10- to 12-year-old loblolly pine (Pinus taeda) plantation near
Atmore, AL, which was thinned and processed for clean chips
using a total tree harvester (Peterson DDC-5000-G Portable
Chip Plant, Peterson Pacific Corp., Eugene, OR) and a horizontal grinder with 10.2 cm screens (Peterson 4700B Heavy
Duty Horizontal Grinder, Peterson Pacific Corp., Eugene,
OR). The material was further processed through a swinging
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Table 1: Physical properties of clean chip residual, pine bark, and
peatmoss substrates.z
Substratesy

Air
spacex

0.48 cm CCR
0.95 cm CCR
PB
PM

28 bt
48 a
31 b
11 c

Container
capacityw
(% Vol)
57 b
42 d
48 c
87 a

Total
porosityv

Bulk density
(g·cm−3 )u

85 b
90 b
79 c
98 a

0.22 a
0.19 b
0.18 b
0.11 c

z

Analysis performed using the North Carolina State University porometer.
clean chip residual, PB: pine bark, and PM: sphagnum peatmoss.
x Air space is the volume of water drained from the sample/volume of the
sample.
w Container capacity is (wet weight−oven dry weight)/volume of the
sample.
v Total porosity is container capacity + air space.
u Bulk density after forced-air drying at 105◦ C (221.0◦ F) for 48 h.
t Means within column followed by the same letter are not significantly
diﬀerent based on Waller-Duncan k ratio t-tests at α = 0.05 (n = 3).
y CCR:

hammer mill (no. 30; C.S. Bell, Tifton, OH) with either a
0.95 cm or 0.48 cm screen to produce two CCR products
for testing. These two CCR particle sizes were compared
with PB and PM (Table 1). Pine bark used in this study
was obtained from Pineywoods Mulch Company (Alexander
City, AL). Peatmoss was obtained from Premier Horticulture,
Inc. (Quakertown, PA) and was tested to confirm that no
supplemental N had been added prior to use in this study.
Substrate air space (AS), container capacity (CC), and
total porosity (TP) were determined following procedures
described by Bilderback et al. [10]. Substrate bulk density
(BD) (g·cm−3 ) was determined from 347.5 g·cm−3 samples
dried in a 105◦ C forced-air oven for 48 h. Substrates were
analyzed for particle size distribution (PSD) by passing a
100 g air dried sample through 12.5, 9.5, 6.35, 3.35, 2.36, 2.0,
1.4, 1.0, 0.5, 0.25, and 0.11 mm sieves with particles passing
the 0.11 mm sieve collected in a pan. Sieves were shaken for
3 min with a Ro-Tap (Ro-Tap RX-29, W.S. Tyler, Mentor,
OH) sieve shaker (278 oscillations/min, 159 taps/min). Substrate samples (four reps per treatment) were further evaluated for soilless media nutrient analysis (Brookside Laboratories, Inc., New Knoxville, OH). The material was ground
and screened before saturated media extracts (water based)
were prepared from the samples. Substrate pH, EC, NO3 ,
NH4 , and all other nutrients were measured using this water
extract. Plant available NO3 and NH4 were determined using
flow injection analysis (FIAlab-2500, FIAlab Instruments,
Bellevue, WA), and Ca, Mg, P, K, Na, SO4 , B, Mn, Zn, Fe, and
Cu were determined by microwave digestion with inductively
coupled plasma-emission spectrometry (ICP) (Thermo Jarrell Ash 6500 ICAP series, Oﬀenbach, Germany).
An incubation study was conducted at the USDAARS National Soil Dynamics Laboratory in Auburn, AL to
determine N mineralization/immobilization and microbial
activity of each of the four substrate materials. A completely
randomized design (CRD) with 272 experimental units was
conducted. Treatment structure was factorial with four substrates by four N rates by four sample dates, each with four
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replications. There were also 16 units (four for each collection date) without substrate, serving as ambient CO2 traps.
The incubation procedure consisted of weighing 20 g (dry
weight basis) of substrate into plastic containers. Deionized
water was added to adjust samples to consistent moisture
content. Moisture content was determined by saturating 20 g
of each substrate with deionized water and recording wet
weight (after draining to simulate CC) and dry weight (after
drying in an oven at 105◦ C for 48 h). The change in weight
(wet minus dry) divided by the wet weight multiplied by
100 equals the percent (%) of moisture content (average of
three subsamples). Each substrate had diﬀerent percent of
moisture contents, and subsequently an appropriate amount
of deionized water was added to each sample in order to
bring the moisture of the substrate up to CC. Container
capacity is the amount of water in a just-drained container
substrate. Four rates of supplemental N (0, 1, 2, and 3 mg of
N added by the addition of 0, 0.5, 1.0, or 1.5 mL of 2000 ppm
stock solution of NH4 NO3 ) were added to each of the four
substrates in the study. The containers were placed in sealed
glass jars with 10 mL of water for humidity control and a vial
containing 10 mL of 1 M NaOH as a CO2 trap. The jars were
incubated in the dark at 25◦ C and removed after 7, 15, 30,
and 60 days. Carbon mineralization, which is a direct measurement of total microbial respiration, was measured in this
study. Carbon dioxide in the NaOH traps was determined
by titrating the excess base with 1 M HCl in the presence of
BaCl2 . All traps were measured at each sampling date, and
fresh NaOH traps were placed in the jars remaining to be
sampled at later dates. At each sampling date, a set of samples
were measured for inorganic N concentration. Samples were
extracted with a 2 N KCl solution and measured for NH4 -N
and NO3 -N using a Model 680 Microplate Reader (Bio-Rad
Laboratories Inc., Hercules, CA). Inorganic N was calculated
as the sum of NH4 and NO3 . Potential N mineralization was
the diﬀerence between final and initial inorganic N contents.
Data were analyzed using Waller-Duncan k ratio t-tests
(P ≤ 0.05) and a statistical software package (SAS Institute,
Cary, NC). Data were analyzed separately for each sampling
date.

3. Results and Discussion
3.1. Substrate Physical and Chemical Properties. Physical
properties of the four substrates tested varied (Table 1). Each
substrate had significantly diﬀerent AS with 0.95 cm CCR
having the greatest (48%) and PM having the least (11%).
Container capacity was also diﬀerent for each substrate;
however, PM had the greatest CC (87%), as expected, and PB
had the least CC (48%). Both CCR treatments were similar
in TP but were between of 98% for PM and 79% for PB. Bulk
density was greatest for 0.48 cm CCR (0.22 g·cm−3 ) and least
for PM (0.11 g·cm−3 ).
Particle size analysis revealed that 0.48 cm CCR had
the least amount of coarse particles (0.8%), while PM had
the greatest amount of coarse particles (38%) (Table 2).
Pine bark and 0.95 cm CCR were similar (30% and 27%)
for coarse particles. Both CCR substrates had the highest
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amount of medium-sized particles (48% for 0.48 cm and
50% for 0.95 cm). Pine bark had 38% medium-sized particles
and PM had 31%. The greatest percentage of fine particles
was measured in 0.48 cm CCR (51%) followed by PM (31%),
PB (32%), and 0.95 cm CCR (24%).
Substrate pH was significantly diﬀerent for each substrate
(Table 3). Clean chip residual screened at 0.95 cm had the
highest pH (5.5) while 0.48 cm had a pH of 5.0. Peatmoss had
the next highest pH (4.8) while PB had the lowest pH (4.1).
Peatmoss and PB generally require lime addition to raise
the pH for adequate plant culture. This may not be needed
for substrates composed of CCR as its pH is already in an
acceptable range for plant growth. Electrical conductivity
was in the typical range for plant production, though each
substrate was diﬀerent (from 0.15 to 0.29 mS·cm−1 ).
Substrate chemical analysis revealed that PM had a
significantly higher amount of NO3 -N (39.0 ppm) than all
other treatments (0.1-0.2 ppm) (Table 3). Values for NH4 -N
were all low (from 0.1 to 0.4 ppm). Potassium was high in
all substrates except PM (48.2–84.6 ppm versus 6.9 ppm).
Calcium was greatest in PM (27.7 ppm) and least in the CCR
treatments (from 5.3 to 9.1 ppm). Magnesium was also
greatest in PM (28.3 ppm) and least in CCR (2.6 to 7.0 ppm).
Sulfur was high in PB (50.9 ppm) and low in 0.95 cm CCR
(7.7%). Iron, Mn, and Zn were higher in 0.48 cm CCR
than all other treatments; however, these diﬀerences are not
meaningful in a production context.
3.2. Microbial Respiration. Microbial respiration (MR) was
evaluated at each sampling date (Table 4). Peatmoss consistently had the least microbial respiration regardless of date
or supplemental N rate. The greatest microbial respiration
occurred with the CCR treatments. As particle size decreased
(0.48 cm), microbial respiration increased. Also, as N rate
increased, microbial respiration increased in CCR and PB.
Microbial respiration at 7 days after treatment (DAT)
showed that at each N rate, 0.48 cm CCR had the greatest
microbial respiration followed by 0.95 cm CCR, PB, and PM
(Table 4). For 0.48 cm and 0.95 cm CCR, microbial respiration was highest with 2 mg N and decreased significantly as N
rate decreased. Pine bark had significantly higher microbial
respiration at 2 mg N than at 0 and 1 mg N (each was
diﬀerent from each other).
At 15 DAT, 0.48 cm CCR (0 and 1 mg N rates) had the
greatest microbial respiration followed by 0.95 cm CCR, PB,
and PM (Table 4). At 2 and 3 mg N, the CCR treatments
switched with 0.95 cm CCR having more microbial respiration than 0.48 cm. For 0.48 cm and 0.95 cm CCR, MR was
highest with 2 mg N and decreased significantly as N rate
decreased. Pine bark microbial respiration was similar at the
three highest N rates, and although 0 and 1 mg N had less
microbial respiration they were similar to each other. There
were no diﬀerences in microbial respiration for PM at any N
rate.
The greatest microbial respiration at 30 DAT for 0 mg
N was with 0.48 cm CCR followed by 0.95 cm CCR, PB,
and PM (Table 4). At 1 and 2 mg N both CCR treatments
were similar, but PB followed by PM had less microbial
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Table 2: Particle size analysis of clean chip residual, pine bark, and peatmoss substrates.

U.S. standard sieve no.

Sieve opening (mm)

1/2
3/8
1/4
6
8
10
14
18
35
60
140
270
pan

12.50
9.50
6.35
3.35
2.36
2.00
1.40
1.00
0.50
0.25
0.11
0.05
0.00

Coarse
Medium
Fine

Substratez
0.48 cm CCR
0.0 ay
0.0 b
0.0 d
0.8 c
8.8 c
7.9 a
19.0 a
12.4 a
13.0 b
12.1 a
15.1 a
5.8 a
5.1 a
Texturex
0.8 c
48.0 a
51.2 a

0.95 cm CCR
0.0 a
0.0 b
2.7 c
23.9 a
20.0 a
8.1 a
13.2 b
8.2 b
7.7 c
7.8 b
7.0 b
0.9 c
0.5 c

PB
0.0 a
0.1 b
6.0 b
24.0 a
12.6 b
5.0 b
11.3 c
9.1 b
13.8 ab
8.4 b
5.1 b
2.5 b
2.1 b

PM
2.2 a
8.2 a
11.0 a
17.0 b
9.1 c
3.5 c
9.0 d
9.0 b
15.1 a
9.4 b
5.0 b
1.1 c
0.4 c

26.6 b
49.5 a
23.9 c

30.0 b
38.0 b
32.0 b

38.3 a
31.0 c
30.7 b

z

CCR: clean chip residual, PB: pine bark, and PM: sphagnum peatmoss.
weight of sample collected on each screen, means within row followed by the same letter are not significantly diﬀerent based on Waller-Duncan k
ratio t-tests at α = 0.05 (n = 3).
x Coarse: >3.35 mm, Medium: >1.00–<3.35 mm and Fine: <1.0 mm.
y Percent

Table 3: Chemical properties of clean chip residual, pine bark, and peatmoss substrates.
pH

EC (mS·cm−1 )y

0.48 cm CCR
0.95 cm CCR
PB
PM

5.0 bw
5.5 a
4.1 d
4.8 c

0.21 b
0.15 c
0.23 b
0.29 a

0.48 cm CCR
0.95 cm CCR
PB
PM

NO3 -N (ppm)
0.1 b
0.2 b
0.1 b
39.0 a

NH4 -N (ppm)
0.2 b
0.4 a
0.1 b
0.1 a

Substratez

Substrate micronutrient contentx
B (ppm)
Fe (ppm)
Mn (ppm)
0.23 a
3.7 a
2.3 a
0.17 b
2.1 b
0.6 b
0.16 b
1.3 c
1.0 b
0.13 c
0.2 d
0.2 c
Substrate macronutrient content

Cu (ppm)
0.01 b
0.02 ab
0.03 a
0.01 b

Zn (ppm)
0.28 a
0.06 c
0.16 b
0.05 c

P (ppm)
4.1 a
1.4 b
4.0 a
1.6 b

Mg (ppm)
7.0 c
2.6 d
11.5 b
28.3 a

SO4 (ppm)
15.8 c
7.7 d
50.9 a
29.5 b

K (ppm)
84.6 a
48.2 b
52.5 b
6.9 c

Ca (ppm)
9.1 c
5.3 d
16.2 b
27.7 a

z

CCR: clean chip residual, PB: pine bark, PM: sphagnum peatmoss.
= 1 mmho/cm.
x Substrate analysis performed on nonamended samples; N: nitrogen, P: phosphorous, K: potassium, Ca: calcium, Mg: magnesium, S: sulfur, B: boron,
Fe: iron, Mn: manganese, Cu: copper, Zn: zinc, and 1 ppm = 1 mg·kg−1 .
w Means within column followed by the same letter are not significantly diﬀerent based on Waller-Duncan k ratio t-tests (α = 0.05, n = 3).
y 1 mS·cm−1

respiration. At the highest N rate, 0.95 cm CCR had the
greatest microbial respiration followed by 0.48 cm CCR, PB,
and PM. For 0.48 cm CCR the greatest microbial respiration
was with 1 and 2 mg N, while 0 and 3 mg N had less
microbial respiration. For 0.95 cm CCR and PB only 0 mg
N was significantly less than other N rates. There were no
diﬀerences in microbial respiration for PM at any N rate.

Microbial respiration at 60 DAT showed that at 0 and
3 mg N rate, both CCR treatments had the highest microbial
respiration, followed by PB and PM (Table 4). At 1 and 2 mg
N rates, 0.95 cm CCR had the greatest microbial respiration
followed by 0.48 cm CCR, PB, and PM. For 0.48 cm CCR
and PM there were no diﬀerences across N rates. For 0.95 cm
CCR, only the highest rate of N had less microbial respiration
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Table 4: Microbial respiration in clean chip residual, pine bark and peatmoss substrates.
Substratez

Carbon mineralization (mg/kg)
0 mg N

1 mg

Ny

2 mg N

3 mg N

MSD N-ratex

3584
2987
2367
614

3882
3414
2478
258

113
154
111
335

284

170

2888
3105
1944
353

3358
3706
2021
371

172

149

3631
3728
2585
578

3436
3714
2586
641

123

126

3721
4041
3356
1581

3837
3767
3417
1582

238

248

0–7 days
0.48 cm CCR
0.95 cm CCR
PB
PM
MSD Substrate

2370
1757
1918
143

3236
2593
2311
94

84

121
8–15 days

0.48 cm CCR
0.95 cm CCR
PB
PM

2615
2200
1625
356

2827
2620
1986
384

MSD Substrate

283

140

183
209
329
117

16–30 days
0.48 cm CCR
0.95 cm CCR
PB
PM

3479
3229
2254
751

3615
3556
2485
591

MSD Substrate

195

139

134
225
129
166

31–60 days
0.48 cm CCR
0.95 cm CCR
PB
PM

4133
4082
2950
1723

3812
4211
3173
1682

MSD Substrate

355

166

459
324
190
258

Total: 0–60 days
0.48 cm CCR
0.95 cm CCR
PB
PM
MSD Substrate

12360
11016
8954
2989

13414
13110
10097
2922

13778
14377
10313
2762

14108
14624
10484
2781

668

405

662

409

609
799
422
440

z

CCR: clean chip residual, PB: pine bark, and PM: sphagnum peatmoss.
y 2000 ppm stock solution of NH NO (0, 0.5, 1.0, 1.5 mL).
4
3
x MSD based on Waller-Duncan k ratio t-tests (α = 0.05).

than the other rates, though the values were similar to 0 and
2 mg N.
Clean chip residual consistently had the greatest amount
of microbial respiration among the substrates over the course
of the incubation period (0–60 DAT) (Table 4). At 0 mg N
rate, 0.48 cm CCR had greater microbial respiration than
0.95 cm, but at 1 and 2 mg N it was similar. At 3 mg N,
0.95 cm CCR had greater microbial respiration than 0.48 cm
CCR. Pine bark and PM were diﬀerent from each other
and less than CCR treatments for microbial respiration.
Across the N rates for 0.48 cm CCR, microbial respiration
increased with increasing N rate. For 0.95 cm CCR, microbial
respiration increased with increasing N rate, though 2 and
3 mg N were similar. Pine bark was similar at 1, 2, and 3 mg
N rates, only 0 mg N had less microbial respiration. There

were no diﬀerences in microbial respiration across N rates
for PM.
3.3. Total Inorganic N (Plant Available N). At 7 DAT, PM
had more N than all other treatments; all other treatments
were similar (Table 5). At 2 and 3 mg N, PM had the most N
followed by PB and the CCR treatments, which were similar
to each other. Across N rates for 0.48 cm CCR and PB, 3 mg N
had more N than other rates, which were similar. For 0.95 cm
CCR, N increased with increasing N rate, though 0 and 2 mg
N were similar. Peatmoss had greater available N as N rate
increased.
Total inorganic N at 15 DAT showed that at 0 and 1 mg
N PM had the greatest amount of available N followed by
PB and CCR treatments, which were all similar to each other
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Table 5: Total inorganic nitrogen (NH4 and NO3 ) mineralization in clean chip residual, pine bark and peatmoss substrates.
Nitrogen mineralization (mg/kg)

Substratez
0 mg N

1 mg Ny

2 mg N

3 mg N

MSD N-ratex

0–7 days
0.48 cm CCR

31

28

37

128

16

0.95 cm CCR

44

77

262

515

174

PB

44

56

440

1458

459

PM

1753

2549

3359

5264

790

MSD Substrate

130

174

250

850

42

50

0–15 days
0.48 cm CCR

58

61

55

0.95 cm CCR

53

52

64

168

79

PB

5

88

293

1572

442

PM

1619

2937

3610

5869

588

MSD Substrate

169

281

169

630

0–30 days
0.48 cm CCR

101

148

99

80

67

0.95 cm CCR

114

116

102

310

119

PB

75

108

152

1061

82

PM

2530

3591

4043

6149

768

MSD Substrate

342

429

356

402

0.48 cm CCR

63

87

91

117

44

0.95 cm CCR

91

142

121

142

34

0–60 days

PB

33

39

58

761

94

PM

1806

2632

3533

5404

783

44

150

205

734

MSD Substrate
z

CCR: clean chip residual, PB: pine bark, and PM: sphagnum peatmoss.
y 2000 ppm stock solution of NH NO (0, 0.5, 1.0, 1.5 mL).
4
3
x MSD based on Waller-Duncan k ratio t-tests (α = 0.05).

(Table 5). At 2 and 3 mg N, PM had the highest N followed by
PB and the two CCR treatments, which were similar to each
other. There was no significant diﬀerence in available N for
0.48 cm CCR across N rates. For 0.95 cm CCR and PB, the
greatest amount of available N was with 3 mg N, all other N
rates had less N and were similar to each other. Peatmoss had
increasingly available N as N rate increased.
At 30 DAT, results for total available N were similar to results at 15 DAT, with one exception: among substrates treated
with 2 mg supplemental N, PM had the greatest amount of
N and all other treatments were similar (Table 5). Also for
PM, 1 and 2 mg N were similar, though the trend continued
toward having more available N as N rate increased.
Peatmoss had the most available N at all N rates among
substrates at 60 DAT (Table 5). At 0 mg N, 0.95 cm CCR had
greater N than PB. For all other N rates, CCR and PB had
similar available N, though less than PM. Across N rates,
there were no diﬀerences for 0.48 cm CCR. For the remainder
of the substrates, available N increased with increasing N
rates.

4. Discussion
Incubation studies have previously been used to evaluate Nimmobilization for horticultural purposes. A study by Hartz
and Giannini [11] reported short-term net N-immobilization (2-week aerobic incubation) in samples of composted
municipal yard and landscape wastes from three locations,
with an overall trend toward decreased immobilization with
increased compost age. At least 9–12 weeks of composting
were required to minimize the undesirable characteristics
of immature compost. Compost materials generally provide
enough N to negate the use of supplemental fertilizer; however, materials such as PB, PM, and CCR do not contain
adequate N to support plant growth and require fertilization
before use in plant production.
A subsequent study by Hartz et al. [12] determined the
N and C mineralization rates of 19 manure and compost
samples for use as soil amendments in vegetable production
in 1996 and 12 additional samples in 1997. Net N mineralization was measured at 4- or 8-week intervals while
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C mineralization was measured at 4-week intervals. An
average of 16%, 7%, and 1% of organic N was mineralized after 12 weeks in 1996, and an average of 15%, 6%, and
2% was mineralized after 24 weeks of incubation for 1997,
in manure, manure compost, and plant residue compost,
respectively. Mineralization of manure C averaged 35% of
initial C content after 24 weeks, while compost averaged only
14%. Within 4 (compost) or 16 weeks (manure), the rate
of mineralization of amendment C had declined to a level
similar to soil organic C.
Waste paper as a substitute for PM displays significant Nimmobilization and high pH [13]. An incubation study was
conducted to define the N status of the paper medium. Initial
results indicated diminished plant growth in pure paper
substrate. The amount of additional N needed was diﬃcult
to predict during cultivation. A composting process was
deemed necessary to overcome N-immobilization and lower
pH and to improve water-conducting properties of the substrate.
When manure compost is used, N-immobilization will
eventually stop and N-mineralization will begin. In the previous cases, N was provided to the plant instead of being
removed, resulting in competition between plants and microbes for N. Our results indicate that N became available for
0.95 cm CCR during the course of our study, but the change
was small relative to the loss of N from PM.
While CCR exhibits high microbial respiration (particularly with smaller particle sizes), microbial activity and Nimmobilization were generally similar to PB. Clean chip residual screened to 0.48 cm was more microbially active, most
likely due to increased surface area resulting from smaller
particle size. Since CCR has an inherently high percentage of
PB (35%), it tends to perform similarly; the addition of 40%
wood fiber does not seem to inhibit plant growth or require
amendment changes in nursery crop production. This study
indicated that almost no management diﬀerences should be
expected for crops produced in CCR compared to PB.
Peatmoss had virtually no microbial activity as measured
by respiration in this study. However, unlike PB and CCR
this was not due to N limitation as there was no indication
that respiration was impacted at all by the addition of N.
While it is clear that the remaining materials produced
significant immobilization of the fertilizer N, there was little
or no diﬀerence between PB and CCR. While PB did have
increased N levels at the highest supplemental rate, this was
miniscule compared to PM and does not imply a need to
change management. In fact, N levels in PB decreased over
time compared to CCR, which showed slow increases in N.
For example, at 2 mg supplemental N PB had 440 mg·kg−1
available N at 7 DAT, which was reduced to 58 mg·kg−1 by
day 60. On the other hand, CCR had 37 mg·kg−1 at 7 DAT
but increased to 91 mg·kg−1 by 60 DAT. This indicates that
while the immobilization of N was similar in PB and CCR,
it may have increased in PB over time. This is reflected in
respiration where there initially was much lower microbial
respiration from PB, but by 31–60 DAT the respiration rate
was similar to CCR and much more responsive to changes
in supplemental N rate. This indicates that PB became more
inclined toward N-immobilization as time progressed.
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In the current study, pH and EC of CCR were determined
to be acceptable for plant culture. In fact, CCR may not
require a limestone amendment to raise pH. Since 0.95 cm
CCR and PB have similar particle size distributions, we
recommend this screen size for 1-gal. containers on outdoor
beds, while 0.48 cm CCR is more suitable for greenhouse
production. Since many PM suppliers premix amendments
into shipped products, it is essential to determine the correct
fertilization amendments so that substrates composed of
CCR can perform similarly to PM. The results of this
study indicate that growers should not be concerned about
short-term negative impacts from N-immobilization in CCR
(compared to PB).
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The use of solid dairy manure for sugarbeet production is problematic because beet yield and quality are sensitive to deficiencies
or excesses in soil N, and soil N availability from manure varies substantially depending on the year of application. Experimental
treatments included combinations of two manure rates (0.33 and 0.97 Mg total N ha−1 ) and three application times, and nonmanure treatments (control and urea fertilizer). We measured soil net N mineralization and biomass, N uptake, and yields for
sprinkler-irrigated sugarbeet. On average, the 1-year-old, low-rate manure, and 1- and 2-year-old, high-rate manure treatments
produced 1.2-fold greater yields, 1.1-fold greater estimated recoverable sugar, and 1.5-fold greater gross margins than that of
fertilizer alone. As a group the 1-year-old, low-rate manure, and 2- and 3-year-old, high-rate-manure treatments produced similar
cumulative net N mineralization as urea fertilizer; whereas the 1-year-old, high-rate manure treatment provided nearly 1.5-fold
more N than either group. With appropriate manure application rates and attention to residual N and timing of sugarbeet planting,
growers can best exploit the N mineralized from manure, while simultaneously maximizing sugar yields and profits.

1. Introduction
An estimated 20 million Mg manure is produced annually by
the 9-million-cow US dairy herd. The regional dairy center
in southern Idaho comprises 5.6% of the US total dairy
herd and produces approximately 1.11 million Mg manure
annually. In Idaho, much of the dairy manure is soil applied
to supply crop nutrients and as a means of rebuilding soil
organic carbon. The latter is particularly important for
eroded soils, which are common in this historically furrow
irrigated region [1]. To maximize their use of manure and
minimize losses of nitrogen (N) to the environment, growers
need to know how much N becomes available to crops
from manure applications [2]. In addition, as competition
increases for cropland in the region, farmers who rent
acreage can expand the pool of land available to them if they
are willing to utilize manured ground.
This is particularly important for sugarbeet (Beta vulgaris
L.) growers because yield and beet quality parameters, sugar,
and brei nitrate concentration are sensitive to both insuﬃcient N [3, 4] and excess soil N [5, 6]. In addition, sugarbeet
tends to incorporate soil residual N preferentially over

fertilizer N, that is, sugarbeet will utilize more soil residual N
and less applied fertilizer N than corn or tomato crops [7].
Applying excess N fertilizer early in the season or applying
an optimal N application after June can divert photosynthate
sugars normally used for beet root growth and sucrose
accumulation to excess top growth [8]. By contrast, multiple
small feedings of N to the sugarbeet from May through July
can increase sucrose accumulation in roots [9]. Early research showed a positive influence of manure on beet yield
and sucrose concentration [3, 5]. Still, planting sugarbeet in
recently manured fields is not always recommended because
N availability from the manure is not well quantified and
is believed to occur too late in the season to improve yield
and quality [10]. However, Lentz et al. [11] reported that (1)
peak net N mineralization in manure-amended, irrigated
soils coincided with maximum N uptake by beet and (2)
first-year manure applications ≤20 Mg ha−1 (dry wt.) had
no significant adverse eﬀect on beet yield or quality.
Much of the N in dairy manure is in the organic form
and only becomes available for uptake by crops via the timedependent microbial-mediated process of mineralization.

2
Several studies have examined crop N uptake after multiple
dairy manure applications, for barley (Hordeum vulgare L.)
[12–14], corn (Zea mays L.) [15], wheat (Triticum aestivum
L.) [16], and orchard grass (Dactylis glomerata L.) [17], or
in the first year after a single manure application, for corn
[18, 19], sugarbeet [11], and orchard grass (Dactylis glomerata L.) [17]. Relative to the total N applied in dairy manure,
N recovery by corn, sugarbeet, and orchard grass in the first
year after a single application ranged from −5 to 40% and
averaged 21% [11, 17–19]. Crop N uptake from dairy manure amendments is influenced by type of crop [15], manure
characteristics [20], organic amendment history [21], soil
and location factors [18, 22, 23], application timing [12], and
cropping management [24].
Far fewer studies have assessed N uptake by crops two
and three or more years after a single manure application. For
corn, the crop N recovery in the 2nd year after manure application was reported to be 9% by Klausner et al. [25], 8 to
15% by Ma et al. [15], and 15% by Eghball and Power [19],
and N recovery for corn in years 3 through 4 was reported by
Klausner et al. [25], being 2 or 3%. Similar studies for sugarbeet are lacking. One of the diﬃculties encountered when
measuring crop N recovery from a manure application in
successive years is the obfuscation caused by climatic variations between years [11]. Our objective was to (1) determine
the eﬀect of a single dairy manure application on sugarbeet
yields and quality, N uptake, and N recovery for one, two,
and three years after applying manure to a calcareous, irrigated, southern Idaho soil, and (2) employ an experimental
approach that would reduce the confounding eﬀects of climate between years.

2. Materials and Methods
We conducted the experiment at a site located 1.7 km southwest of Kimberly, ID (42E 31.12 N, 114E 22.47 W, elevation
of 1190 m). The field plots were prepared in Portneuf silt
loam soils (coarse silty, mixed, superactive, mesic Durinodic
Xeric Haplocalcid). The experimental site had a history of
maznure applications, receiving 40 to 75 Mg ha−1 dry wt.
every 3 yr between 1969 and 1986. In 1991 the uppermost
0.3 m (Ap horizon) of the Portneuf silt loam’s profile was
removed to expose the underlying Bk horizon and simulate
an eroded profile [26]. For noneroded soil, the Ap horizon
was left undisturbed. The site last received manure in 1994,
10 yrs before field plot preparations began for the current study. The eroded Portneuf soil profile is deep and calcareous, with textures ranging from silt loam to very fine
sandy loam. Its surface soil (0 to 15 cm), that is, the Bk
horizon, is a silt loam and contains on average 184 g kg−1 clay,
609 g kg−1 silt, 207 g kg−1 sand, has a pH of 7.8 (H2 O saturated paste), electrical conductivity (EC) of 0.08 S m−1 , and
includes 4.1 mg kg−1 organic carbon, and 221 mg kg−1 calcium carbonate equivalent. A silica and calcium carbonatecemented horizon (20–60% cementation) occurs between
depths of 33 to 130 cm in the eroded Portneuf. The soil has
a mean cation exchange capacity of 190 mmolc kg−1 and exchangeable sodium percentage of 1.5.
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2.1. Experimental Design. Comparing sugarbeet yield and N
uptake from a soil in years following a one-time manure application is problematic. Comparisons between annual sugarbeet measurements would be influenced not only by the
treatment, but also by pest problems related to the continuous beet plantings and by climatic factors, which vary from
year to year. To limit the eﬀect of these confounding factors,
we applied manure treatments at a 1x rate (average bulk application rate of 21.7 Mg ha−1 dry wt. or 0.31 Mg total
N ha−1 ), and a nominal 3x rate (average bulk application of
68.9 Mg ha−1 dry wt. or 0.97 Mg total N ha−1 ) once only to a
diﬀerent set of field plots in the fall of each year 2004, 2005,
and 2006. Thus, when sugarbeet was grown in 2007, the field
plots included a set of two manure-rate treatments that were
1, 2, or 3 years old and were exposed to the same climatic
conditions.
The experimental design was a randomized complete
block with nine treatments and 4 replicates (Table 1). The experiment included the six manure treatments, with a manure-1x (m1) and manure-3x (m3) applied once to diﬀerent
plots of “eroded” Portneuf silt loam in 2004, 2005, and 2006.
Three no-manure treatments were also included, urea fertilized (Fert) and control (no fertilizer or manure) treatments
on eroded Portneuf soil, and a fertilized (urea) treatment on
noneroded Portneuf soil (NE-Fert). No inorganic N fertilizer
was applied to manure treatments. The Fert and NE-Fert
treatments received 135 kg N ha−1 as urea-N, based on a sugarbeet yield goal of 63 Mg ha−1 [27] and a spring preplant
soil test, which determined residual inorganic N present in
the root zone (0–90 cm). The manure-1x application rate
was a commonly applied rate in the region. At application
time, we estimated the m1 manure would provide an average
107 kg N ha−1 to crops in the first year after application,
based upon earlier reports that 32% of total manure N was
available to crops in the first year [28]. Since a soil test indicated that no P or K fertilizer was needed on our site, we
applied none. Plots were 9.1 m wide × 21.3 m long and
accommodated 16 rows of beets.
For each year that manure treatments were applied, we
obtained solid dairy cattle (Bos species) manure that had
been stockpiled at a local dairy through the summer. The
manure’s average total C concentration (standard error) was
217 g kg−1 (58 g kg−1 ), total N was 14.1 g kg−1 (2.6 g kg−1 ),
and C : N ratio was 15.9 (1.5).
2.2. Field Operations. Manure was applied to designated
plots on 18 Nov. 2004, 22 Dec. 2005, and 19 Oct. 2006 using
a commercial spreader truck equipped with rooster-comb
beaters. Two to four 0.15 m2 trays were randomly placed
in each plot prior to spreading to quantify application rate.
The manure collected in each tray was weighed, mixed, subsampled for moisture, C, and N analyses, and then returned
to the soil surface from which it had been collected. The field
was disked to a depth of 0.1 m within 48 hours of manure
application. Plots were not fertilized in 2005 prior to planting
spring barley. Barley was harvested in mid-July 2005. In fall
2005 prior to manure application, surface residue was burned to destroy weedy growth that had occurred after harvest.
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Table 1: Description of treatments.

Treatment ID

Soil type

Added N source

Bulk applic. rate, dry wt.
Mg ha−1

Year of
application†

Treatment age (y)
at time of
measurement

Noneroded fertilizer

NE-Fert

Noneroded

Urea

0.29

Each year

1

Control

Control

Eroded

None

0

N/A

1

Fertilizer

Fert

Eroded

Urea

0.29

Each year

1

2006

m1-y1

Eroded

Dairy manure

17.4

2006

1

2005

m1-y2

Eroded

Dairy manure

32.5

2005

2

2004

m1-y3

Eroded

Dairy manure

23.0

2004

3

2006

m3-y1

Eroded

Dairy manure

56.7

2006

1

2005

m3-y2

Eroded

Dairy manure

78.4

2005

2

2004

m3-y3

Eroded

Dairy manure

71.7

2004

3

Treatment name

Manure-1x

Manure-3x

In March 2006 soil samples were taken from plots at 0-to30 cm and 30-to-60 cm depths and analyzed for soil N, P,
and K (described below). Levels of P and K in the soils were
adequate for small grain. On 13 Apr. 2006 the Fert and NEFert treatments received 134 kg N ha−1 as urea via hand-held
spreader, while the control and manure plots received none.
The field was disked to 0.1 m depth and roller-harrowed
prior to planting barley in late April 2006. Barley residue and
volunteer growth was burned on 13 Oct. 2006 before manure
was applied to the designated plots.
On 15 Mar. 2007 soil samples were collected from plots
in 30 cm increments down to 90 cm. We applied urea to the
Fert and NE-Fert treatments and immediately incorporated
the material with a roller harrow. Sugarbeet seed was planted
(cv. BETA 4023R) on 20 Apr. 2007 in rows 0.56 m apart,
with an in-row spacing of 55 mm and later thinned (30 May
2007) to a population of 117,000 plants ha−1 (manufacturer
or trade names are included for the readers’ benefit. The
USDA-ARS neither endorses nor recommends such products). Insect control was accomplished using a Poncho seed
treatment (CropScience LP, Research Triangle Park, NC,
USA). Standard commercial procedures were used to control
weeds and diseases. A single cultivation was performed on
26 June 2007. Irrigation through the growing season was
supplied via sprinkler to meet the crop’s evapotranspiration
requirements. The beet crop was harvested on 10 Oct. 2007.
Meteorological data required to calculate crop evapotranspiration (ET) were acquired from a weather station located
5.6 km northeast of the experimental plots. A rain gauge
located near the field plot measured growing season precipitation. Crop ET was estimated from the maximum reference
ET calculated using the Kimberly-Penman ET model [29],
adjusted with the appropriate daily crop coeﬃcient. Mean
monthly air temperature, and total monthly precipitation,
and irrigation during the 36-month study (including the
plot preparation period, Fall, 2004 through 2006, and 2007
growing season) are reported in Figure 1.

300
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0
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04

Apr
05

Oct
05

Precipitation
Irrigation

Apr
06

Oct
06

Apr
07

35
30
25
20
15
10
5
0
−5
Oct
07

Mean monthly
air temperature (◦ C)

All fertilizer was applied in spring 2007 while all manure was applied in fall of the year shown.

Total monthly
precipitation/irrigation (mm)

†

Temperature
Avg temp (1996–2009)

Figure 1: Total monthly precipitation and irrigation amounts, and
mean monthly air temperature at the study site from fall 2004, when
the first manure treatment was applied, through the 2007 growing
season, when sugarbeet was planted on the experimental plots.

2.3. Sampling and Analyses. We measured N uptake in sugarbeet four times (1 June, 13 July, 20 Aug., and 27 Sep.) during
the 2007 growing season by sampling total biomass of
plant tops (aboveground tissue) and roots from 2 m of two
adjacent rows (4 m total). The shredded sugarbeet roots and
other aboveground plant tissue were dried at 65◦ C for dry
matter determination. After grinding the dried tissue in a
Thomas Wiley mill (Swedesboro, NJ) to pass an 865 µm
screen, its total-N concentration was determined on a Thermo-Finnigan FlashEA1112 CNS analyzer (CE Elantech Inc.,
Lakewood, NJ, USA).
Sugarbeet yields were determined on 10 Oct. 2007 from
two samples in each plot, each consisting of two adjacent
7.6 m long rows. Beet root subsamples collected for each of
the two plot samples were analyzed for soil tare, as well as
quality factors such as brei nitrate, brei conductivity, and
sugar concentration, by the Amalgamated Sugar Company
laboratory (Paul, ID, USA). Plot values were computed as
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the arithmetic mean of the two samples. The projected gross
margin for each plot was computed as gross revenue minus
operating costs. The gross revenue was calculated as the
product of beet yield (tons, wet wt.) and the 2007 grower
beet payment, which varied from $33.47 to $39.23 per ton of
beets (wet wt.) depending on beet sugar percentage. Operating costs [30] were assumed equal for all treatments except
for diﬀerences related to fertilizer and manure application.
Manure costs included only transport and spreading fees
based on a 3.2 km one-way haul distance. Manure application costs were amortized across two years, hence the manure
cost in the 3rd year after application was zero. Costs associated with annual fertilizer treatments included the price of product and its application.
A buried bag technique [31] was used to measure net N
mineralization in plot soils during the 2007 growing season.
Briefly, three 5.7 cm diameter soil cores, 0-to-30 cm deep
were collected on 25 Apr. 2007 in each plot (one from three of
the plot’s four quadrants), composited, and passed through
a 0.4 cm screen. A subsample of the composited soil was collected to determine baseline (or initial) inorganic N and soil
water content. The remaining soil was placed in 10 µm thick,
5 cm diam. polyethylene tubes sealed on one end. After being
filled, the tubes were sealed on the remaining end, resulting
in three 30 cm long soil columns that were inserted into the
sample holes created previously. The bag’s polyethylene film
was only slightly permeable to water vapor but allowed good
gas exchange between the enclosed soil and that surrounding
it [31, 32]. A single bag was pulled from each plot on 15 June,
1 Aug., and 2 Oct. 2007. The net N mineralization during the
period between burial and retrieval was calculated by subtracting the baseline inorganic N concentration (NO3 -N +
NH4 -N) of the initial soil (collected 25 Apr.) from that of the
retrieved bag. A positive diﬀerence indicated net N mineralization, while a negative value indicated net N immobilization during the period. We measured net N mineralization
using buried bags for 25 Apr. to 15 June, 15 June to 1 Aug.,
and 1 Aug. to 2 Oct. The latter two period values were computed by diﬀerence relative to the previously retrieved buried
bag sample. In addition, we estimated the net N mineralization in the not-yet-planted plots from 15 Mar. to 25 Apr. as
the diﬀerence in soil inorganic N concentration (0–30 cm)
between the two dates. We reported the net N mineralized
as mg N kg−1 soil. Cumulative available soil N (0-to-30 cm
depth) during the growing season was computed as the sum
of the initial soil inorganic N present on 15 Mar., added fertilizer N (if any), and net N mineralized across the four periods.
The March 2006 and 2007 field soil samples and buried
bag soil samples were air dried at 35◦ C and ground to pass a
2 mm screen. Soil N was extracted using a 2 M KCl solution.
Within 6 h of extraction, the NO3 -N concentration in each
extract was determined using an automated flow injection
analyzer (Lachat Instruments, Loveland, CO, USA) after
cadmium reduction (Method 12-107-04-1-B) while NH4 -N
concentration was determined using a salicylate-hypochlorite method (Method 12-107-06-2-A). The soil’s inorganic N
concentration was calculated as the sum of the NO3 -N and
NH4 -N concentrations (mg N kg−1 of dry soil). Bicarbonate
extractable P [33] and exchangeable K [34] (except without
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the addition of charcoal) were determined on field soil samples using ICP-OES. Manure C and N concentrations were
determined on a freeze-dried sample with the CNS analyzer
described above.
2.4. Statistical Analysis. Crop yield, biomass, N uptake, and
quality factors for sugarbeet (brei nitrate, brei conductivity)
were examined separately for each reporting interval via
analysis of variance (ANOVA), PROC Mixed [35]. The statistical model included treatment as the fixed eﬀect and block as
the random eﬀect. Treatment means were separated using the
Tukey option [35]. We also included several single-degree-offreedom orthogonal contrasts in the analysis. These included
up to five class comparisons, where a class represents a combination of treatments: (1) no-manure versus manure treatments, where the no-manure class is control + Fert + NE-Fert
and manure is m1 + m3; (2) manure-1x versus manure-3x
treatments, averaged across all years; (3) manure-1x versus
manure-3x treatments for years 2 and 3 only; (4) manure only treatments (m1 + m3) in year-1 versus years 2 and
3; (5) m1-y1 + m3-y1 + m3-y2 versus NE-Fert + Fert. The
last contrast (number 5) tested the hypothesis that, relative
to fertilizer applications, the eﬀect of manure on the crop was
influenced by the interaction between the factors, manure
rate and age of application. Since the manure-1x added less
C and N to the soil, its influence on the crop would diminish
more rapidly than the manure-3x applications. All analyses
were conducted using a P = 0.05 significance level. An
identical statistical approach was used to analyze treatment
eﬀects on cumulative available soil N.
Since the experiment was conducted at a single location,
findings pertain principally to that location. With judicious
foresight, however, inferences made and conclusions drawn
may apply to other locations with similar climatic conditions
and crop management practices.

3. Results and Discussion
Meteorological data presented in Figure 1 portray the climatic conditions that prevailed during the years when the
experimental plots were being developed and for 2007, the
year that sugarbeet was grown on the site. The 2007 growing
season was warmer than average, specifically during the
February–July period, which was on average 1.5◦ C warmer
than the 1996-to-2009 mean. The plots received 175 mm of
annual rainfall in 2007, or 70% of the 1996-to-2009 mean
value. The increased early-summer heat units coupled with
abundant irrigation water supplies and the delay of hard frost
until after October (instead of late September) contributed to
near optimal 2007 sugarbeet yields in southern Idaho [36].
3.1. Sugarbeet Biomass and N Uptake. Several treatment
eﬀects were significant for the sugarbeet cumulative biomass
(Table 2) and N uptake (Table 3) within each measurement
period. The contrast tests identified several relationships
with respect to treatment classes. First, the no-manure and
manure treatments on the whole produced similar cumulative biomass and N uptake in sugarbeet tops, roots, and whole
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Table 2: The influence of treatment on the total cumulative biomass for 2007 sugarbeet plant components. Table gives P values for treatment
eﬀects, and single-degree-of-freedom orthogonal comparisons derived from an analysis of variance.

Source of variation

Treatment (TRT)
Orthogonal contrasts†
No manure versus manure
Man: m1 versus m3
Man: y1 versus y2 & y3
Man y2 & y3: m1 versus m3

Tops

Accumulated sugarbeet biomass
Roots
1
13
20
27
June
July
Aug
Sept
P values

1
June

13
July

20
Aug

27
Sept

∗∗

∗∗∗

∗∗∗

∗∗

0.36

∗∗

0.64

0.26

0.7

∗∗

∗∗∗

0.6
0.07

0.9

∗∗∗

∗∗

0.5
0.06
0.29

0.9

∗∗

∗∗

∗∗

∗∗∗

∗

∗∗

1
June

Whole plant
13
20
July
Aug

27
Sept

∗∗∗

∗∗∗

∗∗∗

∗∗

0.02

∗∗∗

0.8

0.25
0.13

0.7

0.4

0.9

0.23

∗∗

∗

∗∗∗

∗

∗∗

∗

∗∗∗

∗∗

∗∗∗

0.82

∗∗

∗∗

∗

0.9

∗∗∗

∗∗

∗

∗∗∗

∗

∗∗

∗∗

†

No manure: NEFert + control + Fert; Man: manure = m1 + m3 where m1: manure-1x; m3: manure-3x; y1, y2, y3: fall manure applied 1, 2, and 3 years in
the past, respectively.
∗ P < 0.05,∗∗ P < 0.01,∗∗∗ P < 0.001.

Table 3: The influence of treatment on N uptake in 2007 sugarbeet plant components. Table gives P values for treatment eﬀects, and singledegree-of-freedom orthogonal comparisons derived from an analysis of variance.

Source of variation

Treatment (TRT)
Orthogonal contrasts†
No manure versus manure
Man-1x versus Man-3x
Man: y1 versus y2 & y3
Man y2 & y3: m1 versus m3

Tops

N uptake by beet biomass components
Roots
1
13
20
27
June
July
Aug
Sept
P values

1
June

Whole plant
13
20
July
Aug

27
Sept

∗∗∗

∗∗∗

1
June

13
July

20
Aug

27
Sept

∗

∗∗∗

∗∗∗

∗∗∗

∗

∗∗

∗∗∗

∗∗∗

∗

∗∗∗

0.26

0.25

0.78

0.52

0.38

0.7

0.65

0.26

0.9

0.6

∗

∗∗∗

∗

∗∗

0.35
0.08

0.75

∗∗∗

∗∗∗

∗∗

∗∗∗

∗

∗∗∗

∗

0.9

∗∗∗

∗

0.15

0.87

∗∗∗

∗∗

0.11

0.9

∗∗∗

∗

0.09

∗∗

∗∗

∗∗∗

∗

∗

0.06

∗∗∗

∗∗

∗∗

∗∗

∗∗∗

∗∗

†

No manure: NEFert + control + Fert; Man: manure = m1 + m3 where m1: manure-1x; m3: manure-3x; y1, y2, y3: fall manure applied 1, 2, and 3 years in
the past, respectively.
∗ P < 0.05, ∗∗ P < 0.01,∗∗∗ P < 0.001.

plants. This result was partly due to substantial variability
among treatment responses within each class, for example,
the control treatment values were about half those of other
no-manure treatments, and the m1-y3 values were about
half that of other manure treatments (Table 4). However, the
result shown in Table 3 suggests that no-manure treatments
provided similar quantities of soil N to sugarbeet on average
as did the manure treatments. As a consequence, seasonlong, total biomass production, and N uptake were similar
between the groups (Table 4). See the discussion later in this
section.
Second, compared to the manure-1x treatments, the manure-3x in general resulted in 1.12x greater season-long
cumulative biomass production and 1.37x greater N uptake
(Table 4). In addition, the relative diﬀerence between manure-3x and manure-1x responses was greater in the 2nd
and 3rd years after manure application (i.e., comparing
results of the m1 versus m3 contrast in y2, y3 with that
of the m1 versus m3 contrast averaged across all years in
Table 4). The disproportionately smaller increase in both

biomass and N uptake in response to a tripling of the manure rate indicated that the manure-3x treatment supplied
excess N, and/or crop utilization of manure N decreased
with increasing manure application [37]. As time since application increased (comparing the m1 versus m3 contrast in y2,
y3), the N supplied by manure-1x apparently was less able to
support beet growth than the manure-3x, causing a greater
diﬀerence in biomass production and N uptake between the
manure rate classes.
Third, the year of manure application aﬀected total
sugarbeet biomass and N uptake more during the early-June
to mid-July period than at season’s end (Tables 2 and 3).
By 13 July 2007 the y1 manure treatments produced 1.4x
greater sugarbeet biomass with 1.7x greater N uptake than
the average for y2 and y3 manure treatments (Table 4). These
disparities declined from that date onward. Thus by season’s
end, the sugarbeet in 2-year-old and 3-year-old manure plots
had largely caught up to those of the 1-year-old manure
treatments, such that diﬀerences were no longer significant.
Thus y1 manure treatments generally provided greater
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Table 4: Accumulated total biomass and N uptake in sugarbeet (tops and roots) at four times during the 2007 growing season.

Treatment†

Biomass

N uptake

1 June

13 July
20 Aug
Mg ha−1 (dry wt.)

27 Sept

1 June

13 July

20 Aug
Kg ha−1

27 Sept

0.15a‡
0.06b
0.10ab

7.3ab
4.2b
8.4a

17.5a
10.4c
20.9a

25.0bc
17.1c
30.6a

6.57a
2.81b
4.85ab

124.6ab
52.7b
164.6a

183.8ab
103.1b
288.4a

257.4ab
152.5b
383.3a

0.07ab
0.08ab
0.07b

8.0a
4.8b
4.1b

18.2ab
12.1bc
11.7bc

25.3ab
21.8ab
17.3c

3.18ab
3.6ab
2.98ab

140.3a
62.6b
56.4ab

201.6ab
119.4b
123.2b

268.4ab
211.0b
151.4b

0.13ab
0.13ab
0.13ab

7.6a
7.0ab
6.0ab

19.6a
18.4a
17.3a

24.8abc
25.3ab
22.7b

5.89ab
5.86ab
5.44ab

140.5a
118.6ab
92.4ab

251.8a
236.8a
211.4a

300.2ab
315.4ab
252.6ab

No manure
Manure

0.10
0.10

6.6
6.3

16.2
16.2

24.1
22.8

4.7
4.5

114.0
101.8

189.4
191.1

262.9
246.2

Manure-1x
Manure-3x

0.07b
0.13a

5.6b
6.9a

14.0b
18.4a

21.5b
24.1a

3.3b
5.7a

86.4b
117.2a

146.9b
235.2a

207.6b
284.8a

Manure Year-1
Manure Year 2 & 3

0.10
0.10

7.8a
5.5b

18.9a
14.9b

24.8
21.8

4.5
4.5

140.4a
82.5b

227.8a
172.7b

273.4
232.6

Year 2 & 3: m1
Year 2 & 3: m3

0.08b
0.13a

4.5b
6.5a

11.9b
17.85a

19.6b
24.0a

3.3b
5.65a

59.5b
105.5a

121.3b
224.1a

181.2b
284.0a

No manure
NE-Fert
Control
Fert
Manure-1x
m1-y1
m1-y2
m1-y3
Manure-3x
m3-y1
m3-y2
m3-y3
Treatment classes for orthogonal contrasts

†

NE-Fert: noneroded fertilizer (all other treatments on eroded soil); m1: manure-1x; m3: Manure-3x; y1, y2, y3: fall manure applied 1, 2, and 3 years in the
past, respectively; manure: m1 + m3; no manure: NEFert + Control + Fert.
‡ Within a given plant component and sample date, treatment means followed by the same lower case letter are not significantly diﬀerent (P < 0.05). Not
displayed if eﬀect was not significant in the ANOVA (Table 5).

available soil N than y2 and y3 manure during the June-July
sugarbeet growth period, but in later months, either soil
N availability declined or some factor interfered with the
growth and N uptake in y1 manure beets. We hypothesize
that the former was the case, resulting from increased N
immobilization for y1 beets during the June and July. The
release of abundant, readily metabolized C from manure in
y1 may have stimulated microbial growth [38, 39]. Lentz
et al. [11] showed that immobilization in manure-amended
soils was greater in y1 after application compared to y2 and
y3 (see later discussion).
Fourth, when y1 manure treatments as a class were
compared with y2 and y3 manure treatments, y1 had 1.14x
greater season-long total biomass production and 1.18x
greater total N uptake (Table 4). Within a manure treatment
and measurement period, however, the magnitude and
significance of the diﬀerences between y1 manure treatments
and y2 or y3 manure treatments were greater and more
common for manure-1x than for manure-3x treatments
(Table 4). This suggests that manure-3x treatments, regardless of age, provided adequate N for the crop. Furthermore,
the m1-y1 treatment resulted in similar sugarbeet biomass
production and N uptake as any manure-3x treatment no

matter the year applied. This indicates that the m1-y1
treatment also provided adequate N for the sugarbeet.
The Fert and NE-Fert treatments consistently produced
greater season-long crop biomass and N uptake than the
control, although the diﬀerence was significant only for
Fert after 1 June (Table 4, Figure 2), reflecting the greater N
availability in the two fertilized treatments compared to the
control. The NE-Fert produced greater sugarbeet biomass
and N uptake than Fert on 1 June, day of year (DOY)
152, whereas the opposite tendency was observed at later
dates. This likely resulted because seedlings emerged later
and stand counts were 15% smaller (after thinning) in Fert
plots relative to NE-Fert (data not presented). Later in the
season, the lesser plant density for Fert compared to NE-Fert
and other treatments (after thinning) may have rendered it
less susceptible to a powdery mildew outbreak [40], which
was identified in the field in midsummer and subsequently
treated with fungicide and sulfur.
3.2. Sugarbeet Yield, Quality, and Profitability. Clean beet
yields for all treatments ranged from 56.4 to 101.1 Mg ha−1
and averaged 83.0 Mg ha−1 (Table 5). These yields compare
favorably with the average 2007 sugarbeet yield for southern
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Figure 2: The eﬀect of treatments on biomass accumulation in sugarbeet tops, that is, aboveground tissue (a) and root (b) components, and
on N uptake in sugarbeet tops (c) and roots (d) in 2007. (Measured on dates (DOY) 1 June (152), 13 July (194), 20 Aug. (232), and 27 Sep.
(270). Bar length represents the mean standard error (n = 4) for the 9 treatments at the given measurement date.

Idaho growers, 76.6 Mg ha−1 [36]. Sugarbeet yield and quality were aﬀected by treatments, whether considered individually or when compared as classes (contrasts). The m1-y1, m3y1, and m3-y2 treatments produced 1.3 to 1.8 times greater
root yields than NE-Fert, control, m1-y2, and m1-y3 treatments (Table 5). Contrast tests showed that yields increased
about 1.2-fold when (1) manure instead of fertilizer or no
amendment was added to soil; (2) the manure amendment
rate was increased from 1x to 3x; (3) sugarbeet was planted in
the first year after fall manure application instead of waiting
until the 2nd or 3rd year after application (Table 5).

Sugar concentration in beets ranged from 15.6 to 17.7%
and averaged 16.7% (Table 5) with concentrations being
generally greater in lower-yielding treatments, as expected.
Our study’s mean sugar concentration was nearly equivalent
to the average sugar concentration obtained by southern
Idaho growers in 2007, that is, 16.8% [36]. The NE-Fert and
control treatments produced greater beet sugar concentrations than Fert, m3-y2, and m3-y3 treatments (mean 17.6
versus 16.0). Beet sugar concentrations decreased slightly
(3–6% on average) when (1) manure was applied instead
of fertilizer or no amendment; (2) manure application was
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Table 5: Treatment and orthogonal contrast mean values for sugarbeet yield, quality, and gross margin parameters.

Treatment†

No manure
NE-Fert
Control
Fert
Manure-1x
m1-y1
m1-y2
m1-y3
Manure-3x
m3-y1
m3-y2
m3-y3
Treatment classes for contrasts
No manure
Manure
Manure-1x
Manure-3x
Manure y1
Manure y2 & y3
Year 2 & 3: m1
Year 2 & 3: m3
m1-y1, m3-y1, m3-y2
NE-Fert, Fert

mg kg−1

Brei
conductivity
dS m−1

Gross
margin§
$US ha−1

11.6ab
8.5b
12.3ab

59.8c
106.8c
187.3bc

0.58d
0.68cd
0.88bc

979bc
292 d
1272ab

16.7ab
16.8ab
16.8ab

14.0a
10.4ab
9.1b

147.1bc
143.6bc
185.4bc

0.91b
0.77bcd
0.81bc

1884a
731bcd
484cd

97.7a
101.1a
88.5ab

16.8ab
16.0b
15.6b

13.6a
13.2a
11.2ab

149.1bc
259.6ab
308.5a

0.95b
0.96b
1.02a

1676a
1510ab
1138b

73.9b
87.6a
79.4b
95.8a
99.4a
81.7b
68.7b
94.8a
99.9a
82.7b

17.2a
16.5b
16.8a
16.1b
16.8a
16.3b
16.8a
15.8b
16.5b
17.1a

10.8
11.9
11.2b
12.7a
13.8a
11.0b
9.8b
12.2a
13.6a
12.0b

118.0b
198.9a
158.7b
239.1a
148.1b
224.3a
164.5b
284.1a
185.3
123.6

0.71a
0.90b
0.83b
0.98a
0.93
0.89
0.79b
0.99a
0.9a
0.7b

848b
1237a
1033b
1441a
1780a
966b
607b
1324a
1690a
1126b

Clean beet root yield‡

Sugar

Est. Recov. sugar‡

Brei nitrate

Mg ha−1

%

Mg ha−1

75.2c§
56.4c
90.2ab

17.7a
17.6a
16.4b

101.0a
72.8bc
64.5c

†

NE-Fert: noneroded fertilizer (all other treatments on eroded soil); m1: manure-1x; m3: manure-3x; y1, y2, y3: fall manure applied 1, 2, and 3 years in the
past, respectively; manure: m1 + m3; no manure: NEFert + Control + Fert.
‡ Clean yield: yield minus soil tare; Est. Recov. Sugar: estimated amount of sugar extractable from beets per unit area.
§ Gross margin: gross revenue minus operating costs.
¶ For a given yield or quality parameter, treatment means or means for individual orthogonal contrasts followed by the same lower case letter are not
significantly diﬀerent (P < 0.05). Not displayed if eﬀect was not significant in the ANOVA.

increased from 1x to 3x; or (3) sugarbeet was planted in
the first year after fall manure application instead of waiting
until the 2nd or 3rd year after application. These results are
consistent with the concept that increasing N availability decreases beet root sugar concentration [8, 9].
Increased nitrate and soluble impurity (conductivity)
concentrations in sugarbeet brei (fresh macerated beet root)
are associated with a decrease in the quantity of sugar recovered from the sugarbeet and increased sugar extraction costs
[4, 27]. When the manure application rate increased from 1x
to 3x, brei nitrate increased an average 1.6-fold (from 158.7
to 239 mg kg−1 ) and conductivity increased 1.2-fold on average. Brei conductivity of manure treatments in year 1 did not
diﬀer from the mean value for year 2 and year 3. The m3-y3
treatment produced the greatest brei nitrate concentrations
in beet roots, 309 mg kg−1 . While this value exceeded the
250 mg kg−1 target level recommended for southern Idaho
[27], it was still well below the mean value for the 2007,
southcentral Idaho sugarbeet crop, 351 mg kg−1 (S. Camp,
Amalgamated Sugar Co., personal communication, 2010).

The control produced the least estimated recoverable
sugar, 8.5 Mg ha−1 (Table 5). The treatments m1-y1, m3-y1,
and m3-y2 produced the greatest estimated recoverable sugar
values (mean 13.6 Mg ha−1 ), which were 1.5x greater than
that of the two least performing treatments, m1-y3 and control (mean 8.8 Mg ha−1 ), and 1.1x that of the two fertilizer
treatments (mean 12.0 Mg ha−1 ). In addition, the estimated recoverable sugar in beets increased 1.22-fold, on average,
when manure application was increased from the 1x to 3x
rate or sugarbeet was planted in the first year after fall manure application instead of waiting until the 2nd or 3rd year
after application.
The gross margins listed in Table 5 integrate treatment
eﬀects on beet yield and quality and fertilizer or manure
costs, and provide a measure of treatment eﬀects on profitability. An examination of individual manure treatments
revealed that all except m1-y3 produced similar or greater
gross margins than either the Fert or NE-Fert. Contrast
tests showed that 1) the average gross margin for m1-y1,
m3-y1, and m3-y2 manure treatments was 1.5-fold greater
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Table 6: Treatment and contrast class mean values for soil (0–30 cm) inorganic N concentrations in spring (before and after planting),
cumulative net N mineralization, and cumulative available N during the growing season.
Treatment†

No manure
NE-Fert
Control
Fert
Manure-1x
m1-y1
m1-y2
m1-y3
Manure-3x
m3-y1
m3-y2
m3-y3
Treatment classes for contrasts
No manure
Manure
Manure-1x
Manure-3x
Manure y1
Manure y2 & y3
Year 2 & 3: m1
Year 2 & 3: m3

Soil N
15 Mar.

Soil N
25 Apr.

Cum. net N mineralized
25 Apr.–27 Sept.
mg kg−1

Cum. available N
15 Mar.–27 Sept.

8.3b‡
10.9b
8.9b

39.0a
12.6b
33.6a

18.0bc
14.6c
19.6bc

57.0bc
27.1d
62.8bc

13.5b
10.0b
8.3b

31.8a
17.9b
14.1b

32.8ab
23.7bc
22.5bc

64.6b
41.6c
36.7cd

24.1a
12.7b
13.7b

45.9a
27.8ab
28.7ab

41.4a
28.5bc
29.1b

87.3a
56.3bc
57.8bc

9.4
13.7
10.6
16.8
18.8
11.2
9.2b
13.2a

28.4
27.7
21.3b
34.1a
38.9a
22.1b
16.0b
28.3a

17.1b
29.7a
26.3b
32.9a
37.1a
26.0b
23.1b
28.8a

49.0b
57.4a
47.6b
67.1a
76.0a
48.1b
39.2b
57.1a

†

NE-Fert: noneroded fertilizer (all other treatments on eroded soil); m1: manure-1x; m3: manure-3x; y1, y2, y3: fall manure applied 1, 2, and 3 years in the
past, respectively; manure: m1 + m3; No manure: NEFert + Control + Fert.
‡ For a given yield or quality parameter, treatment means or means for individual orthogonal contrasts followed by the same lower case letter are not
significantly diﬀerent (P < 0.05). Not displayed if eﬀect was not significant in the ANOVA.

than that for NE-fert and Fert treatments; 2) manure-3x
treatments as a whole produced 1.4-fold greater gross margin
than manure-1x treatments; 3) the mean gross margin for y1
manure treatment class was 1.8-fold greater than the y2 and
y3 manure mean value; and 4) in the 2nd and 3rd year after
manure application the manure-3x treatments on average
resulted in a 2.2-fold greater gross margin than the manure1x treatments.
Thus, fall manure applications 1 or 2 years prior to growing sugarbeet can potentially widen profit margins relative
to conventional fertilizers applied preplant in the spring.
While the m1-y1 manure treatment produced the greatest
mean gross margin, use of greater manure application rates
might be advisable. Manure quality often varies and the 1x
rate leaves less margin for error. A greater application rate
every two years, rather than one, halves application costs.
Moreover, a high N-demand crop such as corn could be
grown the year before sugarbeet to eﬃciently and profitably
use the N mineralized in the first 12 months after the manure was applied [11]. On the other hand, mineralized N
(as NO3 − ) could be leached below the sugarbeet’s root zone
before or during the beet growing season. Note that our

margin analysis does not account for extra costs that may
arise due to manure use, for example, additional management costs associated with increased weed pressure.
The influence of increasing manure applications on sugarbeet yields and estimated recoverable sugar in year 1 were
also investigated by Lentz et al. [11] in 2003 for similar soils
in southern Idaho. Lentz et al. [11] reported that, in contrast
to the results of this study, sugarbeet root yields and recoverable sugar decreased as manure application rates increased.
This diﬀerence was likely due to less initial residual soil N and
less C and total N in the manure used in the current study relative to those in 2003. In sum, these factors decreased the N
available in the 2007 soils which in turn reduced the possibility that excessive N mineralized from manure amendments
would limit beet yields and recoverable sugar values [2, 8].
3.3. N Mineralization and Availability. The contrast tests
for the season-long (25 Apr. to 27 Sept.) cumulative net
N mineralization (Table 6) established that (1) manure
treatments taken as a class produced 1.7x greater N than nomanure treatments; (2) manure-3x treatments on average
produced 1.3x greater N than manure-1x treatments; (3) N
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Figure 3: Cumulative net soil N available through mineralization
and any fertilizer addition in the 0-to-30 cm soil during the 2007
sugarbeet growing season (measured on dates (DOY) 15 Mar. (74),
25 Apr. (115), 15 June (166), 1 Aug. (213), and 2 Oct. (275).
Bar length represents the mean standard error (n = 4) for the 9
treatments at the given measurement date.

mineralized from y1 manure treatments as a class was 1.4x
greater than that for the y2 and y3 manure treatment class
mean. Hence, the cumulative available soil N from manure
amendments generally declined as application rate decreased
and time since application increased (Table 6, Figure 3).
The net N mineralized in the uppermost 0.3 m soil
profile during the growing season (25 Apr. to 27 Sept.) for
year-1 manure treatments was 32.8 mg kg−1 for manure-1x,
or 2.2 times the control value, and 41.4 mg kg−1 for manure-3x, or 2.8 times that of the control (Table 6). These
net N mineralization values for the year-1 treatments were
similar to those reported by Lentz et al. [11] for comparable treatments in 2003, that is, 32.6 (manure-1x) and
48.7 mg kg−1 (manure-3x). Net N mineralized during the
growing season for year-2 and year-3 manure treatments was
reduced an average 30% in comparison to year-1 manure
(Table 6). Findings from the 2007 growing season showed
that fertilizer and the m1-y1, m3-y2, and m3-y3 treatments
supplied similar amounts of cumulative N. In contrast m3y1 provided nearly 1.5x more N (P < 0.0001), and m1-y2
and m1-y3 provided 37% less N (P < 0.0001) than the mean
fertilizer treatment value (Table 6, Figure 3). The control and
m1-y3 treatments provided the least cumulative available soil
N, produced the least biomass, and led to the least N being
incorporated into crop tissue (Figures 2 and 3).
For manure treatments, mineralized N accumulated at
a slower rate in the interval from 25 Apr. to 15 June (DOY
115 to 166) than for other intervals (revealed as a decrease

in slope in Figure 3). This slowing of the rate was most pronounced for the larger and more recent manure applications.
This corroborates observations made by Lentz et al. [11],
who described an identical phenomenon in their experiment
conducted on similar soils at Kimberly, ID. The slowing rate
of net N mineralization was likely due to immobilization of
manure N that occurred after soils warmed during this early
summer period. Mean soil temperatures at the 10 cm depth
exceeded 21◦ C by mid-June (data not shown). Seasonal N
mineralization data from an Ontario, Canada, experiment
also showed a subtle dip in mineralization rate during this
period, but the researchers described a more substantial decrease in N mineralization rate after DOY 227 [15]. The
researchers attributed the substantial decreases to the release
of carbonaceous root exudates and subsequent N immobilization [15]. Similar declines in N mineralization during the
early summer period were reported for coastal Alabama soils
amended with composted dairy manure [41].
The pattern of crop biomass accumulation and N-uptake
in sugarbeet tops and roots (Figure 2) generally followed that
of soil N availability (Figure 3). There were two exceptions.
First, while Fert and NE-Fert treatments provided similar
soil N, Fert produced substantially greater season-long crop
biomass and N uptake than the NE-Fert (Figure 2, Table 4).
This may be related to the diﬀerences in stand density and
mildew pathology, as discussed previously. Second, though
the net N mineralized for the m3 treatment was greater
in y1 than for y2 or y3 (Figure 3), the extra N mineralized
in y1 did not result in greater season-long crop N uptake
(Figure 2, Table 4). This reveals that the N derived from the
3x manure (applied in the previous fall) was not utilized
eﬃciently, presumably because it exceeded crop needs.
Moreover, the excess soil mineral N in the 3x treatments was
subject to leaching losses.

4. Conclusions
This study quantifies the eﬀects of stock-piled dairy manure
applications made 1, 2, or 3 years previously on sugarbeet.
Results of this and a previous, related study [11] on calcareous, southern Idaho soil indicate that the influence of manure N applications on soil N availability, N uptake, and
sugarbeet yield and quality was a function of residual inorganic soil N at the start of the growing season, the amount of
Fall-applied manure added, and the year in which the manure was applied. A Fall manure application alone, when
applied at an appropriate rate and planted to sugarbeet in
either the first or second year after application provided
adequate N nutrition for the production of a high quality
sugarbeet crop. Furthermore, these manure treatments (m1y1, m3-y1, and m3-y2) increased estimated recoverable sugar
yields an average of 1.1-fold and increased gross margins an
average of 1.5-fold relative to conventional fertilizer treatments. The increases in recoverable sugar and gross margins
documented in this study are likely to vary from one site to
another as a function of soil type, climate, and growing conditions. Our results illustrate nonetheless how proper manure management can increase sugarbeet yields and producer profit margins.
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Abbreviations
Fert:
NE-Fert:
EC:
y1, y2, y3:

Fertilizer on eroded soil
Fertilizer on noneroded soils
Electrical conductivity
Fall manure applied 1, 2, and 3 years in the
past, respectively.
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We conducted a 3-year field study to determine how raw dairy slurry and anaerobically digested slurry (dairy slurry and food
waste) applied via broadcast and subsurface deposition to reed canarygrass (Phalaris arundinacea) aﬀected forage biomass, N
uptake, apparent nitrogen recovery (ANR), and soil nitrate concentrations relative to urea. Annual N applications ranged from
600 kg N ha−1 in 2009 to 300 kg N ha−1 in 2011. Forage yield and N uptake were similar across slurry treatments. Soil nitrate
concentrations were greatest at the beginning of the fall leaching season, and did not diﬀer among slurry treatments or application
methods. Urea-fertilized plots had the highest soil nitrate concentrations but did not consistently have greatest forage biomass.
ANR for the slurry treatments ranged from 35 to 70% when calculations were based on ammonium-N concentration, compared
with 31 to 65% for urea. Slurry ANR calculated on a total N basis was lower (15 to 40%) due to lower availability of the organic
N in the slurries. No consistent diﬀerences in soil microbial biomass or other biological indicators were observed. Anaerobically
digested slurry supported equal forage production and similar N use eﬃciency when compared to raw dairy slurry.

1. Introduction
There is a need for a set of best management practices that
addresses how to utilize the growing quantity of reactive
nitrogen (N) produced by livestock operations. Animal
agriculture in the United States has become more specialized
with farms consolidating and growing in size [1]. The
number of dairy farms has decreased by 94% since 1960, but
the number of animals has remained constant [2]. Animal
consolidation has created challenges with respect to on-farm
N surplus, waste management and nutrient loading in the
environment [3, 4]. Annually in the United States, more than
5800 Mg of manure N is produced [5]. One approach to
ameliorate negative environmental impacts associated with
animal manures is through adoption of anaerobic digestion
technologies to treat farm-generated manures and food
processing wastes [6–9]. Digestion of wastes can provide

a stable and consistent source of nutrients comparable to
inorganic fertilizers such as urea.
Anaerobic digestion converts organic carbon into methane used to generate electricity, and it also converts organic N
to plant available ammonium (NH4 + ), increasing the ratio of
NH4 + /total N in the eﬄuent [10]. Carbon is removed during
both the methane production and fiber removal processes,
resulting in a smaller C : N ratio of the eﬄuent [11].
Therefore, digested eﬄuent can serve as low-cost source of
readily available nutrients for crop production. Some studies
[12] have found increased yield and N availability with
application of anaerobically digested material as compared to
nondigested material, possibly due to increased N availability
and reduced carbon (C) content. Anaerobically digested
manure can provide suﬃcient nutrients to support biomass
and crop yields equivalent to synthetic fertilizers and raw
manures [13, 14]. The apparent mineral nitrogen recovery
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(ANRM ) of tall fescue (Festuca spp.) receiving raw dairy
manure slurry was reported by Bittman et al. [13] as 55
and 51% at early and late applications, respectively, using
the drag shoe method (band applied directly to soil, under
plant canopy). When surface applied, the ANRM was 37%
applied early and 40% when applied late. Similar results were
presented by Cherney et al. [15] with orchardgrass (Dactulis
glomerata L.) and tall fescue.
Perennial systems that contain living plants year round
tend to remove more reactive N than annual systems. Mean
reed canarygrass biomass measured in trials in Minnesota
was 13 Mg ha−1 under modest N applications (168 kg N
ha−1 yr−1 ) [16]. Bermudagrass (Cynodon spp.) fertilized with
89–444 kg manure N ha−1 yielded a mean of 7.92 Mg dry
matter ha−1 over four or five cuttings per year [17]. However,
the forage crop recovered only 25% of the N applied over
the four years included in the study. Reed canarygrass
(Phalaris arundinacea) is an ideal candidate for N removal
because of its ability to store any left-over N applied during
the growing season in rhizomes overwinter, providing a
significant advantage to the forage in early spring when soilN may be limited [18].
As with any N source, application of manure N in excess
of crop uptake can result in NO3 − leaching [19]. Up to
46% of applied manure N may persist in the soil, increasing
the potential for loss of N after multiple applications in a
growing season [20]. Some studies indicate that manure N
poses less of a risk to leaching than the same amount of N
in the form of synthetic fertilizer [21] due to immobilization
of N that often occurs as humic materials build up in soil.
Other researchers have determined manure increases NO3 −
leaching [22]. Irrespective of the source and properties of the
N fertilizer applied during winter months when plants are
dormant, NO3 − leaching can be the main source of N loss
[23].
Manure additions can enhance soil fertility and quality
through their short and long-term contribution to soil C and
N [24–27]. Current research demonstrates that long-term
manure applications increase soil organic matter, basal respiration, microbial biomass, and enzymatic activity (measures
of soil quality), while mineral fertilizers can decrease pH,
enzymatic activity, and microbial biomass C [28]. Organic
amendments such as manure also have an eﬀect on microbial
community structure in addition to enhancing the activity, C
content, and size of soil microbial biomass [29, 30]. A study
by Zhong et al. [31] demonstrated total phospholipid fatty
acid (PLFA), gram-negative, and actinobacterial PLFA were
highest in treatments of organic matter and organic matter
+ mineral NPK fertilizer. Functional diversity from organic
manure and organic manure + mineral NPK fertilizers
increased over time far more than with additions of synthetic
fertilizers alone. We anticipate that long-term application
of raw dairy slurry and digested slurry will enhance soil
quality aﬀecting microbial community structure and activity
overtime.
The goal of this study was to determine the fate of
applied N in anaerobically digested slurry (derived from
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mixed dairy slurry and food waste), raw dairy slurry, and
urea during forage production. Specifically, we compare the
biomass, ANR and N uptake of forages to determine which
N source(s) has the potential to maintain forage biomass and
reduce reactive N. In addition, we evaluated the eﬀectiveness
of subsurface deposition versus broadcast application of raw
slurry and anaerobically digested slurry to improve forage
biomass production, ANR and N uptake of forages, as well as
reduce residual reactive N. Our hypotheses were (1) digested
slurry would have more available N and generate a greater
forage response than raw slurry, (2) subsurface deposition
would conserve more N than surface application, resulting in
greater forage response, particularly for the raw manure with
higher solids content, and (3) application of digested slurry
would reduce soil nitrate-N concentrations relative to urea.

2. Materials and Methods
2.1. Site Description. A field-based experiment, located on a
commercial dairy in Monroe, Washington, was established
in 2009. The field was mapped as 90% Puget silty clay loam
(fine-silty, mixed, superactive, nonacid, mesic Fluvaquentic
Endoaquepts) and 10% Sultan silt loam soils (fine-silty,
isotic, mesic, Aquandic Dystrochrepts) [32] and had a history
of manure applications. The site had climatic conditions
typical of the Maritime Pacific Northwest with cool wet
winters and dry summers. The 2009 growing season had a
drier than normal summer, while 2011 had a cool spring and
dry summer (Table 1). The 2010 season had the best growing
conditions, with a warm spring and more summer rainfall
than 2009 or 2011.
The experimental design included six treatments in
a randomized complete block design with four replicates
(3.6 m × 18 m). Treatments included two dairy manure slurries (raw and anaerobically digested), two slurry application
methods (broadcast and subsurface deposition), inorganic N
(pelletized urea), and a zero-fertilizer treatment that received
0 kg N ha−1 .
The raw dairy slurry was flushed from the barn floor
and obtained fresh from a holding tank. Digested slurry
was produced in an anaerobic digester with a plug-flow
design, operating within mesophilic (23.5◦ C) conditions,
with an approximate 17-day retention time, and storage
capacity of ∼6,100,000 liters. Liquid slurry from a single
dairy consisting of 1,000 lactating cows was codigested with
pre-consumer food-waste substrates. Food-waste consisted
of no more than 30% of the total digester input and
included whey, egg byproduct, processed fish, ruminant
blood, biodiesel byproduct, and Daf grease (dissolved air
flotation). After digestion, materials were passed through
a rotating drum screen solid separator where solids were
removed for composting and liquids pumped to a storage
lagoon. The digested slurry applied to plots was obtained
just after liquids-solids separation and prior to lagoon
storage. A 250 mL subsample of each slurry was taken during
each application (Table 2), cooled, and analyzed for totalnitrogen, nitrate-N, ammonium-N, total-phosphorus, and
total solids [33] (Table 3).
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Table 1: Average air temperature and total precipitation by month beginning at the start of plot implementation through the 3rd growing
season.
Year

Average air temp (◦ C)
9.2
12.8
16.8
20.0
18.0
15.5
9.9
7.6
1.4
7.3
7.0
7.8
9.4
11.2
14.4
17.0
17.1
15.3
10.6
5.7
5.3
5.1
3.4
7.1
7.2
10.6
14.1
15.7
16.4
15.5
10.2

Month
April
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September
October

2009

2010

2011

Total precipitation (mm)
61
73
19
6
13
54
100
137
35
89
44
54
55
66
61
7
22
85
85
107
184
120
80
119
79
74
39
18
3
23
71

Data from Washington State University AgWeatherNet, 21-Acres Station.

Table 2: Dates of forage harvest and fertilizer (slurry and urea) applications for field study in Monroe, WA for 2009–2011.

Forage Harvest
7-May-09c
2-Jun-09
1-Jul-09
28-Jul-09
31-Aug-09
29-Sep-09
30-Nov-09
a

2009
Fertilizer applicationa
17-Apr-09b
14-May-09
8-Jun-09
20-Jun-09d
11-Aug-09

2010
Forage Harvest
26-Apr-10
10-Jun-10
7-Jul-10
12-Aug-10
15-Sep-10
2-Dec-10

2011
Fertilizer applicationa
4-Mar-10
11-May-10
22-Jun-10
15-Jul-10
30-Sep-10

Soil samples taken 1-day prior to fertilizer application.
season manure application by grower, prior to plot establishment.
c Harvest prior to plot establishment, yield data from this harvest does not include replicates.
d Unintended slurry application from grower.
b Early

Forage harvest

Fertilizer applicationa

5-May-11
10-Jun-11
14-Jul-10
22-Aug-10
20-Sep-10
18-Oct-11

19-May-11
22-Jun-11
4-Aug-11
31-Aug-11

4
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Table 3: Annual mean N and P concentrations of raw and anaerobically digested slurries applied to pasture plots.
2009

Percent Total Solids (%)
Total N, mg kg−1a
NH4 –N, mg kg−1
Organic N, mg kg−1b
Total P, mg kg−1
a

Raw dairy
Slurry
2.8
1441
707
734
350

2010
Digested
slurry
1.9
1617
1038
578
300

Raw dairy
slurry
3.4
1653
776
877
331

2011
Digested
slurry
2.0
2672
1253
1419
292

Raw dairy
slurry
3.4
1475
760
715
330

Digested
slurry
1.4
2000
930
1070
210

N and P concentrations reported as is.
nitrogen (N) = total N − NH4 –N.

b Organic

A mix of reed canarygrass (Phalaris arundinacea) cv.
“Palaton” and white clover (Trifolium repens) was overseeded into the field at 62 kg ha−1 in May 2006, three years
before the start of this experiment. Plots were sprayed with
broad leaf herbicides on 18 June 2009, 10 July 2010, and 8
August 2011 with 1.17 L ha−1 , 2, 4-Dichlorophenoxy acetic
acid, 73 mL ha−1 Carfentrazone-ethyl (Aim), and 410 mL
ha−1 , dicamba (Banvel) to control the clover.
2.2. Slurry Application Method. Slurries were applied via
two application methods, subsurface deposition and surface
broadcast application. Subsurface deposition was accomplished with a 4169-liter capacity manure tank fitted
to a National Volume Equipment pump (model MEC
4000/PALD) with a 3.05 meter Aerway Sub-Surface Deposition (Model AW1000-2B48-D) and custom Banderator
attachment for application of manure through eight PVC
pipes attached directly behind the Banderator tines. Tines
were set 19 cm apart on the roller and allowed to drop 10 cm
below the soil surface creating intermittent slices 12.5 cm
in length at the surface. Visual observation of the plots
suggested that the tines created slices at random locations
throughout the growing season. Surface broadcast of raw and
anaerobically digested slurries were accomplished using an
Aerway system with the tines raised above the soil surface.
Application rates for the raw and anaerobically digested
slurry were projected to be equal in total N and allowed
to vary in ammonia-N, for a total yearly application of
approximately 600 kg N ha−1 in 2009, 500 kg N ha−1 in
2010, and 300 kg N ha−1 in 2011 (Table 4). We reduced the
amount of N applied on urea and slurry treatments each
year of the study from 2009 to 2011 based on the fall soil
nitrate concentrations. When soil nitrate-N is above 35 mg
N kg−1 in the fall, it is recommended that applications be
eliminated after August 1st, N application rates be reduced
in the subsequent year by 25–40 percent and sidedress N at
planting be eliminated [34]. An early season raw dairy slurry
application (Table 2, application 1 in 2009) was applied by
the grower to all plots prior to establishment of the field plots
and is not included in the statistical analyses. An inadvertent
application of 143 kg N ha−1 across all plots by the grower
in June of 2009 (Table 2, application 4) is included in the
analysis. This accounts for the higher annual application rate
in 2009. Application rates were lowest in 2011 because wet

conditions prevented an early season application (Table 4),
and the slurries had lower mean N concentrations. Plots were
fertilized no more than five days after grass harvest. There
were a total of five manure applications per year during 20092010 and four in 2011 (Table 2).
2.3. Field Management and Analysis. The aboveground
biomass from grass swaths, 0.6 × 0.6 m, was harvested from
the center of each plot every 28–35 d (Table 2) using handheld hedge clippers. Three subsamples were taken within
each of the four plot replicates for each treatment. The three
subsamples were divided into grasses, clover, and weeds to
adjust the aboveground biomass and ANR measurements.
Due to herbicide applications, weeds were minimal all years.
White clover biomass was significant in two of the cuttings
in 2011. Samples were bagged, and weighed immediately.
Forage was then dried at 55◦ C for 24 hrs, weighed, and
ground in a Wiley Mill (Arthur H. Thomas Co., Philadelphia,
PA) with a 1 mm screen. Ground samples were analyzed
for forage nitrogen content with a Leco FP-528 Nitrogen
Analyzer (Leco Corporation, St. Joseph, MI; AOAC, 2001)
by Cumberland Valley Analytical Services Inc. (Hagerstown,
MD).
Soil samples were collected from each plot and analyzed
for Bray-1 P, exchangeable K, and pH at the beginning of
the experiment 2009 and again at the end of 2010. Six soil
cores per plot were taken to a 30-cm depth using a 2.54 cm
diameter soil sampling probe and composited. Additional
soil samples were collected for nitrate-N analysis monthly
throughout the growing season using the same method,
except for biweekly from mid-September through the end
of November. Nitrate-N below the 30 cm depth was not
measured. Soil chemical properties were analyzed by Soiltest
Farm Consultants (Moses Lake, WA) using the methods of
Gavlak et al. [33]. Ammonium-N was determined using a
salicylate-nitroprusside method and nitrate-N using the cadmium reduction method. Soil samples for gravimetric water
content were homogenized by mixing, and a subsample was
dried at 38◦ C for 72 hrs [35].
Whole-soil phospholipid fatty acid (PLFA) procedures
generally followed Bligh and Dyer [36] as described by
Petersen and Klug [37] and modified by Ibekwe and Kennedy
[38]. Fatty acid methyl esters were analyzed on a gas chromatograph (Agilent Technologies GC 6890, Palo Alto, CA)
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Table 4: Application rate of fertilizer source at each application period, and seasonal total N and P inputs, 2009–2011.
Application

1

2
3
4
Total N kg ha−1

Control
Urea
Raw
Digested

111a
111a
111a
111a

0
112
121
176

0
112
168
115

143b
143b
143b
143b

Control
Urea
Raw
Digested

0
112
92
86

0
112
112
121

0
112
113
63

0
112
99
67

Control
Urea
Raw
Digested

0
0
0
0

0
112
52
33

0
112
60
136

0
112
84
69

a

5

1

2009
0
51
112
51
47
51
81
51
2010
0
0
0
112
84
53
129
55
2011
0
0
0
0
63
0
70
0

2
3
4
NH+4 –N kg ha−1

5
Total N kg ha−1

Seasonal total
NH+4 –N kg ha−1

Total P kg ha−1

0
112
64
114

0
112
78
93

83b
83b
83b
83b

0
112
23
47

254
590
590
626

135
471
300
389

0
0
130
121

0
112
24
40

0
112
58
35

0
112
53
40

0
0
53
98

0
448
500
466

0
448
240
268

0
0
92
54

0
112
34
23

0
112
24
52

0
112
29
33

0
0
47
27

0
336
258
308

0
336
135
134

0
0
51
26

Early season slurry application by grower, prior to plot establishment.
4 in 2009 was an unintended application from the grower to all plots. Urea fertilizer considered equal to NH4 + in plant availability.

b Application

with a fused silica column and equipped with a flame ionizer
detector and integrator. ChemStation (Agilent Technologies)
operated the sampling, analysis, and integration of the samples. Extraction eﬃciencies were based on the nonadecanoic
acid peak as an internal standard. Peak chromatographic
responses were translated into mole responses using the
internal standard and responses were recalculated as needed.
Microbial groups were calculated based on the procedure of
Pritchett et al. [39].

Estimates of N fixed in white clover were set to 80% of
total N in clover biomass based on 15 N studies conducted in a
pasture of similar forages and N fertilizer management [42].
Using the above correction, 80% of clover N was subtracted
from the forage N uptake values used in the ANR calculations
for the two cuttings in 2011 with significant amounts of
clover.

2.4. Slurry Analysis. Slurries were analyzed for total N,
ammonium-N, and total P (Table 3). Nitrogen was extracted
via the Kjeldahl method [33]. Phosphorus was analyzed
using a Thermo IRIS Advantage HX Inductively Coupled
Plasma (ICP) Radial Spectrometer (Thermo Instrument
Systems, Inc., Waltham, MA) by the Dairy One Forage
Analysis Laboratory (Ithaca, NY).

3.1. Baseline Soil Data. Soil data sampled in May 2009 prior
to the start of the field experiment (Table 5) indicated that
fertility was not diﬀerent across the field site. Organic matter,
a source of inorganic-N, averaged 5.5 percent (55 g kg−1 ).
Bulk density of soils in the field ranged from 1.14 to 1.30 g
cm−3 , with a mean average density of 1.21 g cm−3 .

2.5. Statistical Analyses and Calculations. An analysis of
variance (ANOVA) was run using SAS PROC MIXED
on the aboveground forage biomass, nitrogen content in
forage, soil nitrate-N, and soil biological groups for all
treatments across the three years [40]. Data were analyzed
as a randomized complete block design with each of the six
treatments analyzed independently. Crop biomass and cropnitrogen content from each year were analyzed separately
using ANOVA with treatment and sample day as fixed eﬀects.
Significance is indicated with a ρ < 0.05 [40].
Forage apparent N recovery (ANR%) was calculated in
2010 and 2011 as a percentage of N (total and inorganic)
applied during the season based on the work of Cogger et
al. [41] and Bittman et al. [13]:




100 × annual grass N uptake, treated

(1)


− annual grass N uptake, control /applied N.

3. Results

3.2. Forage Biomass, N Uptake and ANR. Analysis of variance
results for cumulative forage biomass in 2009 to 2011
are presented in Table 6. Total yield was greatest in 2010
(14.1–18.0 Dry Mg ha−1 ) and lowest in 2011 (9.2–11.1
Dry Mg ha−1 ). The 2009 data (8.08–9.5 Dry Mg ha−1 ) did not
include the first cutting of the year (7.7 Mg ha−1 ) because it
was harvested before plots and treatments were established.
The growing conditions in 2010 were the most favorable of
the three seasons. Forage biomass in 2011 was reduced by
cool spring temperatures and low summer rainfall (Table 1).
Urea had the highest yield in 2009, (Table 6). In 2010,
urea and digested broadcast slurry had higher yield than
the digested slurry applied subsurface. Slurry type and
application method did not aﬀect yield in 2009 or 2011.
Similar trends occurred when comparing crop N uptake
in the forage grasses (Table 6). Urea-treated plots accumulated the most plant N, ranging from 296 to 655 kg
N ha−1 removed per year. Uptake of N in forage grasses
was greatest in 2010 (Table 6). Slurry type and application
method did not have a significant eﬀect on N uptake any year.
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Table 5: Soil pH, Bray-P, and exchangeable K at start of experiment and after two years of slurry applications.

Plot

pH

Bray P

NH4 OAc K
mg kg−1

Baseline, 12 May 2009
Control
Urea
Raw-subsurface
Raw-broadcast
Digested-subsurface
Digested-broadcast

6.0
6.0
6.0
6.0
6.1
6.0

Control
Urea
Raw-subsurface
Raw-broadcast
Digested-subsurface
Digested-broadcast

6.2a
6.0b
6.3a
6.2a
6.2a
6.2a

173
176
160
165
140
168

591
608
598
632
616
612

173
176
186
185
173
162

379b
286c
479a
465a
447ab
440ab

2 December 2010

Letters in a column within a year indicate significant diﬀerences at ρ = 0.05, letters are not included when no significant diﬀerences were found. Samples from
diﬀerent dates were analyzed separately using an ANOVA.

Table 6: Annual forage yield and N uptake, 2009 to 2011.

Treatment
Control
Urea
Raw- subsurface
Raw- broadcast
Digested-subsurface
Digested-broadcast

2009a
8.0b
9.5a
8.6b
7.9b
8.6b
8.7b

Forage yield
Dry Mg ha−1
2010
14.1c
18.0a
16.6ab
17.0ab
16.1b
17.8a

2011
9.2b
11.1a
10.5a
10.8a
10.9a
10.9a

2009b
283c
389a
330b
308bc
332b
338b

Nitrogen uptake
N kg ha−1
2010
362cd
655a
507b
531b
501b
550ab

2011
192c
296a
263b
254b
239b
255b

Letters within a column indicate significant diﬀerences at ρ = 0.05.
a Values for forage yield from the first harvest prior to implementation of nitrogen fertilizer treatments and application method were 7.7 Mg ha−1 .
b The N content in forage yield from the first harvest prior to implementation of nitrogen fertilizer treatments and application method was 253 kg N ha−1 .

Nitrogen uptake was lowest in 2011, likely a result of lower
N application rates (Table 4) and poorer weather during
the spring and summer. Forages in 2011 also contained
significant amounts of clover, an N fixer (27% of the dry mass
of forage yield at harvest 1 and 34% at harvest 2). Less than
10% of the forage biomass was clover in 2009 and 2010.
In the first full season of the study (2010), the recovery
of applied N in the forage (ANR) was higher than in 2011
(Table 7). More favorable weather patterns for growth in
2010 compared with 2011 probably increased ANR in 2010.
Urea treatments had an ANR of 65% in 2010 and 31%
in 2011. Calculations based on total N applied in slurries
were lower, ranging from 29 to 40% in 2010 and 15 to
24% in 2011, and similar between the two types of slurry.
ANR calculations based only on the amount of total NH+4 –N
applied in slurries were 52 to 70% in 2010 and 35 to 53% in
2011, similar to ANR observed for urea.
3.3. Soil Nitrate-N. Plots receiving urea had the highest
concentration of soil nitrate-N over the three seasons, while

there were few diﬀerences among the slurry treatments
(Table 8). Soil nitrate-N concentrations were highest in
all fertilized treatments from July to the start of the fall
rainy season, when the potential for leaching increases. Soil
nitrate-N levels were greatest in 2009, likely because of the
high rates of N applied that year. Lower soil nitrate-N in 2010
reflected the high N uptake during the favorable growing
conditions that year. Soil nitrate-N increased again in 2011,
particularly in the fall. This was despite a lower N application
rate and may reflect the reduced yield and N uptake by the
forages during the less favorable growing season in 2011.
3.4. Microbial Groups. Microbial groups in general did not
vary with treatment, but rather varied by year (Table 9). The
control and urea treatments varied from the other treatments
most consistently for most groups, while no consistent
diﬀerences were observed among the slurry treatments. By
2011, the control treatment had significantly lower bacteria
and anaerobic markers than the other treatments, but similar
levels of overall microbial biomass and fungi.
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Table 7: Apparent nitrogen recovery (ANR) in harvested forage as percentage of total and ammonium N applied, 2010 and 2011.
ANR 2010
Treatment
Urea
Raw-subsurface
Raw-broadcast
Digested-subsurface
Digested-broadcast

ANR 2011
% of NH4 + –N
65
60
70
52
70

% of Total N
65
29
34
30
40

% of Total N
31
15
24
23
20

% of NH4 + –N
31
35
47
53
46

Urea fertilizer considered equal to NH4 + in plant availability.

Table 8: Soil NO−3 –N (mg kg−1 ) at 0 to 30 cm depth, 2009–2011.

Sample Date

Control

Urea

Raw subsurface

12-May
4-Jun
6-Jul
3-Aug
9-Sep
21-Sep
1-Oct
19-Oct
3-Nov
19-Nov
30-Nov

20gh
18gh
35fe
34f
20gh
20gh
17gh
14gh
11h
10h
11h

21gh
28fg
80b
86ab
91a
81b
62cd
91a
54de
22gh
11gh

18gh
24fg
71bc
80b
66cd
53de
52de
35fe
23g
9.8h
12h

26-Feb
11-May
16-Jun
13-Jul
17-Aug
30-Sep
12-Oct
26-Oct
2-Dec

12fg
13f
6.1g
10fg
13fg
18de
12fg
7.2g
6.9g

11fg
23d
9.2fg
25cd
61a
36b
28bc
12fg
8.2g

15ef
20de
7.9g
18e
23cd
23cd
22de
15ef
11fg

4-Apr
21-Jun
4-Aug
30-Aug
16-Sept
29-Sept
13-Oct
4-Nov

6.1g
7.9g
8.7g
12fg
17ef
17ef
19ef
8.4g

6.2g
18ef
21ef
43cd
48bc
46c
66a
32d

7.0g
11fg
15fg
22ef
39cd
36d
45c
28de

Soil NO−3 –N (mg kg−1 )
Treatment
Raw broadcast
Digested subsurface
2009
19gh
19gh
23 g
30fg
76bc
68c
76bc
86ab
82ab
72bc
62cd
78bc
50de
56d
54de
44e
30fg
29fg
12h
11h
12h
10h
2010
15ef
13f
20de
20de
7.0g
7.4g
18de
16ef
22de
18ef
28c
22de
22de
27cd
17ef
21de
9.5fg
10fg
2011
6.5g
7.0g
11fg
12fe
17ef
18ef
16f
23ef
48bc
48bc
42cd
55b
44c
50bc
24e
30de

Digested broadcast
20gh
24fg
65cd
71bc
67c
55d
45de
45de
23g
10h
12h
14ef
18ef
7.3g
14ef
22de
19de
24cd
16ef
10fg
8.0g
12fg
18ef
17ef
32d
36d
44c
23ef

Letters within a year indicate significant diﬀerences at ρ = 0.05.

4. Discussion
4.1. Forage Biomass, N Uptake and ANR. Forage biomass,
plant N-uptake, and nitrate concentrations during the 2009–
2011 growing seasons were aﬀected by seasonal and longterm N management (a history of manure applications) that
resulted in high N uptake from the control treatments. Also,
favorable growing conditions in 2010 allowed for a more

productive field season in this year. For this study, total
harvest yield during each season was within the range of
other published work where animal manures were applied to
forages harvested multiple times over a season [16, 17, 41].
While other studies have shown incorporation of manure
to increase yield and crop N content by reducing gaseous
losses [13], we did not see an improvement in crop N content
from incorporation of slurries in this system. Forages grown
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Table 9: Soil microbial analyses from field plots in the spring, 2009–2011.
Biomass
g kg−1

Bacteria
Mole percenta

Control
Urea
Raw-B
Raw-SSD
Digested-B
Digested-SSD

535 ab
433 c
538 ab
454 bc
473 bc
623 a

0.246
0.246
0.243
0.237
0.242
0.238

Control
Urea
Raw-B
Raw-SSD
Digested-B
Digested-SSD

610 a
333 b
401 a
297 b
258 b
279 b

0.243 b
0.215 c
0.266 ab
0.268 a
0.259 ab
0.267 ab

Control
Urea
Raw-B
Raw-SSD
Digested-B
Digested-SSD

512
447
489
428
441
491

0.221 b
0.250 a
0.257 a
0.253 a
0.258 a
0.255 a

Fungi
Bacteria to fungi
Mole percent
ratio
May 2009
0.098
3.01
0.092
3.23
0.093
3.18
0.094
3.07
0.092
3.18
0.083
3.45
May 2010
0.071 abc
4.18 ab
0.074 ab
3.48 c
0.084 a
4.04 bc
0.066 bc
4.91 a
0.071 abc
4.65 ab
0.066 c
4.97 a
April 2011
0.087 ab
3.11 d
0.078 c
3.96 a
0.093 ab
3.35 bcd
0.095 a
3.25 cd
0.085 bc
3.68 ab
0.085bc
3.61 abc

Anaerobe
Mole percent

Mono-unsaturated
Mole percent

0.091
0.092
0.094
0.091
0.093
0.091

0.338
0.348
0.335
0.330
0.324
0.322

0.115 ab
0.101 b
0.116 ab
0.127 a
0.123 a
0.125 a

0.328 b
0.322 b
0.357 ab
0.414 a
0.398 a
0.406 a

0.082 c
0.094 ab
0.092 b
0.100 ab
0.101 ab
0.102 a

0.341 b
0.380 a
0.335 b
0.345 b
0.357 ab
0.359 ab

Letters within a column within a year indicate significant diﬀerences at ρ = 0.05. No letters indicate no significant diﬀerences within that column.
a Mole percent = (mole substance in a mixture)/(mole mixture) %.

in plots with broadcast applied slurries took up the same
amount of N or more N than with subsurface deposition,
which may have been caused by plant-growth disturbance
from the airway banderator when subsurface applying eﬄuent. Additionally, the infiltration rate of the anaerobically
digested slurry may have been rapid enough that gaseous
losses in the field were not diﬀerent among subsurface
deposition and broadcast applications. From an agronomic
perspective, the two slurry types performed equally well as
urea over the three growing seasons. Anaerobically digested
slurry was suitable for forage production when applied at
rates equal to raw dairy slurry. Moller and Stinner [8] also
reported no diﬀerences in N uptake between digested and
undigested slurry. How the system will respond after many
years of anaerobically digested slurry application is unclear
as the quantity of organic N applied is less than that of raw
dairy slurry, supplying less recalcitrant N to the pool of soil
organic matter.
4.2. Soil Nitrate-N and Microbial Groups. We found few
diﬀerences between slurry treatments in seasonal soil NO3 −
concentrations. There was, however, significantly more
nitrate-N in urea-treated plots on many dates, even though
there was slightly less total N applied to the urea plots in
some years. The spike in nitrate concentration in October
on soils where urea was applied in place of slurries indicates
a greater potential for N leaching from urea compared with

the slurries. All treatments declined in NO3 − concentrations
to levels that were not significantly diﬀerent from control
treatments after the fall rains began. Lower soil nitrate-N
during the growing season of 2010 compared with 2009 may
be due in part to a lower amount of total nitrogen applied.
Also, little rainfall during the 2009 growing season may have
caused a buildup of soil nitrate in the surface layers. Higher
late-season nitrate in 2011 compared with 2010 may have
been the result of poorer growing conditions reducing N
uptake.
Postharvest soil nitrate-N is a measure of residual plantavailable N subject to leaching loss, and an indicator of excess
applied N and/or poor yield. The recommended timing of
postharvest soil nitrate testing in forage systems that utilize
animal manure as a source of fertility in the Maritime Pacific
Northwest is prior to October 15 [34]. Nitrate concentrations
from soil samples collected from our site in mid-October
showed that all treatments except the control exceeded 30 mg
NO3 –N kg ha−1 in 2009 and 2011, with NO3 –N levels highest
in the urea treatment. Fall nitrate-N levels above 30 mg kg−1
are considered excessive in manured pastures, and reduced
rates and adjusted timing of applications are recommended
[34].
While soil nitrate concentrations decreased during the
fall 2009 months, it is likely that some of this nitrate was
not entirely leached from the system, but stored in the canary
grass rhizomes over winter as described by Partala et al. [18].
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This is evident in the significantly higher yields and nitrogen
content of forages during the early season harvest on 26 April
2010.
While the focus of this study is N, dairy manure also
contains high levels of P. Runoﬀ from high-P soils can lead
to eutrophication in fresh water. Soil P levels were already
excessive at the start of this study, because of the history
of dairy manure applications at the site, and P tended to
increase in the slurry-treated plots during the study (Table 5).
The anaerobically digested slurry contained less P than the
raw dairy slurry, probably because it had a lower solids
content, which would lead to less P accumulation over time.
Microbial groups varied with year more than treatment
in these field studies. Urea treatments varied from the other
treatments to the greatest extent. The raw and anaerobically
digested materials did not alter the soil microbial components as determined by PLFA. Our results may partially be
the result of past manure applications.
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[2]

[3]

[4]

[5]

[6]

5. Conclusions
[7]

Subsurface deposition did not increase yield or N uptake
compared with surface broadcast application, possibly
because the slurries were low enough in solids to infiltrate
readily into the soil, and because the subsurface injectors
could have disrupted plant growth. Anaerobically digested
dairy slurry was shown to provide adequate soil fertility
and N availability for crop uptake and forage production
over the three field seasons. In the short term, anaerobically
digested slurry did not significantly increase yield or N
uptake compared with similar rates of raw slurry.
This study indicated that soil nitrates measured to a
30 cm depth were fairly consistent across slurry treatments
and application methods during each of the field seasons.
Soil nitrate-N was lower in 2010 due to favorable growing
conditions and lower total applied N relative to 2009.
Although urea treatments had the highest apparent N recovery value, the potential for nitrate leaching was also greatest
under this management. Anaerobically digested slurry did
not increase soil NO3 − concentrations or alter the microbial
composition and provided equal forage production and
similar N use eﬃciency when compared to undigested dairy
slurry.
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Increasing global atmospheric carbon dioxide (CO2 ) concentration has led to concerns regarding its potential eﬀects on terrestrial
ecosystems and the long-term storage of carbon (C) and nitrogen (N) in soil. This study examined responses to elevated CO2 in
a grass ecosystem invaded with a leguminous shrub Acacia farnesiana (L.) Willd (Huisache). Seedlings of Acacia along with grass
species were grown for 13 months at CO2 concentrations of 385 (ambient), 690, and 980 μmol mol−1 . Elevated CO2 increased
both C and N inputs from plant growth which would result in higher soil C from litter fall, root turnover, and excretions. Results
from the incubation indicated an initial (20 days) decrease in N mineralization which resulted in no change in C mineralization.
However, after 40 and 60 days, an increase in both C and N mineralization was observed. These increases would indicate that
increases in soil C storage may not occur in grass ecosystems that are invaded with Acacia over the long term.

1. Introduction
The rise of CO2 in the atmosphere is well documented [1];
what has not been documented are the sinks for this C, with
an estimated unknown sink of 1.4 × 1015 g C yr−1 arising
from the global C balance [2]. Carbon dioxide is a prime
chemical input to the metabolism of higher plants and has a
major role in governing plant-water relations and water use
eﬃciency. The increased growth of most plants under higher
levels of CO2 [3–6] has prompted recent speculation on the
ability of terrestrial ecosystems to sequester C [7]. However,
the fate of C within ecosystems is aﬀected by a biological
chain of events which includes competition between plants.
The ability of terrestrial ecosystems to sequester C will depend on the cycling of C among the various biomass and soil
C pools and on the residence time of C in these pools.
The rate of C mineralization during decomposition of
residue derived from plants grown under elevated CO2 has
not been resolved. It has been theorized that the commonly
observed increase in plant C : N ratio under elevated CO2
could lead to slower residue decomposition resulting in increased soil C storage and reduction in available N for plant

production [8]. However, slower decomposition of leaf litter
due to elevated CO2 is not supported by the literature on litter quality [9]. Others have suggested that increased biomass
might enhance microbial activity, resulting in a “priming
eﬀect” thereby leading to no increase in C storage [10]. Alternatively, microbial preference for easily decomposable plant
material produced under CO2 -enriched conditions could
reduce the turnover of more resistant organic material,
thereby increasing soil C [11, 12]. Observations from field
and laboratory studies indicate that with elevated atmospheric CO2 , N may limit the rate of plant residue decomposition and slow the release of N from decomposing plant
material [13]. This indicates that understanding N cycling
as aﬀected by elevated CO2 is fundamental to understanding
the potential for soil C storage on a global scale.
It has also been speculated that changes in elevated CO2
could impact the competitiveness between plant species,
especially between native and invasive plant species. A study
by Runion et al. [14] indicated that elevated atmospheric
CO2 increased biomass production in a longleaf ecosystem
compared to ambient CO2 conditions. However, close examination of biomass data for each species in this plant

2
community indicated that only longleaf pine showed a significant positive response to elevated atmospheric CO2 treatment. In grasslands, invasion by woody legumes such as Acacia can alter hydrology, nutrient accumulation and cycling,
and C sequestration. The rate and magnitude of these changes are likely to be sensitive to the eﬀects of atmospheric
CO2 enrichment on growth and water and N dynamics of
leguminous shrubs. Polley et al. [15] indicated that, at the
highest CO2 concentration studied, biomass production of
grass-tree communities increased more than 2.5-fold as a
result of increased leaf photosynthetic rates, leaf area, and N2
fixation.
Previous research, considering the eﬀect of elevated CO2
on the decomposition of individual plant parts and monoculture plant systems has indicated that increased soil C
storage could occur [16, 17]. However, these past studies
did not consider the impact of increased biomass input and
the changes in soil brought about by diﬀering responses of
plant species. The objective of this study was to determine
the impact of atmospheric CO2 enrichment on potential soil
C and N mineralization in a grassland community.

2. Materials and Methods
A study on the eﬀects of elevated CO2 concentrations on the
productivity, water use, and N dynamics of the grassland
invader Acacia farnesiana (L.) Willd (Huisache) was conducted by Polley et al. [15]. To study the impact of atmospheric CO2 enrichment on potential soil C and N mineralization within a grassland community, an incubation study
was conducted on soil collected from this study. Descriptions
of the study site and the model ecosystem have been
previously reported [15]. Briefly, seeds of Acacia were planted
in fine sandy loam soil (Udic Paleustalfs [18], in wheeled,
380-liter containers (0.9 m deep and 0.65 m on each side)).
Three Acacia plants were established in each container.
Three individuals each of the C3 grass Stipa leucotricha
Trin. and Rupr. (Texas winter grass) and the C4 grass Schizachyrium scoparium (Michx.) Nash. (little bluestem) were
also established from tillers in each container to provide a
competitive environment for Acacia growth. Three 380-liter
containers of the species mix were maintained for 13 months
at average CO2 concentrations of 385 (ambient), 690, or
980 μmol mol−1 in air-conditioned greenhouse bays.
Carbon dioxide gas was injected into the greenhouse bays
as necessary to maintain the desired concentrations. The
CO2 concentration and dewpoint temperature of air in each
bay were measured at 4 min intervals with an infrared gas
analyzer (Model 6262, Li-Cor, Inc., Lincoln, NE). The CO2
readings were corrected for atmospheric pressure using a
pressure indicator (Model DPI 260, Druck Inc., New Fairfield, CT). The CO2 concentration of air averaged 385,
690, and 980 μmol mol−1 for the three CO2 treatments. Air
temperature was measured with 25 mm diameter thermocouples, and bay temperature was changed seasonally to approximate outdoor temperature by manually adjusting thermostatic controls.
At the conclusion of the study (13 months), soil samples were collected from 0–20, 20–50, and 50–80 cm depth
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increments for use in the incubation study. Soil subsamples
were dried (55◦ C) and ground to pass a 0.15 mm sieve. Soil
inorganic N (NO2 -N + NO3 -N and NH4 -N) was extracted
with 2 M KCl and measured by standard colorimetric procedures using a Technicon Autoanalyzer 3 (Bran + Luebbe,
Buﬀalo Grove, IL). Soil subsamples were weighed (25 g dry
weight basis) and placed in plastic containers. Deionized
water was added to adjust soil water content to an equivalent
of −20 kPa at a bulk density of 1.3 mg m−3 . The containers
were placed in sealed glass mason jars with 10 mL of water for
humidity control; each jar also had a vial containing 10 mL of
1 M NaOH which functioned as a CO2 trap. The jars were
incubated in the dark at 25◦ C and removed after 20 and
60 days for inorganic N determination. Carbon dioxide in
the NaOH traps was determined by titrating the excess base
with 1 M HCl in the presence of BaCl2 after 20, 40, and 60
days. Potential C mineralization was the diﬀerence between
CO2 -C captured in sample traps and in blanks. Potential N
mineralization was the diﬀerence between final and initial
inorganic N contents. The C mineralization divided by total
C (initial soil C concentration) was used to calculate C
turnover. Statistical analyses were performed using the mixed
procedure of SAS [19], and means were separated using least
significant diﬀerence at an a priori 0.10 probability level.

3. Results and Discussion
Increasing atmospheric CO2 concentration to 980 μmol
mol−1 increased biomass production of the woody legume
Acacia more than 2.5-fold during the initial year of growth
due to increased leaf photosynthetic rates, leaf area, and
N2 fixation [15]. The increase in biomass at elevated
CO2 required no more water than was consumed by the
shrubs grown near ambient CO2 concentration. As a result,
apparent water use eﬃciency and biomass production
increased by similar relative amounts. Elevated CO2 greatly
increased N2 fixation by Acacia, with the total N fixed per
plant at the highest CO2 concentration being 1.5 times
greater compared to ambient CO2 conditions. This positive
eﬀect of CO2 on N2 fixation by Acacia during its initial
year of growth is generally consistent with that reported
for woody legumes [20, 21]. Nitrogen fixation promoted
by elevated CO2 would be expected to provide additional N
to a grassland ecosystem due to the N addition to the soil
following litter fall, root turnover, and exudation. These are
important factors by which increasing atmospheric CO2
concentration can modify the impact of woody legumes
on grasslands. Studies have shown that plant matter grown
under elevated CO2 can greatly impact N mineralization
[16, 17]. This incubation study was conducted to determine
the impact of the elevated CO2 concentration on soil N
mineralization in a grassland system.
After 20 days of incubation of the 0–20 cm depth soil,
N mineralization was significantly reduced by elevated CO2 ,
with N mineralization being 95% higher at ambient CO2
compared to the 980 μmol mol−1 treatment level (Table 1).
During this same measuring period, soil C mineralization
and C turnover were not significantly impacted. This indicated that changes under elevated CO2 initially reduced N
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Table 1: Eﬀect of atmospheric CO2 concentration on soil N mineralization during a 60-day soil incubation at three soil depth increments† .
0–20 days

0–60 days

CO2 level

Depth
0–20 cm

(μmol mol−1 )
385
690
980
†

20–50 cm

50–80 cm

0–20 cm

20–50 cm

50–80 cm

7.51 a
7.85 b
10.04 c

4.01 a
3.86 a
3.30 a

4.54 a
4.89 a
3.89 a

(mg kg−1 )
6.86 a
2.91 b
3.52 c

1.91 a
0.59 a
2.91 a

1.37 a
0.69 a
0.46 a

Values represent means of three replications. Means within a column for each sampling date followed by the same letter do not diﬀer significantly (α = 0.1).

mineralization rates. While greater plant inputs were entering the system, with greater total N from the N2 fixation, the
quality of the plant residues were such that N mineralization
was being limited. This reduction in inorganic N in soil
solution in turn limited C mineralization, resulting in no
diﬀerence in C respiration or C turnover at the 20-day
sampling period (Tables 2 and 3). This is consistent with
studies by Torbert et al. [17] which indicated that the impact
of elevated atmospheric CO2 concentration on plant residue
quality may be more important than the impact on plant
residue quantity in determining C cycling in soil. They
observed that the potential eﬀect of elevated atmospheric
CO2 concentration on C storage in agroecosystems will be
dependent on the crop species grown, where N cycling within
the plant/soil system would likely be the controlling factor for
C storage in these systems. Likewise, these results agree with
work from a free-air CO2 enrichment (FACE) study utilizing
cotton (Gossypium hirsutum L.) [22] and wheat (Triticum
aestivum L.) [23], which provided evidence for increased soil
C storage even though diﬀerences between the two species
(cotton and wheat) were noted.
However, unlike the agroecosystem studies, limitations to
N mineralization did not persist in this grass ecosystem with
Acacia. At the 40-day sampling period, a significant increase
was observed with C mineralization as atmospheric CO2 was
increased (Table 2). Likewise, an increase in the level of C
turnover was observed with increasing atmospheric CO2 levels. At the 60-day measurement period, C mineralization was
also significantly increased at the 980 μmol mol−1 compared
to the ambient level as was C turnover (Tables 2 and 3).
The C mineralization for the 980 μmol mol−1 treatment was
98% higher than for the ambient treatment. At this sampling
period, unlike the 20-day period, a significant increase in N
mineralization was also observed (Table 1). This indicated
that after 60 days, N was no longer limiting microbial
decomposition of plant material. Since increased biomass
inputs into the soil system were observed in this study [15]
and the limitations due to N were no longer impacting the
decomposition processes, C mineralization also increased.
No significant diﬀerences were observed for N mineralization or C mineralization at the 20–50 cm depth or the
50–80 cm depth (Tables 1 and 3). This indicated that most
changes in the soil system can be expected to occur in the
top 20 cm of the soil profile. This is the portion of the soil
that would be most impacted from litter fall and could result
in movement of N to grass species from N2 fixation by the

Acacia. While this study included a deep rooted species in
the grass ecosystem, the greatest changes in C and N cycling
occurred in the top of the soil profile where most plant rooting occurs.
It has been theorized that a reduction in N availability
in ecosystems could reduce plant response to elevated CO2
conditions [24–26]. The results from this incubation study
indicate that N mineralization was increased and therefore
the potential for N limitations to reduce plant response to
elevated CO2 in this grass ecosystem might not occur. This
would indicate that over the long term in a grass ecosystem
invaded with woody legumes such as Acacia, N resources
should not be limiting for either microbial decomposition of
residues or plant growth in future elevated atmospheric CO2
conditions compared to today’s conditions.
In a study to examine responses to elevated CO2 in a
typical regenerating longleaf pine-wiregrass community,
Torbert et al. [27] reported, as in this study with mixed
plant species, an increase in N mineralization with elevated
CO2 . At least over the short term in a regenerating longleaf
pine system, N resources should not be limiting for either
microbial decomposition of residues or plant growth in
future elevated atmospheric CO2 conditions compared to
today’s conditions. However, elevated CO2 decreased soil C
respiration and C turnover in the regenerating longleaf pinewiregrass community, indicating long-term C sequestration
would be likely. In the current study with grass species, an
actual increase in soil C mineralization was observed with
elevated CO2 . This was likely due to the large input of N due
to increase in N2 fixation by the Acacia into the plant/soil
system. Polley et al. [15] reported total N accretion by Acacia
increased with each increase in CO2 concentration: 55%
from 385 to 690 μmol mol−1 CO2 , and another 29% from
690 to 980 μmol mol−1 CO2 . The increased C mineralization
indicated that soil C levels in the elevated CO2 are being
reduced compared to the ambient treatments.
These findings are in contrast to other research which
reported that C sequestration is likely with increasing
atmospheric CO2 . Low-N availability of soil frequently limits
production on grasslands [23, 24] and may also limit the
response of net primary production to changes in CO2
concentration. However, with the Acacia included in the
grass ecosystem, CO2 enrichment caused large N inputs into
the soil system and large increases in biomass (a 2.5-fold
increase during the initial year of growth, [15]). Although
C inputs to soil increased, C mineralization also increased.
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Table 2: Eﬀect of atmospheric CO2 concentration on soil C mineralization during a 60-day soil incubation at three soil depth increments† .
0–20 days
CO2 level
(μmol mol−1 )
385
690
980
†

0–20 cm

20–50 cm

50–80 cm

0–20 cm

57.52 a
92.86 a
87.93 a

63.94 a
41.98 a
70.15 a

36.84 a
66.94 a
34.26 a

59.15 a
100.55 b
124.98 c

20–40 days
Depth
20–50 cm
(mg kg−1 )
67.15 a
55.80 a
42.52 a

40–60 days
50–80 cm

0–20 cm

20–50 cm

50–80 cm

59.44 a
72.29 a
69.40 a

210.76 a
199.20 b
417.46 c

263.46 a
217.40 a
169.43 a

229.40 a
246.32 a
256.82 a

Values represent means of three replications. Means within a column for each sampling date followed by the same letter do not diﬀer significantly (α = 0.1).

Table 3: Eﬀect of atmospheric CO2 concentration on soil C turnover during a 60-day soil incubation at three soil depth increments† .
0–20 days
CO2 level
(μmol mol−1 )
385
690
980
†

0–20 cm

20–50 cm

50–80 cm

0–20 cm

1.01 a
1.63 a
1.54 a

1.12 a
0.74 a
1.23 a

0.65 a
1.17 a
5.34 a

0.85 a
1.75 b
2.19 c

20–40 days
Depth
20–50 cm
(mg kg−1 )
1.18 a
0.98 a
0.75 a

40–60 days
50–80 cm

0–20 cm

20–50 cm

50–80 cm

1.04 a
1.27 a
1.22 a

3.70 a
3.49 b
2.19 c

4.62 a
3.81 a
2.97 a

4.02 a
4.32 a
4.51 a

Values represent means of three replications. Means within a column for each sampling date followed by the same letter do not diﬀer significantly (α = 0.1).

The results from this short-term study indicate that CO2
may not increase soil C storage in this grassland ecosystem.
Thus, long-term studies with elevated CO2 will be necessary
to clearly determine the impact of Acacia invasion in this
grassland ecosystems on soil C storage.
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The southeastern landscape is composed of agricultural and forest systems that can store carbon (C) in standing biomass and soil.
Research is needed to quantify the eﬀects of elevated atmospheric carbon dioxide (CO2 ) on terrestrial C dynamics including CO2
release back to the atmosphere and soil sequestration. Longleaf pine savannahs are an ecologically and economically important,
yet understudied, component of the southeastern landscape. We investigated the eﬀects of ambient and elevated CO2 on soil CO2
eﬄux in a young longleaf pine system using a continuous monitoring system. A significant increase (26.5%) in soil CO2 eﬄux
across 90 days was observed under elevated CO2 ; this occurred for all weekly and daily averages except for two days when soil
temperature was the lowest. Soil CO2 eﬄux was positively correlated with soil temperature with a trend towards increased eﬄux
response to temperature under elevated CO2 . Eﬄux was negatively correlated with soil moisture and was best represented using
a quadratic relationship. Soil CO2 eﬄux was not correlated with root biomass. Our data indicate that, while elevated CO2 will
increase feedback of CO2 to the atmosphere via soil eﬄux, terrestrial ecosystems will remain potential sinks for atmospheric CO2
due to greater biomass production and increased soil C sequestration.

1. Introduction
The rural southeastern landscape is dominated by three
vegetation types (crops, forests, and pastures), all of which
have the ability to store atmospheric carbon (C) as standing
biomass (including plant roots) or in soil. One particularly
important ecosystem is longleaf pine savannahs. Prior to
European settlement, the coastal plains of the southeastern
United States were dominated by nearly pure stands of
longleaf pine (Pinus palustris Mill.) with a diverse understory plant community; some longleaf ecosystems have the
highest reported values for species richness, including many
threatened and endangered species, in the temperate Western
Hemisphere [1]. This system now occupies only 2% of its
former range [2], a loss comparable to or exceeding that
of most endangered communities throughout the world
including the North American tallgrass prairie, the moist
tropical coastal forest of Brazil, and the dry forests along

the Pacific coast of Central America [3]. Longleaf pine
forests in the southeast currently occupy sites at the more
xeric end of the moisture continuum and are often found
on soils with low N availability. In fact, it is not unusual
to find disjunct longleaf pine communities in the rural
farm landscape. Thus, landowner interest in this species has
increased dramatically over the last decade, not only due to
its ecological significance but also because of superior lumber
quality, fire tolerance, and resistance to some of the more
devastating southern forest insects (e.g., bark beetles) and
diseases (e.g., fusiform rust). Given that longleaf pine systems
may become a more important component of the rural farm
landscape, it is important to determine how the rising level
of carbon dioxide (CO2 ) in the atmosphere [4] will impact
these systems.
Carbon dioxide is the first molecular link from atmosphere to biosphere. Most plant species increase biomass

2
production when exposed to above-ambient levels of atmospheric CO2 (e.g., [5–9]). Positive plant responses to higher
CO2 can be attributed to increased photosynthetic capacity
[10], water use eﬃciency [8, 11], and nutrient uptake and
utilization eﬃciency [6].
The rising level of atmospheric CO2 has prompted speculation on the ability of terrestrial ecosystems to sequester C
as a means of mitigating this rise and its potential impacts
on climate. However, as the ability of terrestrial ecosystems
to store C (in biomass and/or in soil) is not based solely
on net primary productivity [12], elevated atmospheric CO2
may also impact terrestrial ecosystem C storage through
alterations in plant tissue quality, which will impact soil
microbes, decomposition processes, and subsequent soil C
storage. Plant tissue produced under high CO2 often has
higher C : N ratios [13, 14] and may be structurally diﬀerent,
with alterations in leaf anatomy [15] and epicuticular waxes
[16, 17]. Plants grown under elevated CO2 may also exhibit
altered tissue chemistry, including lower N concentrations
[18, 19], higher concentrations of carbohydrates [19, 20],
and increased levels of defense compounds such as phenolics
[21, 22].
The fate of C within plant systems is aﬀected by a chain
of biological events starting with transfer of C from air to
leaf, transformation within the plant, translocation within
the plant/soil system, return of plant residue to the soil,
and decomposition and is impacted by the eﬀects of other
environmental factors (e.g., temperature, nutrients, and
water) on these processes. Therefore, the ability of terrestrial
ecosystems to sequester C will depend on C cycling among
the various biomass and soil pools and on the residence time
of the C within these pools [23].
At many stages in the cycling of C within terrestrial
ecosystems, CO2 is transferred back to the atmosphere
by both autotrophic and heterotrophic respiration. Soil
respiration is a significant source of CO2 flux from terrestrial
ecosystems to the atmosphere [24], with global estimates
ranging from 68 to 100 Pg C yr−1 [25, 26]. Therefore, even
small shifts in soil CO2 eﬄux could have serious implications
for increasing or decreasing atmospheric CO2 concentration
and the resulting impacts on climate change [27]. Through
its impact on the quantity and quality of C within the
plant/soil system, elevated CO2 can aﬀect this feedback of C
to the atmosphere. For example, increased root growth under
elevated CO2 could increase root respiration [28], while
changes in root exudation and/or quality might enhance [23,
29] or suppress [30] microbial respiration. The combined
eﬀects on total soil CO2 respired back to the atmosphere, and
the potential for C sequestration, are diﬃcult to predict.
One review of soil and microbial respiration demonstrates that elevated atmospheric CO2 generally increases
belowground respiration, with overall estimates ranging
from 40 to 50% for soil respiration and from 20 to 35%
for microbial respiration [31]; these estimates agree with
another review that reported an overall increase of 37%
for forest species [32]. Other elevated CO2 studies report
stimulation of root or total soil respiration in the range
of 15–50% [33–35], with even greater stimulation reported
in some cases [36, 37]. Enhanced root or soil respiration
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under high CO2 is often related to increased root biomass,
that is, autotrophic respiration [31, 34, 36, 37] and/or
increases in the size or activity of the microbial community,
that is, heterotrophic respiration [31, 34, 37, 38]. However,
some cases [30, 33] showed elevated CO2 to suppress soil
respiration or to have no eﬀect [39, 40]. Soil CO2 eﬄux
can be highly variable on temporal and spatial scales within
a single field experiment [34, 41] and among experiments;
therefore, even relatively large increases in soil eﬄux under
elevated CO2 may not be statistically significant [31]. Some
of the variation among individual studies may be due to
diﬀerences in plant species, experimental conditions, or
methods used for determination of CO2 eﬄux.
A major drawback of most methods for determining
soil CO2 eﬄux concerns the timescale of measurements
(i.e., cumulative totals across hours to days with NaOH
traps or discreet points in time with soil collars and gas
exchange devices); eﬄux between measurement periods is
then generally assumed to be linearly integrative across
the intervening time periods [34, 37]. Given the varying
responses of soil CO2 eﬄux to elevated atmospheric CO2
and the limitations of current measurement technology,
more research is needed before we can confidently predict
the impacts of elevated atmospheric CO2 on the ability of
terrestrial ecosystems to sequester C. The objective of this
experiment was to assess the response of soil CO2 eﬄux (root
plus microbial respiration) to three years of atmospheric
CO2 enrichment in a model regenerating longleaf pine
community using a novel, continuous CO2 eﬄux monitoring
system; correlations of eﬄux with changes in root biomass,
populations of microbes and micro- and mesofauna, and soil
C were also investigated.

2. Materials and Methods
2.1. Study Site. A model regenerating longleaf pine-wiregrass
ecosystem was constructed in Spring 1998 at the National
Soil Dynamics Laboratory in Auburn, AL; descriptions of
the study site and model ecosystem have been previously
reported [42]. Briefly, an assemblage of five early successional
forest species representing major functional guilds within
a typical longleaf pine-wiregrass community was chosen
for study: longleaf pine (Pinus palustris, a C3 evergreen
conifer), wiregrass (Aristida stricta, a C4 bunch grass), sand
post oak (Quercus margaretta, a C3 broadleaf tree), rattlebox
(Crotalaria rotundifolia, a C3 perennial herbaceous legume),
and butterfly weed (Asclepias tuberose, a C3 , nonleguminous,
herbaceous perennial). These species are common associates
throughout the southeastern USA. The model forest community was assembled in April 1998 on an outdoor soil bin (2 m
deep, 6 m wide, and 76 m long) containing a Blanton loamy
sand (loamy, siliceous, and thermic Grossarenic Paleudults).
The planting regime used [42] reflected densities found
in naturally regenerating longleaf pine-wiregrass ecosystems
[43, 44].
Open top chambers [45], encompassing 7.3 m2 of ground
surface area, were used to deliver target CO2 concentrations
of 365 µmol mol−1 (ambient) or 720 µmol mol−1 (elevated)
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beginning June 1998 using a delivery system described by
Mitchell et al. [46]. The study area was divided into six
blocks, and each CO2 treatment was randomly assigned
to one open top chamber within each block; therefore,
the experimental design was a randomized complete block
design, with blocks occurring along the length of the soil bin.
2.2. Soil Respiration Measurements. Soil CO2 eﬄux was measured using the Automated Carbon Eﬄux System (ACES)
(US Patent 6,692,970), developed at USDA Forest Service,
Southern Research Station Laboratory in Research Triangle
Park, NC; a description of the ACES has been previously
reported [47]. Briefly, ACES is a chamber-based, multiport respiration measurement system, which uses open
system, dynamic soil respiration chambers measuring 25 cm
diameter (491 cm2 ) equipped with air and soil thermocouples (soil thermocouples were inserted to depth of 5 cm).
The soil chambers are designed with pressure equilibration
ports to ensure that diﬀerences in chamber pressure do
not compromise the quality of the respiration measurement
[48]. Each ACES has 15 sample chambers and one null
calibration chamber, which are measured sequentially for 10
minutes each, allowing a complete run every 2 hours and
40 minutes or nine complete runs per day. When not being
actively sampled, all chambers are refreshed with reference
air to prevent buildup of CO2 . The ACES units constructed
for our study were modified to allow use of reference air
from two sources, owing to the diﬀerential atmospheric CO2
concentrations employed; soil chambers in ambient CO2
open top chambers were refreshed with ambient CO2 air,
while those in elevated open top chambers were refreshed
with elevated CO2 air. Ambient CO2 reference air was
obtained by placing an air compressor in an additional,
empty, ambient open top chamber located on an adjacent
soil bin and using the same CO2 delivery system as the main
study; elevated CO2 reference air was similarly obtained by
placing a second air compressor in an additional, empty,
elevated open top chamber. The air compressors replace
the ballast tanks commonly used with the ACES, which
provide reference air for the ACES that is buﬀered against
fluctuations in atmospheric CO2 concentration [47].
Constraints on distance between soil respiration chambers and the main ACES unit (housing the infrared gas
analyzer and datalogger) necessitated use of two ACES units
in this study; one was used for blocks 1–3 and a second for
blocks 4–6. Two soil chambers were placed into each of the
12 open top chambers; the three additional soil chambers
for each system were placed outside of open top chambers.
Calibration chambers were placed into the ambient open top
chamber nearest to each main ACES unit. A soil moisture
probe was placed adjacent to each calibration chamber and
inserted to a depth of 20 cm.
To minimize the eﬀect of precipitation exclusion on
the soil substrate within the soil chambers, soil chambers
were moved every 3-4 days between two sample points (A
and B) within each open top chamber. Litter on the soil
surface was not removed from each sample point, but all
points were kept free of live vegetation. The ACES units were
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installed on March 6, 2001, at which time the study had been
continuously exposed to CO2 treatments for 33 months. The
ACES units were run continuously until June 4, 2001 (day
of year (DOY) 65 through 155), with the exception of brief
periods for maintenance or due to system/power failures;
at this time they were removed to allow for a complete
destructive harvest of the study. Details of the harvest, along
with associated biomass and plant and soil C data, have been
previously reported [49].
2.3. Soil Biology Assessments. Root-zone soil, from the 0–
15 cm depth increment, was collected using large soil cores
(24.5 cm diameter × 60 cm deep) and an extraction method
of our own design [50]. The soil was then passed through
a 2 mm mesh stainless steel sieve until 10–20 g of sieved
soil was collected. Dehydrogenase activity, a reliable index
of microbial activity in soil [51], was determined from
modified procedures described by Tabatabai [52]. Sieved
soil (≈1 g) for triplicate subsamples from each plot was
placed in test tubes (15 × 100 mm), covered with 1 mL of
3% aqueous (w/v) 2,3,5-triphenyltetrazolium chloride and
stirred with a glass rod. After 96 hr incubation (27◦ C), 10 mL
of methanol was added to each test tube, and the suspension
was vortexed for 30 sec. Tubes were then incubated for 1 hr
to allow suspended soil to settle. The resulting supernatant
(≈5 mL) was carefully transferred to clean test tubes using
Pasteur pipets. Absorbance was read spectrophotometrically
at 485 nm, and formazan concentration was calculated using
a standard curve produced from known concentrations of
triphenyl formazan. One subsample of sieved soil (≈1 g)
from each soil sample was used for determination of soil
moisture so that formazan concentrations could be expressed
per gram soil dry weight.
Soil taken from the previously described cores was
extracted for relative populations of Collembola and Acari
by a modified version of the Tullgren system as described by
Wiggins et al. [53]. Soil samples in large funnels, with stems
positioned over water in a collecting tube, were arranged
in series under 40 W light bulbs. The animals, migrating in
advance of the slowly drying soil (5–7 days), were collected
live. Populations, counted under a dissecting microscope,
were expressed as numbers per kg of air-dried soil. A
subsample of the soil collected for soil animals was sent to
the Department of Entomology and Plant Pathology, Auburn
University for assessment of nematode populations.
2.4. Data Analysis. All soil respiration data were analyzed
for system and power failures; obvious “systematic” errors
were parsed from the data set. A total of 18,813 soil
CO2 eﬄux observations were taken over the 90-day measurement period; of these, 94.4% were deemed acceptable
for analysis. Data analysis was conducted using the mixed
model procedures (Proc Mixed) of the Statistical Analysis
System [54]. Data were initially analyzed to determine if
diﬀerences existed between the two ACES units employed
in the study or between soil chamber positions (A versus
B); as no significant unit or positional eﬀects were noted,
data were not segregated prior to analysis. Eﬀects of CO2
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Figure 1: Weekly average soil CO2 eﬄux (µmol CO2 m−2 s−1 ) for
ambient (365 µmol mol−1 ) and elevated (720 µmol mol−1 ) CO2
plots in a model regenerating longleaf pine-wiregrass ecosystem.

concentration were determined using the analysis of variance
statistics derived from the mixed procedure of SAS; eﬀects
were determined by day, by week, and across the entire
measurement period. All data from each ACES chamber
(total = 24) were then averaged for 1.0◦ C intervals of soil
temperature measured at a depth of 5 cm at each ACES
chamber, regardless of DOY; averaging served to reduce the
influence of outliers on the response of soil CO2 eﬄux to
temperature throughout the experiment. Linear regression
[55] was then used on the averaged data to determine the
relationship between soil CO2 eﬄux and soil temperature;
a similar procedure was used to investigate the relationship
between soil CO2 eﬄux and soil moisture. The relationship
of soil CO2 eﬄux with components of root biomass and with
soil C and N (previously reported by Runion et al. [49]) was
also investigated using linear regression. Specific respiration
rates were calculated by dividing cumulative soil CO2 eﬄux
(g C m−2 ) over the entire measurement period by total root
biomass, total root C and N, and total soil C and N (g m−2 )
to give g C respired per g root dry weight, root C or N, or per
g soil C or N.

3. Results
Soil CO2 eﬄux, averaged across the entire 90 day measurement period, from ambient plots was 2.54 (±0.008; n =
8884) µmol CO2 m−2 s−1 , while elevated plots averaged 3.22
(±0.011; n = 8878) µmol CO2 m−2 s−1 ; this represented a
significant increase (P < 0.0001) of 26.8% or a total increase
of ≈60 g C m−2 . When averaged on a weekly basis (Figure 1),
elevated CO2 plots consistently had significantly higher (P <
0.0001) soil respiration rates than did ambient plots, with the
increase ranging from 15 to 33%. Further, when analyzed
on a daily average basis (data not shown), elevated CO2
significantly increased (P < 0.05) soil respiration on all but
two days (DOY 79, P = 0.08, and DOY 80, P = 0.99);

15
Soil temperature (◦ C)

20

25

Elevated
Ambient

Figure 2: Response of soil CO2 eﬄux (µmol CO2 m−2 s−1 ) to
soil temperature for ambient (365 µmol CO2 mol−1 ) and elevated
(720 µmol CO2 mol−1 ) CO2 plots in a model regenerating longleaf
pine-wiregrass ecosystem. Equations describing each line, with fit
statistics, are provided above (elevated) and below (ambient) the
lines.

these two days had the lowest daily average soil temperatures
recorded during the entire duration of the study (7.3 and 8.0,
resp.).
Regression of averaged soil CO2 eﬄux on soil temperature (Figure 2) showed strong positive linear relationships
for both ambient and elevated CO2 plots (r 2 = 0.90 and
0.86 for ambient and elevated, resp.). Assessment of nonlinear models did not improve the fit of these data over
the linear models. The slope of the line for elevated CO2
plots was significantly steeper (P < 0.01) than for ambient
plots; Y-intercepts for these two regression lines did not
diﬀer (P = 0.15). Using these regressions, we calculated
the change in soil CO2 eﬄux for a 10◦ C change in soil
temperature for each set of plots; these values were 0.77 and
1.18 µg m−2 s−1 for ambient and elevated CO2 plots, respectively, indicating a 53% increase in the response of eﬄux
to increasing temperature under elevated CO2 . Soil moisture, collected only in two ambient CO2 plots (Figure 3),
also showed a strong linear correlation with soil CO2 eﬄux,
albeit a negative relationship (r 2 = 0.76). However, these
data showed a better fit when a quadratic function was
employed (r 2 = 0.96).
Soil CO2 eﬄux was not correlated with fine, coarse, or
total root biomass (r 2 range = 0.01 to 0.35), whether analyzed
for each plant species or for total across all species. Similar
trends were observed when correlating soil CO2 eﬄux with
either root N or C (data not shown).
No eﬀects of CO2 treatment on dehydrogenase were
observed (P = 0.40). Soil CO2 eﬄux was not correlated with
dehydrogenase (r 2 = 0.40 and 0.05 for ambient and elevated
CO2 treatments, resp.). While numbers of both nematodes
and soil animals were higher under elevated CO2 , these
eﬀects were not significant (P = 0.40 and 0.15 for nematodes
and soil animals, resp.). Soil CO2 eﬄux was, again, not
correlated with numbers of nematodes or soil animals (r 2
range = 0.01 to 0.35).
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Figure 3: Response of soil CO2 eﬄux (µmol CO2 m−2 s−1 ) to soil
moisture for ambient (365 µmol CO2 mol−1 ) CO2 plots only in a
model regenerating longleaf pine-wiregrass ecosystem. Equations
describing this line, with fit statistics, are provided above (linear)
and below (quadratic) the lines.

Soil C and N content did not diﬀer among plots at
initiation of the study (1852 and 197 g m−2 for soil C and N,
resp.). These variables also varied little at study termination
(3042 and 2975 g C m−2 and 165 and 163 g N m−2 for ambient and elevated plots, resp.). Soil CO2 eﬄux was positively
correlated with both soil C and N content measured at the
end of the study; the significance of these correlations varied
by soil profile depth (Table 1). Correlations of soil CO2 eﬄux
with soil C tended to be stronger than correlations with
soil N.
Specific soil CO2 eﬄux rates per g root dry weight or
per g root C were significantly lower in elevated than in
ambient CO2 plots; specific respiration rate per g root N was
not diﬀerent between CO2 treatments (Table 2). However,
specific respiration rates per g soil N and C were significantly
higher in elevated than in ambient CO2 plots.

4. Discussion
The observed increase in soil CO2 eﬄux under elevated CO2
in this study is consistent with other reports in the literature
(e.g., [31]). The ≈60 g m−2 increase observed across the
90-day measurement period is also comparable with the
≈178 g C m−2 increase reported by Butnor et al. [47] who
used ACES over a 220-day period in a 17-year old loblolly
pine (P. taeda) stand. The consistency of the increase we
observed, on a weekly or daily basis, further demonstrates
that growth under high CO2 had a sustained impact on soil
CO2 eﬄux in the model longleaf pine community following
33–36 months of constant exposure to a twice ambient
concentration of atmospheric CO2 .
Temperature is known to strongly influence soil respiration [56, 57], with eﬄux increasing as temperature increases,
as observed in this study. Soil CO2 eﬄux has generally been
shown to increase as an exponential function of temperature
[57]; however, in the present study this relationship was more
than adequately described using a linear function for both

ambient and elevated CO2 treatments. Under elevated CO2 ,
the increased responsiveness (i.e., steeper slope) of soil CO2
eﬄux to temperature might suggest increased feedback of C
to the atmosphere under global warming. However, when we
attempted to fit quadratic relationships of soil respiration to
soil temperature (data not shown), we observed diﬀerences
in the inflection points of the curves (30 and 24◦ C for
ambient and elevated plots, resp.), as well as a slight increase
in fit statistics (r 2 = 0.92 and 0.94 for ambient and elevated
plots, resp.). This analysis suggested that, at soil temperatures
above 24◦ C, the increase in soil CO2 eﬄux under elevated
CO2 was reduced; extrapolation of these curves indicated
that eﬄux for both CO2 treatments would be nearly equal
at ≈33◦ C. Additional research is needed to verify these
extrapolations.
Soil moisture is known to aﬀect soil CO2 eﬄux through
both physical (displacing soil gases) and biological (impacts
on root and microbial activity) means [56]. Although the
relationship is generally positive, negative relationships (as
observed in the present study) have been reported [56, 58].
The improved fit of our data to a quadratic relationship
suggests the existence of a soil moisture content at which
soil CO2 eﬄux is maximized; this would, obviously, be
dependent on soil type. Therefore, as most prior soil CO2
eﬄux data have been collected using a series of spot
measurements or measurements integrated across relatively
short time scales, it is possible that the varying responses (i.e.,
positive versus negative) of soil CO2 eﬄux to soil moisture
in previous studies [56, 58] might be explained by knowing
where data fell on the quadratic response curve (Figure 3).
Increased rates of soil CO2 eﬄux under high CO2 have
often been shown to be related to increases in root biomass
[31, 34, 36, 37]. Course, fine, and total root biomass were all
increased by elevated CO2 in this experiment [49]. Therefore,
the lack of strong correlations between soil CO2 eﬄux and
root biomass, root C, or root N was unexpected. Most likely,
this lack of correlation was due to high variability within the
data, particularly variability among species [49]. The lower
specific respiration rates for root dry weight and root C
under elevated CO2 are primarily due to the fact that root
biomass increased more than soil CO2 eﬄux. In contrast,
the higher specific respiration rates per g soil C or N are
primarily due to the fact that elevated CO2 increased soil CO2
eﬄux to a greater degree than soil C or N.
Assessments of soil microbial activity and populations
of soil micro- and mesofauna at study termination showed
no diﬀerences between CO2 exposure treatments, again
suggesting that root respiration was primarily responsible
for the observed diﬀerences in soil CO2 eﬄux. However,
since microbial parameters are highly variable even on
short temporal scales, it is likely that assessment of these
parameters solely at the end of the study does not accurately
reflect their overall contribution to soil CO2 eﬄux across the
90-day measurement period. Further, the strong correlations
of CO2 eﬄux with soil N and, especially, C might also
indicate a greater contribution of heterotrophic respiration
to total soil eﬄux than the microbial assessments suggested.
Separation of heterotrophic and autotrophic respiration
would have aided explanation of these trends.
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Table 1: Regression parameters and statistics for relationships of total soil CO2 eﬄux (g C m−2 ) over the 90-day measurement period with
soil N and C content.
COa2
Ambient

Elevated

Ambient

Elevated

a

Soil profile
depth
0–15 cm
15–30 cm
30–45 cm
45–60 cm
0–60 cm
0–15 cm
15–30 cm
30–45 cm
45–60 cm
0–60 cm
0–15 cm
15–30 cm
30–45 cm
45–60 cm
0–60 cm
0–15 cm
15–30 cm
30–45 cm
45–60 cm
0–60 cm

Soil elemental content
(g m−2 )b
N
N
N
N
N
N
N
N
N
N
C
C
C
C
C
C
C
C
C
C

Intercept

Variable

163.970
172.578
136.918
185.687
165.534
169.059
179.336
207.544
220.245
190.030
57.834
−34.372
−130.076
−20.394
−142.144
−61.083
−79.153
75.940
19.100
−120.255

1.550
1.516
2.381
1.101
0.403
2.805
2.908
2.197
1.795
0.633
0.215
0.379
0.499
0.315
0.123
0.443
0.528
0.309
0.356
0.139

Significance of
variable (pr > |t |)
0.17
0.17
0.12
0.30
0.18
0.07
0.26
0.22
0.30
0.18
0.21
0.05
0.04
0.12
0.02
0.01
0.08
0.11
0.14
0.01

r2
0.42
0.41
0.49
0.26
0.39
0.60
0.30
0.35
0.26
0.39
0.36
0.67
0.69
0.50
0.79
0.88
0.57
0.51
0.46
0.83

Ambient CO2 ≈ 365 µmol mol−1 ; elevated CO2 ≈ 720 µmol mol−1 . b N: soil nitrogen; C: soil carbon.

Table 2: Specific respiration rates (g C respired per g) for root biomass, root C and N and soil C and N.
COa2
Ambient
Elevated
ANOVA
a

Root dry
weight
0.172
0.146
P = 0.03

Root N

Root C

Soil N

Soil C

34.493
32.262
P = 0.32

0.375
0.315
P = 0.02

1.437
1.848
P < 0.01

0.076
0.098
P < 0.01

Ambient CO2 ≈ 365 µmol mol−1 ; elevated CO2 ≈ 720 µmol mol−1 .

Previous research with container-grown longleaf pine
seedling showed that N was the controlling factor; under
low N conditions, longleaf growth response to elevated CO2
was negligible [14]. In the current study, Torbert et al.
[59] found increased soil N mineralization under elevated
CO2 , indicating that N resources should not be limiting for
either microbial decomposition of residues or plant growth
in future regenerating longleaf pine systems. Therefore,
despite this study receiving no N additions throughout the
three years, a positive growth response to elevated CO2 was
observed for longleaf pine [49].
We assessed the overall impact of CO2 enrichment
on this model longleaf pine community through its first
three years of growth by extrapolating biomass (above- and
belowground, as well as litter), soil C and N [49], and soil
respiration data from this study. Elevated CO2 resulted in
a significant increase of 4.07 Mg C ha−1 yr−1 sequestered in

standing biomass (ambient CO2 = 6.29 Mg C ha−1 yr−1 ; elevated CO2 = 10.36 Mg C ha−1 yr−1 ) with an additional significant increase of 0.54 Mg C ha−1 yr−1 in litter (ambient CO2
= 0.72 Mg C ha−1 yr−1 ; elevated CO2 = 1.26 Mg C ha−1 yr−1 ).
The change in soil C was not significantly diﬀerent
between CO2 treatments at termination of the study (3.97
and 3.74 Mg C ha−1 yr−1 for ambient and elevated CO2 ,
resp.). Therefore, the entire system showed a gain of
4.38 Mg C ha−1 yr−1 due to exposure to elevated atmospheric
CO2 (ambient CO2 = 10.98 Mg C ha−1 yr−1 ; elevated CO2
= 15.36 Mg C ha−1 yr−1 ). It should be noted that soil respiration rates from the final three months of exposure
were used to estimate soil CO2 eﬄux over the threeyear study period. Also, we did not assess nighttime plant
respiration; it is unlikely this would have significantly
impacted the analysis since plant respiration has been shown
to be relatively unresponsive to elevated CO2 [60]. Despite

International Journal of Agronomy
increased soil respiration of 2.54 Mg CO2 -C ha−1 yr−1 under
elevated CO2 , our estimates suggest a net increased storage
of 1.84 Mg C ha−1 yr−1 with the majority of the added C
residing in plant biomass. Torbert et al. [59] found decreased
soil C turnover under elevated CO2 , suggesting that increased
C sequestration in soil is possible in these longleaf systems.
In general, elevated CO2 increases soil CO2 eﬄux due
to increases in autotrophic respiration from increased root
growth and/or increased heterotrophic respiration associated
with microbial use of increased C inputs [31, 34]. However,
despite increased soil CO2 eﬄux under elevated atmospheric
CO2 , terrestrial ecosystems can still be potential sinks for
atmospheric CO2 due to greater biomass production and
increased soil C sequestration. This may be particularly
true for forest systems. For example, our research indicates
that regenerating longleaf pine systems have the potential
to be sinks for atmospheric CO2 in a future elevated CO2
environment. These findings are especially important given
that longleaf pines currently occupy less productive, low
N sites and given the increasing landowner interest in
this species due to its superior economic and ecological
attributes.
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Tannins (produced by plants) can reduce the solubility of soil-N. However, comparisons of tannins to related non-tannins on
diﬀerent land uses are limited. We extracted soluble-N from forest and pasture soils (0–5 cm) with repeated applications of water
(Control) or solutions containing procyanidin from sorghum, catechin, tannic acid, β-1,2,3,4,6-penta-O-galloyl-D-glucose (PGG),
gallic acid, or methyl gallate (10 mg g−1 soil). After eight treatments, samples were rinsed with cool water (23◦ C) and incubated in
hot water (16 hrs, 80◦ C). After each step, the quantity of soluble-N and extraction eﬃciency compared to the Control was determined. Tannins produced the greatest reductions of soluble-N with stronger eﬀects on pasture soil. Little soluble-N was extracted
with cool water but hot water released large amounts in patterns influenced by the previous treatments. The results of this study
indicate hydrolyzable tannins like PGG reduce the solubility of labile soil-N more than condensed tannins like sorghum procyanidin (SOR) and suggest tannin eﬀects will vary with land management. Because they rapidly reduce solubility of soil-N and can
also aﬀect soil microorganisms, tannins may have a role in managing nitrogen availability and retention in agricultural soils.

1. Introduction
Tannins are reactive secondary metabolites produced by
plants that aﬀect important biological, chemical, and physical processes in soil and couple primary productivity to
biogeochemical cycles [1–4]. Tannin eﬀects on decomposition and nitrogen availability in soil have been a subject of
research for more than fifty years [5, 6]. However, development of strategies for use of tannins as soil management
tools has lagged, in part because few studies have specifically
related them to improving plant productivity or soil fertility.
Early tannin research was conducted on temperate agricultural soils [7–9], while recent work has concentrated more on
their role in forest ecosystems [10–12] and tropical soils [13–
15]. These studies, however, have tended to emphasize the
impacts of tannins on microbially mediated processes rather
than on the more immediate abiotic interactions between
tannins and soil and have made little attempt to frame their
findings into the context of landscape eﬀects.

Tannins are believed to aﬀect the nitrogen cycle through
several direct and indirect mechanisms that reduce rates of
net mineralization or nitrification. Some tannins are directly
toxic to plants or microorganisms [16, 17] but their eﬀects
vary with particular tannin chemistry or among taxonomic
groups [18]. Some tannins or related phenolic compounds
are used by soil microorganisms as substrates increasing
microbial demand for nitrogen and immobilization in
microbial biomass [2, 12, 19]. Tannins can also reduce rates
of mineralization or decomposition by aﬀecting the activity
of enzymes [20, 21] or by forming complexes with other
proteins or organic nitrogen compounds via reversible noncovalent processes such as hydrogen bonding and hydrophobic interactions (cf. [2, 22, 23]). The availability of the nitrogen sequestered in tannin-protein complexes varies among
species of plants, taxa of microorganisms, or even among
strains of mycorrhizae [11, 24–28]. Tannins and related phenolics may also aﬀect soil-N through interactions with inorganic soil fractions [3, 23, 29]. For example, tannin-related

2
phenolic compounds can interact with nitrite, produced
during nitrification, to form more recalcitrant organic forms
in a process termed nitrosation [30–32].
Our earlier studies revealed some tannins were rapidly
sorbed by soil and reduced the solubility of labile soil-N
[33, 34]. Significant amounts of retained tannin-C remained
in soil even after repeated rinses with hot water [33]. A single
application of a gallotannin (β-1,2,3,4,6-penta-O-galloyl-Dglucose) produced a persistent reduction in the solubility
of organic-N not observed with gallic acid, its simple
monomeric constituent, suggesting the rapid formation of
stable complexes with soil [33]. Tannic acid also influenced
the recovery and composition of Bradford-reactive soil protein, associated with glomalin, produced by arbuscular mycorrhizae [35]. These observations suggested plant tannins are
capable of aﬀecting critical soil ecosystem processes such as
formation of soil organic matter and rates of nutrient cycles
and thus may have a role in managing nitrogen availability
and retention in soil.
This report is a portion of a two-part study designed
to expand the body of basic information about the eﬀects
of tannins and related non-tannin phenolics on soil organic
matter and nutrient cycling. In part 1, we reported patterns
of sorption of phenolic-C and showed Appalachian forest
and pasture soils had a high aﬃnity and a fixed capacity
for tannins while related phenolic compounds were retained
less [34]. This work summarizes the eﬀects of repeated applications of chemically well-defined hydrolyzable and condensed tannins (polymers) and related non-tannin phenolic
substances (monomers) on the solubility of soil-N. We compared surface soil from pasture to soil from the surrounding
woodlands to gain insight into the magnitude of change associated with conversion from woodlands to silvopasture and
assessed their potential significance on a landscape basis. Our
ultimate goal is to gather and develop information needed
to devise new management strategies that use the phenolic
compounds added by plant residues, leachates, livestock
manure or, from intentional amendments, to achieve desired
agronomic or environmental goals.

2. Materials and Methods
2.1. Sample Collection and Preparation. Surface soil (0–5 cm)
was collected from four farm units in Southern West Virginia, each with areas in forest (mixed deciduous or pine)
and pasture use as described in greater detail by Halvorson
and Gonzalez [36] and Halvorson et al. [34]. Each sample
consisted of a composite of 10 soil cores (6.35 cm in diameter) collected along transects. In the lab, composite samples
were sieved (2 mm), dried at 55◦ C, and stored until further
analysis.
2.2. Soil Properties. Bulk density (BD) was determined gravimetrically from intact soil cores [36]. Soil chemical properties were determined for each composite sample (Table 1).
Soil pH and electrical conductance (EC) were measured by
electrode (1 : 1 soil : water). Total inorganic-N (TIN) was estimated as the sum of water extractable inorganic-N plus
KCl extractable-N remaining in soil after the first extraction
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reported in previous work [33]. Total soil-C content was
determined by dry combustion [37] with a FlashEA 1112
NC Analyzer (CE Elantech, Lakewood, NJ). The texture of
the soil samples was determined by hydrometer (Midwest
labs, Omaha, NE, http://www.midwestlabs.com/). Cation exchange capacity (CEC) was measured at the inherent soil pH
by exchange with cobalt hexamine trichloride [38–40].
2.3. Eﬀects of Test Compounds on Extraction of Soil-N. As
part of a larger study [34], soluble-N extracted from soil was
determined by diﬀerence after each of eight repeated applications of aqueous treatment solutions followed by a sequential extraction with cool (23◦ C) and hot (80◦ C) water [41,
42].
2.3.1. Test Compounds. Soil samples were treated with deionized water (Control) or with solutions containing model
tannins or non-tannin phenolic compounds (organic acids
and flavonoids), selected to represent a range of phenolic
compounds of varying complexity present in the plantsoil continuum [43]. Our representative condensed tannin
was a polymeric flavonoid-based procyanidin isolated from
sorghum grain [Sorghum bicolor (L.) Moench] (SOR) [44].
We also evaluated tannic acid (TA), a common but imprecisely defined mixture of galloyl esters, and β-1,2,3,4,6penta-O-galloyl-D-glucose (PGG), a well-defined gallotannin purified from the tannic acid. Non-tannin phenolics
included the flavonoid catechin (CAT), the phenolic acid
gallic acid (GA), and its ester, methyl gallate, (MG) (Figure 1,
Table 2).
2.3.2. Procedure. Samples of soil (2.5 g) were weighed into
Oak Ridge centrifuge tubes and treated with 25 mL of deionized water (Control) or with 25 mL of test solution to
yield a final amendment of 10 mg test compound g−1 soil.
After reciprocal shaking at 200 rpm for 1 hour at room
temperature, samples were centrifuged for 3 min at 11,952 g
and decanted. Supernatants were analyzed for soluble-N with
a Shimadzu TOC-VCPN analyzer equipped with a TNM-1
module (Shimadzu Scientific Instruments, Columbia, MD).
The treatment application step was repeated seven more
times by adding an additional 25 mL of Control or treatment
solution to the soil pellet, shaking, and extracting as above.
After the final treatment, all samples were extracted with
25 mL of cool (23◦ C) water and assayed again. Finally, more
water (25 mL) was added to soil samples, which were then
vortexed, incubated overnight in a hot water bath (16 hrs,
80◦ C), and assayed for soluble-N as before.
Data were corrected to account for any nitrogen added
from the treatments, or carryover from the previous treatment step. Treatment eﬀects were determined for absolute
values (mg kg−1 soil) but the amount of net soluble-N
extracted by treatment solutions was also expressed relative to the Control and used to determine if treatments
decreased (net Treatment < net Control) or increased
(net Treatment > net Control) extraction of soluble-N
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Table 1: Selected soil properties adapted from Halvorson et al. [34]. Mean (SEM), n = 4.
EC
(μS cm
soil−1 )

TIN‡
(mg N kg
soil−1 )

Total C
(mg C g
soil−1 )

Total N
(mg N g
soil−1 )

CEC
(cmolc kg
soil−1 )

Forest

0.95 (0.03) 4.47 (0.26) 103 (13)

17.3 (3.4)

56.0 (3.5)

4.0 (0.2)

9.8 (1.9)

73.0 (3.1) 20.5 (2.2)

6.5 (1.0)

Pasture

1.14 (0.09) 5.27 (0.08) 151 (14)

26.5 (4.4)

42.9 (2.4)

4.5 (0.4)

10.1 (1.0)

69.0 (6.0) 25.0 (5.3)

6.0 (0.8)

BD†

Land use

pH(1:1)

Sand
%

Silt
%

Clay
%

†

Bulk density (BD) for the study was determined gravimetrically.
‡ Total inorganic-N (TIN) was estimated as the sum of water extractable inorganic-N plus KCl extractable-N remaining in soil [33].
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Figure 1: Chemical structures for (a) (+)-catechin (CAT), (b) gallic acid (GA), (c) methyl gallate (MG), (d) sorghum procyanidin (SOR),
(e) β-1,2,3,4,6-penta-o-galloyl-d-glucose (PGG), and (f) tannic acid (TA). The structure shown for tannic acid is a representative molecule
for tannic acid, an imprecisely defined mixture of galloyl esters [44]. Figure redrawn from [34].

Class

Mixture of
gallotannins

Tannic acid, certified (TA)

4624 48.6 0.094

0

[Sorghum bicolor (L.)
Moench]

61.6

290

Sigma, St Louis, MO

49.7 0.099

49.4 0.142

47.7 0.106

51.7 0.084

941

902

170

184

Purified fromTannic
Acid (Fisher)

Fisher
Scientific,Pittsburgh,
PA
Fisher Scientific,
Pittsburgh, PA

Indofine Chemical Co.,
Hillsborough, NJ

Source

2880

180

492

474

85

96

0.002

2.4

129

ND

0.3

6.3

Compound characteristics
N‡
C
C‡
K§
MW†
(%) (%) (g mol−1 ) ow

5189

6067

5037

5042

4739

5141

Soluble-C
(mg kg−1 soil)

8.2

1.0

0.7

2.5

0

0.1

13.7

32.1

26.1

30.7

52.6

37.2

Solution characteristics¶
Soluble-N
Phenolics#
−1
(mg kg soil) (mmol GA equiv kg−1 soil)

6.0

5.6

5.1

3.5

3.3

4.4

pH
(1mg/mL)

‡ Total

Number average molecular weight for TA estimated by RP-HPLC by Hagerman (Personal Communication) and used to calculate weighed average g C mol−1 .
C and N were determined in triplicate with a FlashEA 1112 NC Analyzer (CE Elantech, Lakewood, NJ).
§ Octanol-water partition coeﬃcients (K ) for PGG CAT and SOR from [45] GA and MG from Lu et al. [46]. Low values correspond to hydrophilic compounds while higher values are indicative of hydrophobic
ow
ones.
¶ Supplied g−1 soil application−1 .
# Determined by the Modified Prussian Blue assay.

†

β-1,2,3,4,6
penta-O-galloyl-D-glucose Gallotannin
(PGG)
(+)-Catechin hydrate, >98%
Flavonoid
(CAT)
[(4β- >
Polymeric
8)-epicatechin15 -(4β- >
8)-catechin] (Sorghum
flavonoid
procyanidin) (SOR)

Phenolic
organic acid

Gallic acid, certified (GA)

Methyl
Phenolic
3,4,5-trihydroxybenzoate,
organic ester
98% (methyl gallate)(MG)

Treatment

Table 2: Details about treatment compounds [34].
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from soil. We determined percentage change in soluble-N
attributable to treatments, ΔSol-N, as
(Sol-Ntrt –Sol-Ncontrol )
,
Sol-Ncontrol

140
120

(1)

where Sol-Ntrt and Sol-Ncontrol indicate the amount of net
soluble-N extracted from soil samples treated with phenolic
compounds or water alone, respectively.
2.4. Statistical Analysis. Significant eﬀects of test compounds
and land use were identified by analysis of variance (ANOVA)
with SAS 9.1 and PROC MIXED using a model that
accounted for both fixed (land use, treatment) and random
(sample location) eﬀects [47, 48]. We used the KR (KenwardRoger) option to calculate degrees of freedom and selected
covariance structures to minimize Akaike’s Information
Criterion. Assumptions of data normality were evaluated
and appropriate data transformations identified with SAS/
ASSIST. We assumed a value of 5% as the minimum criterion
for significance. Significant main eﬀects were separated by
pairwise comparisons among means, adjusted by the TukeyKramer method. The SLICE option in PROC MIXED was
used to test significant Treatment × Use interaction. Significant deviation of ΔSol-N from zero, indicative of a meaningful change in soluble-N due to the treatment, was determined
by the LSMEANS statement in PROC MIXED. Values indicated in text and graphs are the arithmetic mean, ± the standard error of the mean, expressed on air-dry soil basis.

100
Soluble-N (mg kg−1 )

ΔSol-N = 100 ∗

160

80
60

20

10

1

2

3

4

5

6

7

8

CW HW

Applications (10 mg g −1 soil)
Control
MG
GA
TA

PGG
CAT
SOR

Figure 2: Soluble-N extracted from 0–5 cm soil with eight treatment cycles of water (Control) or treatment solutions (10 mg g−1
soil) followed by extractions with cool (CW) and hot (HW) water.
Values are the mean of 4 farms × 2 uses (forest and pasture), n = 8.
Treatment abbreviations are defined in Figure 1.

3. Results
3.1. General Patterns. Multiple applications of phenolic
solutions produced overall extraction pattern for solubleN shown in Figure 2. The first of the eight cycles had the
greatest eﬀect, extracting 50–60% of the cumulative total
amount, while each of the seven subsequent applications
removed incrementally less N. The rinse with cool water after
the treatment cycles extracted little additional soluble-N but
the final incubation in hot water released a relatively large
pulse of soluble-N from all treatments and the control. The
distinct patterns of ΔSol-N, established with the first treatment application, generally varied little with subsequent
phenolic treatments or cool water rinse but showed some
diﬀerences between forest and pasture soils (Figures 3(a) and
3(b)).
3.2. Treatment with Phenolic Compounds. The amount of
soluble-N extracted by the first treatment cycle varied with
simple main eﬀects of Treatment and Use. Soluble-N was
comparable for most treatments with amounts from samples
treated with MG slightly greater than the Control (Table 3).
In contrast, both TA and PGG reduced amounts of solubleN. Pasture soil produced more soluble-N than forest soil.
Extraction eﬃciency of treatments compared to the water
Control, ΔSol-N, varied as a Treatment × Use interaction.
Treatment with MG significantly increased the amount of
soluble-N from forest soil by about 19% compared to 9% for
pasture soil (Figure 4). Treatment with CAT did not aﬀect

soluble-N from pasture or forest soil. Gallic acid produced
no eﬀect on forest soil, but reduced soluble-N from pasture
soil by 19%. Soluble-N was reduced from both soil types by
SOR, TA, and PGG, but decreases were stronger in pasture
soil. Greatest reductions resulted from the PGG treatment,
which lowered soluble-N from forest and pasture by 24 and
34%, respectively.
Patterns established with the first treatment cycle persisted throughout the seven subsequent applications of phenolics and thus cumulative extractions, after all eight treatment cycles, varied with main eﬀects of Treatment and Use
(Table 3). While MG slightly increased soluble-N, amounts
were significantly reduced by GA, TA, and PGG treatments. Pasture soil yielded more soluble-N than forest soil.
Cumulative treatment ΔSol-N varied as a Treatment × Use
interaction. Eight treatment cycles with MG extracted 13%
more soluble-N from forest soil than water alone but had
little eﬀect on pasture soil. By contrast, treatment with CAT
reduced soluble-N by about 9% for both soils. Soluble-N was
also reduced by the other phenolic compounds but treatment
eﬀects were discernibly stronger for pasture soil. Greatest
reductions, with PGG, resulted in 28 and 40% less soluble-N,
than the water control, from forest and pasture, respectively.
3.3. Cool and Hot Water Extractions. Only small amounts,
5.1 ± 0.2 mg kg−1 , of soluble-N, were extracted by cool water,
after the final treatment cycle, limiting the interpretive value

82 (4)X

70 (1)
83 (3)
70 (1)
65 (1)
69 (1)
61 (1)
53 (2)

67 (2)Y

133 (4)Y

147 (4)
166 (6)
137 (3)
136 (3)
131 (3)
110 (2)
105 (3)
151 (8)X

186 (19)
193 (19)
165 (14)
154 (13)
131 (12)
116 (9)
110 (9)

Cumulative after treatment 8
Forest
Pasture

Avg.
(n = 8)
94 (10) 82 (7)AB
102 (10) 93 (6)A
91 (8) 81 (6)AB
82 (8) 74 (5)BC
75 (7) 72 (3)BC
70 (5)
66 (3)C
61 (6)
57 (3)D

Single treatment
Forest Pasture
Avg.
(n = 8)
166 (11)AB
179 (11)A
151 (9)BC
145 (7)BC
131 (6)CD
113 (5)DE
108 (4)E
5.8 (0.8)
5.7 (0.5)
4.8 (1.0)
5.4 (0.5)
5.0 (0.4)
4.5 (0.7)
4.0 (0.5)

5.1 (0.2) 5.0 (0.2)

4.9 (0.3)
5.5 (0.5)
4.2 (0.4)
6.2 (0.3)
5.5 (0.4)
5.0 (0.7)
4.2 (0.2)

Cool water
Forest
Pasture
Avg.
(n = 8)
5.3 (0.4)AB
5.6 (0.3)A
4.5 (0.5)BC
5.8 (0.3)A
5.3 (0.3)AB
4.8 (0.5)ABC
4.1 (0.2)C
95 (2)Y

107 (4)
98 (5)
91 (3)
95 94)
107 (3)
86 (3)
78 (4)

144 (9)X

191 (27)
170 (26)
166 (24)
129 (8)
148 (19)
106 (9)
99 (8)

Hot water
Forest
Pasture
Avg.
(n = 8)
149 (20)A
134 (18)AB
129 (18)AB
112 (8)BC
128 (12)AB
96 (6)CD
89 (6)D

383 (45)
368 (44)
336 (37)
289 (20)
284 (31)
226 (17)
213 (17)
233 (6)Y 300 (16)X

259 (6)
269 (10)
231 (6)
237 (6)
244 (5)
201 (4)
188 (4)

Final total
Forest
Pasture
Avg.
(n = 8)
321 (31)A
319 (28)A
284 (26)A
263 (14)A
264 (16)A
213 (10)B
200 (9)B

Treatment solutions consisted of a water control or supplied 10 mg of methyl gallate (MG), gallic acid (GA), catechin (CAT) condensed tannin from sorghum (SOR), tannic acid (TA), or β-1,2,3,4,6-penta-Ogalloyl-D-glucose (PGG) per g soil. Data are arithmetic average (standard error) (n = 4). Main eﬀects of land use (column averages, n = 28) or treatments (row averages, n = 8) are denoted by capital letters
(Tukey’s HSD, P < 0.05).

†

H2 O
MG
CAT
SOR
GA
TA
PGG
Avg.
(n =
28)

Trt

Table 3: Soluble-N (mg kg−1 soil) extracted with treatment solutions† .
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(a)

PGG
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(b)

Figure 3: Percent change in soluble-N extractions attributable to treatments, ΔSol-N for (a) forest and (b) pasture soils calculated with (1)
(n = 4). Treatment abbreviations are defined in Figure 1.

of intertreatment ΔSol-N comparisons (Table 3). Variation
among treatment eﬀects was less than 2 mg kg−1 soil but
samples treated with PGG yielded less cool water soluble-N
than others.
In contrast, hot water extracted large amounts of solubleN that varied with simple main eﬀects of Treatment and
Use (Table 3). The greatest amount of soluble-N, extracted
from the Control treatment, was comparable to the amount
extracted by the preceding eight treatment cycles (Table 3).
Significantly less soluble-N was extracted with hot water
from TA- and PGG-treated samples than other treatments.
Pasture produced about 50% more soluble-N than forest soil.
Hot water ΔSol-N varied as an interaction between Treatment and Use (Figure 5). Gallic acid had no eﬀect on hot
water extractions from forest soil, compared to the Control,
but reduced soluble-N from pasture samples by 22%. Previous treatments with MG and CAT reduced soluble-N
similarly from forest and pasture soils, by 10 and 14%, respectively. Reductions in soluble-N, observed for samples
treated with SOR, TA, or PGG, were greater in pasture than
forest soil. Hot water soluble-N was reduced from samples
previously treated with PGG, by 27% for forest soil and by
47% for pasture.

Pasture soil yielded an average of 300 mg kg−1 soluble-N or
about 29% more than forest soil.
Final cumulative ΔSol-N varied as an interaction between Treatment and Use (Figure 6). In both forest and pasture soils, ΔSol-N was highest from samples treated with MG
and lowest from samples treated with TA or PGG. The repeated treatments with MG did not significantly influence
cumulative extraction of soluble-N from forest or pasture
soil. Forest soil was also unaﬀected by GA but soluble-N
was reduced from pasture soil by 25% (nearly 100 mg kg−1 ).
Treatments with CAT reduced soluble-N similarly from both
land uses by an average of 11% (about 37 mg kg−1 ).
Tannins produced the greatest reductions of soluble-N with
significantly stronger eﬀects on pasture soil. The condensed
tannin, SOR, reduced cumulative extractions of soluble-N
from forest and pasture soils by 8 and 23%, respectively,
(21 and 93 mg kg−1 ). Tannic acid, reduced soluble-N from
forest soil by 22% (58 mg kg−1 ) and by 40% (156 mg kg−1 )
from pasture soil. The hydrolyzable tannin, PGG, produced
greatest reductions, 27 and 43% from forest and pasture soils,
respectively, (71 and 176 mg kg−1 ).

3.4. Cumulative Extraction of Soluble-N. Final cumulative
soluble-N extracted by eight treatment cycles and subsequent
cool and hot rinses diﬀered by Treatment and Use (Table 3).
Treatment eﬀects segregated into two groups with less total
soluble-N extracted from soils treated with TA or PGG.

When expressed on a landscape basis, the size of the pool
of soil N aﬀected by tannins and other phenolic compounds
appears significant. Water alone (Control) extracted the
equivalent of 33 and 54 kg of soluble-N ha−1 from 0–5 cm
of forest and pasture soils with the first treatment cycle

4. Discussion
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Figure 4: Treatment × Use interactions for ΔSol-N after the first
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between uses are denoted by numbers. Filled symbols denote significant deviations from the control. Treatment abbreviations are
defined in Figure 1.
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from the control. Treatment abbreviations are defined in Figure 1.
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(Tables 1 and 3). Compared against these baseline values, the
first treatment with MG increased losses of soluble-N from
forest and pasture soils by 5-6 kg N ha−1 while PGG conserved 8 and 19 kg N ha−1 in forest and pasture samples,
respectively. These reductions of soluble-N were strongly
correlated with the amount of phenolic treatment-C sorbed
by the soil [34] (Figure 7).
Incremental extractions of nitrogen after eight successive
treatment applications were small suggesting a majority of
the most labile pool of soil-N had been removed (Figure 2).
The diﬀerence between Control extractions, equivalent to 70
and 106 kg ha−1 from forest and pasture soils, and treatment
extractions infer the magnitude of the soil-N pool most
responsive to the phenolic inputs. These suggest the eight
treatments with MG mobilized an additional 19 and 7 mg
N kg−1 forest or pasture soil, compared to water, or 9 and
4 kg N ha−1 . Conversely, PGG reduced the solubility of labile
soil-N by 41 and 76 mg kg−1 in forest and pasture soils,
respectively, equivalent to retention of 21 and 43 kg N ha−1 .
Negligible extractions of soluble-N with cool water, exhibiting only small diﬀerences among treatments, were unexpected (Table 3). We had, instead, anticipated relatively large
releases of soluble-N from samples that had previously retained N once the treatments were omitted.
In contrast to cool water, hot water released large
amounts of soluble-N, accounting for between 40 and 50%
of the cumulative extraction, suggesting it originated from a
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diﬀerent pool of soil organic matter. The hot water-soluble
pool from forest soil, 51 kg N ha−1 , was less than half that
from pasture soil, 110 kg N ha−1 . Hot water-extractable soilN is thought to be primarily composed of unspecified forms
of organic-N, particularly amino-N and amides, associated
with soil microbial biomass and organic matter, with the
remainder consisting of NH4 -N, generated by hydrolysis of
heat-labile organic N [41, 42, 49]. In a previous experiment,
Halvorson et al. [33] found organic-N comprised more
than 80% of soluble-N extracted by hot water after a single
treatment with GA, TA or PGG.
The patterns of treatment eﬀects observed for hot water
soluble-N, along with those observed for the preceding
extractions, suggest phenolic compounds, like MG, may
simply aﬀect the eﬃcacy of the extraction process while
others including the tannins and CAT somehow increase
the ability for organic-N to resist hydrolysis or physically
restrain it in the soil matrix. While eight treatments with
MG increased soluble-N in supernatants by an average
7 kg N ha−1 (Table 3), hot water soluble-N from samples
treated with MG was reduced by 8 kg N ha−1 (Figure 5).
Thus, final cumulative extractions from MG-treated forest
and pasture soils, though distinct from each other (129
compared to 211 kg N ha−1 ), were not appreciably diﬀerent
from cumulative extractions with water (Figure 6). In contrast, the PGG treatment reduced soluble-N in treatment
supernatants, the cool water rinse, and the final hot water
incubation with reductions of hot water soluble-N equivalent

to 14 and 53 kg N ha−1 from forest and pasture (Figures 4 and
5, Table 3). All together, PGG reduced soluble-N from the
forest soil by 71 mg kg−1 soil or 35 kg ha−1 and from pasture
soil by 170 mg kg−1 soil or 97 kg ha−1 .
Reductions in N availability by condensed tannins are
attributed to formation of protein-tannin complexes with
soil protein that are more recalcitrant than those formed with
hydrolyzable tannins in part because they are less available
to microorganisms as substrate [10, 50–52]. However, the
strong reductions in solubility of labile soil-N, observed for
TA and PGG, suggest hydrolyzable tannins may play a more
prominent role in abiotic immobilization of organic soil-N
than previously thought. A study by Hagerman et al. [45]
concluded PGG, a nonpolar tannin (Table 2), precipitated
with bovine serum albumin (BSA) by forming a hydrophobic
coat around the protein while the more polar, SOR, formed
hydrogen-bond cross-links between BSA molecules.
In addition to precipitation, polymerization resulting
from condensation reactions between phenolic and aminocontaining compounds in solution can occur. Oxidation of
phenolics, forming semiquinones and quinones, can be carried out biotically by the polyphenol oxidase enzymes and/or
abiotically by redox reactions with manganese and iron
oxides [53, 54]. When PGG is oxidized, it forms covalently
linked complexes with protein [55].
Additions of some tannins/phenolics to the soil resulted
in the dissolution of Mn oxides, evinced by increased Mn
content in the supernatant [56]. Mobilization of other soil
metals such as Fe, Al and Si by tannins has also been observed
[29, 57]. During the dissolution of Mn oxides, the Mn
may be reduced from insoluble Mn(III and IV) to soluble
Mn(II), which is available for plants. Phenolic compounds
could be oxidized, forming quinones and semiquinones, the
latter a highly reactive radical that readily self-polymerizes
or copolymerizes with other compounds [58]. Tannic acid,
gallic acid, and other polyhydroxy phenols with OH–OH in
the orthopositions are known to be highly eﬀective in the
dissolution of Mn in soils with high Mn oxides content [59]
or in synthetic Mn oxide [60]. Thus, the lower soluble-N
extracted with PGG, GA, or TA solutions compared to other
compounds might be due in part to redox reactions with
soil Mn together with oxidation of these organic compounds
into quinones or semiquinones and formation of “humiclike” polymers with amino-containing compounds that were
retained in the soil matrix.
The significant interactions between treatment and land
use, observed for ΔSol-N, indicated the eﬀects of phenolic
plant inputs were of greater consequence in land managed
as pasture than the surrounding woodlands (Figures 4–6).
Variations in soil microbial community composition, related
to land use, have been suggested to explain variations in the
mineralization of tannin-protein complexes [13]; however
this study and our related work [33] also suggest land use can
aﬀect the initial reactions between tannins and soil.
The eﬀects of tannins on soil organic matter and nutrient
cycling have important implications for livestock production
in mixed systems such as silvopastures that include a mixture
of forages together with browse and overstory tree species
[61–64]. Appalachian silvopasture soil typically diﬀers from
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the surrounding unmanaged woodland because it is limed to
increase soil pH, receives additional N-inputs from fertilizers
and manure, and can develop greater bulk density due to
compaction by livestock (Table 1). In addition, transitioning
from either forest or pasture to a silvopastoral mixed stand,
containing both forages and overstory, may aﬀect soil nitrogen pools by redistributing the patterns of nutrients in soils
and biomass. Decreases in soil C and N have been associated
with aﬀorestation, especially in the case of pines [65]. Two
years after conversion from a mixed hardwood woodland,
Staley et al. [66] reported losses of organic-C and -N from
West Virginia silvopasture soil of 17 and 9%, respectively,
which they attributed to litter decomposition.
Along with their eﬀects on soil organic matter and the
availability of nitrogen, tannins and related phenolic compounds can interact with important metals in soil, such as
Ca, Mn, Al, and Fe, probably through chelation and oxidation/reduction reactions [67, 68]. Interactions between metals and phenolic compounds may inhibit or promote plant
growth in forest soil. For example, tannic acid has been
reported to reduce the rate of root growth by itself but has
also been shown to mitigate the toxic eﬀects of Al on roots
[69] and in soil [10, 26]. In addition tannins aﬀect nutrient value of forages (e.g., [70, 71]) and animal health [72,
73]. Thus, tannins can link plant productivity, ruminant
physiology, pathogen survival, and environmental quality in
agroecosystems.
The results of this study indicate hydrolyzable tannins
like PGG can quickly reduce the solubility of labile soil-N
more than condensed tannins like SOR and suggest tannin
eﬀects will vary with land management. However information about short-term reactions that incorporate tannin-C
onto the soil matrix and immobilize soil-N must be considered together with their potential for chemical and biological degradation [33]. Further work is required to determine
the persistence of tannin eﬀects as they are degraded by soil
microorganisms or other soil biota [74], physically lost by
leaching, or chemically oxidized after interacting with soil
metals [67, 68].
Tannins and other phenolic compounds aﬀect a number
of important biological, chemical, and physical processes in
plants animals and soil. Studies such as this improve our
understanding of the eﬀects of natural phenolic inputs on
soil organic matter and nutrient cycling and will ultimately
lead to new management strategies. Future research on tannins and other plant polyphenolics in soil ecosystems should
be focused towards understanding their eﬀects on plant productivity and soil function. Functional definitions linking
specific tannin chemistry to soil processes are required that
can also serve as a rationale for comparing tannins. Research
remains hampered by a lack of standardized methods that
simplify the extraction, identification, and quantification of
tannins from plants and soil and that can be adapted to
field measurements. Experimental field work will remain difficult until suitable model tannins can be identified that are
available in reasonable quantities and expense.
Because they are chemically and biologically active, tannins appear to have the potential to be used to improve
nitrogen retention by soils but additional work is needed to
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determine how long their eﬀects can last and whether the
retained N is readily available to crop or forage plants. The
eﬀects of tannins on nutrient cycling will likely be influenced
by specific tannin chemistry [13, 75, 76], vary with tannin
concentrations, and the quantity and quality of soil N [77].
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