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Abstract: Animal grazing in integrated crop-livestock systems (ICLS) results in continuous nutrient
release to forage plants and crops in succession. This study aimed to assess sheep dung composition
and decomposition rates under distinct grazing intensities and at different development stages
of Italian ryegrass pasture (Lolium multiflorum Lam.), and to evaluate dung phosphorus (P) and
potassium (K) release dynamics during two annual ICLS cycles (2015 and 2016) in southern Brazil.
Treatments consisted of two grazing intensities (moderate and light) and two pasture development
stages (vegetative and post-flowering), arranged in a randomized complete block design with
split-split-plots and four replicates. Dry matter (DM) decomposition and P and K release rates
were determined using litter bags with sheep dung. Grazing intensity did not affect sheep dung
composition. Forage consumed at different development stages altered sheep dung composition,
decomposition, and P and K release rates. Dung sampled at pasture vegetative stage showed P and
K contents 16% and 7% higher, respectively, than dung from the post-flowering stage. Dung collected
at pasture post-flowering stage had 26% more cellulose and 34% more hemicellulose compared to
dung from the vegetative stage in 2016. P and K release was greater for dung from pasture vegetative
stage, reaching 3.7 and 12.9 kg ha−1 of P and K, respectively. Further evaluations are still needed
considering the quantification and release of nutrients in each of the different compartments (pasture,
urine, and dung residues) that compose the system.

Keywords: soybean; Italian ryegrass; litter bags; nutrient cycling

1. Introduction

The rotation of cash crops and livestock production in the same land area is typical of commercial
integrated crop-livestock systems (ICLS) worldwide [1,2]. These systems are recognized for providing
ecological interactions between system components [3]. For instance, deposition and decomposition
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of animal manure during the grazing period of ICLS result in continuous nutrient release to forage
plants. It is estimated that between 70 and 95% of grazing animals’ nutrient intake returns to pasture
via excreta [4] and can be reused by forages or grain crops in succession [5].

By transforming forage plants into dung, grazing animals become important diversifying agents
to cropping systems, since different forms of residue (i.e., plant litter and animal wastes) also have
different nutrient concentrations and release rates to the soil [6]. Residue diversity also benefits
soil microbial diversity, which is greater under moderate grazing intensities [7]. As a consequence,
increased biodiversity has been recently acknowledged as the responsible for higher grain yields
and nutrient use efficiencies under ICLS, ultimately reducing fertilizer requirements and increasing
systems’ self-sufficiency [8].

In this context, grazing intensity is pivotal to define the productivity and the sustainability of
ICLS enterprises [9]. It directly influences plant leaf area and light interception by pasture canopy,
affecting plant growth and structural characteristics, such as leaf/stem ratio, botanical composition,
and tillering dynamics of pasture species [10]. Sward structure, in turn, defines if animal intake will be
either maximized or constrained, directly affecting livestock performance (i.e., live weight gains per
individual and per area), the amount of dung returned to the system and its contribution as potential
source or buffer to greenhouse gas emissions [11]. Different grazing intensities may also affect nutrient
allocation patterns of plants, forage digestibility [12] and the chemical composition and decomposition
rate of livestock dung, finally affecting nutrient release to the system [13].

Another factor influencing pasture structural and chemical composition is plant development
stage. Nutrient content tends to be higher in young plant tissues (i.e., vegetative stage) compared
to older tissues of the post-flowering stage [6]. Similarly, as participation of structural components
in forages (hemicellulose, cellulose, lignin, and silica) increase throughout pasture production cycle,
soluble component levels (amino acids, proteins, lipids, and starch) decline [14]. As plant cell wall
content increases, indigestible lignin accumulates in older tissues of the post-flowering stage [15],
affecting dry matter (DM) intake and digestibility [16]. Thus, depending on the length of the stocking
period (especially under continuous stocking method, when animal grazing is season-long) [9], animals
may find different forage compositions over time, possibly resulting in different dung composition,
degradation and nutrient release rates over the same stocking period.

In addition to factors that affect animal intake (e.g., grazing intensity and pasture development
stage), each nutrient presents its own peculiarities with regards to release rates from dung. Potassium
(K) normally shows high release rates to the soil since it is not associated with any organic structure [17].
Phosphorus (P), in turn, presents soluble (inorganic) and insoluble (organic) forms, each showing
distinct release patterns to the soil [18] and frequently requiring microbial action for mineralization [19].

We hypothesized that composition and decomposition rates and nutrient release from sheep dung
over an annual ICLS cycle depend on two main factors: (i) the grazing intensity employed in the
pasture phase; and (ii) the development stage of plants subjected to grazing. To test this hypothesis,
we assessed sheep dung composition and decomposition rates under two distinct grazing intensities
(moderate and light) and at two different pasture development stages (vegetative and post-flowering
phenological stages), and evaluated dung P and K release dynamics during the entire cycle of an
integrated soybean-sheep production system in southern Brazil.

2. Materials and Methods

2.1. History of the Experimental Area

The study was carried out in a long-term integrated crop-livestock system (ICLS) experiment
established in 2003 at the Agronomic Experimental Station of the Federal University of Rio Grande
do Sul (UFRGS), in the municipality of Eldorado do Sul (30◦05′22” S, 51◦39′08” W, 46 m a.s.l.), Rio
Grande do Sul State, Brazil. The region has a humid subtropical climate (Cfa) according to the Köppen
classification [20], with average annual temperature of 18.8 ◦C. Monthly average precipitation and
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temperature in the experimental area in 2015 and 2016 can be found in Figure S1. The soil is classified
as a sandy clay loam Acrisol [21], with 19% clay content. The relief is slightly undulating with deep,
well-drained soil.

Originally, the 4.8 hectares experimental site was a natural grassland. In the winter of 2003,
the area was divided into 16 plots with areas varying from 0.23 to 0.41 ha and the long-term integrated
sheep-soybean experiment was implemented. Prior to its implementation, the soil was plowed and
1.0 Mg ha−1 of lime was applied to the entire area to raise the pH of the 0–10 cm soil layer up to 6.0.
Soil natural fertility was improved with the application of 10 kg N ha−1, 40 kg P2O5 ha−1 and 40 kg
K2O ha−1 to meet an expected soybean grain yield of 3.0 Mg ha−1, as required by soil analyses [22].
Italian ryegrass (Lolium multiflorum Lam.) was then sown broadcast at 32 kg ha−1 sowing density.

2.2. Experimental Design and Conduction

The experimental design was a randomized complete block with split-split-plots (2 × 2 × 2) and
four replicates. Plots consisted of two grazing intensities by sheep in the winter season (moderate and
light), split-plots consisted of two experimental years (2015 and 2016), and split-split-plots consisted
of two dung sampling periods (i.e., dung sampled during the vegetative and the post-flowering
phenological stages of Italian ryegrass pasture).

Grazing intensities were defined by means of forage allowance, expressed in kg of DM per 100 kg
of live weight (LW) per day, as follows: (i) moderate grazing intensity—forage allowance equivalent
to 2.5 times the sheep intake potential; and (ii) light grazing intensity—forage allowance equivalent
to 5 times the sheep intake potential. According to the National Research Council [23], sheep forage
intake potential is 4% (DM basis). Therefore, moderate and light grazing intensities equal 10 and 20%
of sheep LW, respectively. Sward height was monitored every two weeks with a sward stick [24] at
50 random locations per plot. Average sward heights were 15 ± 3 and 25 ± 2 cm in 2015, and 12 ± 3
and 18 ± 3 cm in 2016 for moderate and light grazing intensities, respectively. Average herbage mass
over the stocking period was 1442 ± 130 and 2203 ± 98 kg DM ha−1 in 2015, and 2217 ± 319 and
3262 ± 862 kg DM ha−1 in 2016 for moderate and light grazing intensities, respectively.

The experimental animals were castrated male crossbred Corriedale and Texel lambs with average
initial live weight of 25 kg and nine to twelve months of age. Each experimental unit (plot) received three
tester animals in July (for detailed information about experimental dates, see Figure S2), which remained
over the whole winter period under continuous stocking, and a variable number of ‘put-and-take’
animals to adjust the grazing intensity to treatment targets [25]. Average stocking rates were 855 ± 93
and 910 ± 106 kg LW ha−1 in 2015, and 677 ± 104 and 633 ± 156 kg LW ha−1 in 2016 for moderate and
light grazing intensities, respectively.

The Italian ryegrass pasture was yearly established by self-seeding. In both experimental years,
however, the whole experimental area received a supplementary broadcast sowing of 25 kg of seed
ha−1 to ensure the same initial conditions for all experimental units. Pasture fertilization prior to the
experimental years consisted of 20, 60, and 60 kg ha−1 of N, P2O5, and K2O, respectively, right after the
supplementary sowing operation, and 150 kg ha−1 of N in the form of urea (45% N) equally partitioned
in two applications: at plants tillering and pre-flowering stages. At the end of each stocking period
(26 October 2015 and 27 October 2016), sheep were removed from the experimental area and plots
were desiccated with glyphosate to allow soybean direct-sowing. Soybean crop was sown without
fertilization, using 45 cm row spacing and a target plant population of 280,000 plants ha−1.

2.3. Dung Sampling and Composition Analysis

Dung sampling dates (Figure S2) were established based on pasture development stage (vegetative
and post-flowering plant stages). In both stages, all the dung from the tester animals was collected
over 24 h using individual collection bags. Dung samples were dried in a forced air circulation
oven at 55 ◦C until constant weight and then proceeded to nutrient composition and decomposition
analyses. For the calculation of total dung production (kg DM ha−1) and total nutrient return to the
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experimental area (kg of specific nutrient ha−1), we used the average individual dung production
(g DM sheep−1 day−1) found by Savian (2017, unpublished data) in the same experimental area, during
the same years evaluated in our study. The reason for using data from this author was the need for
more accurate values for individual daily dung production, which was possible through sampling
over five consecutive days at each pasture development stage.

Samples containing ten grams of dung were placed in nylon litter bags [26] with 2 mm opening
and 10 × 10 cm size. The litter bags were distributed on the soil surface at two different moments
over the ICLS annual cycle (Figure S2): (i) during the winter stocking period (also referred as pasture
decomposition phase, containing dung from the first sampling period, i.e., from pasture vegetative
stage); and (ii) immediately after soybean sowing (also referred as crop decomposition phase, containing
dung from the second sampling period, i.e., from pasture post-flowering stage). During the pasture
phase, litter bags were allocated under a 15-cm-high metallic grid in order to allow grazing without
potential damage from sheep trampling. During the crop phase, litter bags were distributed between
soybean crop rows. Litter bag collections were carried out over time at 7, 14, 21, 36, 51, 66, 96, 126, 156,
and 216 days after their distribution in the field. In the laboratory, litter bags were dried and weighed
for determining the residual dung DM mass. Following the DM determination, dung was ground in a
Wiley mill (≤40 mesh) and P and K contents were analyzed after chemical digestion (H2O2 + H2SO4)
according to Tedesco et al. [27]. The P content was determined by photocolorimetry and K content
by flame photometry. Neutral detergent fiber (NDF), acid detergent fiber (ADF) and lignin were
determined according to Van Soest and Robertson [28]. Hemicellulose and cellulose contents were
calculated as the difference of NDF-ADF and ADF-lignin, respectively. Residual DM and P and K
contents were then extrapolated based on total dung DM production and P and K contents at the
beginning and end of each field incubation period.

2.4. Dung Decomposition and Nutrient Release over Time

Nutrient release from plant litter after operations such as desiccation and harvest are initially
concentrated, declining over time [29]. In the stocking period of an ICLS, however, as in any other
grazing system, animal dung is continually deposited on the soil surface. As a result, dung at different
stages of decomposition and nutrients being released and cycled at different rates can be found
over time. For this reason, differently from the approach used by Assmann et al. [29], we created a
matrix in descending order of dung decomposition days. Fitting the models using the matrix method
favors obtaining more accurate trends, but disregards possible differences related to dung chemical
composition and texture [17].

Dry matter decomposition and P and K release rates were estimated by fitting nonlinear regression
models to observed values from the litter bags, following the approach of Wieder and Lang [26] and
using the SigmaPlot® software (SPSS Inc., Chicago, IL, USA). The residual dry matter (RDM) was
given by the following equation:

RDM(%) = A× exp(−k1× t) +(100−A) × exp(−k2× t) (1)

Daily K and P release rates (kg ha−1 day−1) were calculated by the following equations, adapted
from Wieder and Lang [26]:

K =

{
100−

[
A× exp(−k1× t) +(100−A)

]
×Qi
}

100
(2)

P =

{
100−

[
A× exp(−k1× t) +(100−A) × exp(−k2× t)

]
×Qi
}

100
(3)

where Qi is the initial amount of K and P (kg ha−1) in sheep dung at each decomposition phase and
year, k1 is the decomposition constant rate of the most easily decomposable compartment (A); k2 is
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the decomposition constant rate of the most recalcitrant compartment (100-A); and t is the number of
decomposition days.

Compartments A and 100-A and constants k1 and k2 of the equations were calculated using
SigmaPlot® software. The constants were substituted in a matrix in descending order in Excel
spreadsheet. The decomposition constants from compartments A and 100-A were used to calculate
half-life times (t1/2) according to the equation:

t1/2 =
0.693

k1 (or k2)
(4)

where t1/2 is the time required for 50% of DM or nutrients from that compartment to decompose or to
be released; k1 is the constant decomposition/release rate of nutrients from compartment A; and k2 the
constant decomposition/release rate from compartment 100-A [30].

The daily variation in nutrient release (K and P, kg ha−1 day−1) was calculated as the difference
between nutrient release obtained in Equations (1) and (2) for a given day (Xn) and nutrient release of
the previous day (Xn-1). These amounts were then summed within the matrix up to a pre-established
maximum of 200 days for the quantification of accumulated P and K that returned to the soil.

To more reliably represent the dynamics of dung deposition/decomposition and nutrient release
trends from day one of the stocking period, we relocated the P and K release models over the timeline
according to the following logic: (i) dung collected in the first sampling date represented P and K
release dynamics of the whole pasture vegetative period. For this purpose, we moved the nutrient
model to the first grazing day (day one of dung deposition) and considered that dung deposition in
this model ended at the first sampling date, totaling 65 and 55 days of deposition for the years 2015
and 2016, respectively (Figure S2); and (ii) dung collected in the second sampling date represented P
and K release dynamics of the whole pasture reproductive period, so we moved the nutrient model
to start on the first sampling date, extending until the last grazing day (last day of dung deposition),
totaling 43 and 41 days of deposition for the years of 2015 and 2016, respectively (Figure S2).

2.5. Statistical Analysis

To compare the effect of dung decomposition and nutrient release rates, we used the average
of the 10 litter bag sampling dates. Data were submitted to analysis of variance (ANOVA) at 95%
confidence level using SAS software version 9.0, according to the model:

Yijkl = µ + Bi + Ij + Error A (ij) + Yk + IjYk + Error B (ijk) + Pl + IjPl + YkPl + IjYkPl + Error C (ijkl) (5)

where: µ = overall experimental mean; B = blocks (i = 1, 2, 3, 4); I = grazing intensity (j = 1, 2); Y = year
(k = 1, 2); P = sampling period (l = 1, 2) and Error = experimental error. When significant differences
were detected, means were compared using Tukey’s test (p < 0.05).

3. Results

3.1. Dung Composition and Daily Nutrient Return to the System

Grazing intensity did not affect P and K contents of sheep dung (p > 0.05). However, greater P and
K contents were found in dung samples from the pasture vegetative stage (16 and 7% higher P and K
contents, respectively, compared to dung from the post-flowering development stage on average of the
experimental years; p < 0.05, Table 1). The higher number of grazing animals during 2015 stocking
period resulted in greater dung deposition compared to 2016 (8.1 and 5.5 kg ha−1 day−1, respectively;
p < 0.05, Table 1). As a result, total nutrient return via dung to the area was also greater in 2015 for
both pasture development stages, and it was the highest in 2015 vegetative stage (95.0 g ha−1 day−1 of
P and 201.4 g ha−1 day−1 of K; p < 0.05, Table 1). Dung collected in 2016 post-flowering stage showed a
higher proportion of cellulose and hemicellulose when compared to dung from the vegetative stage
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(26 and 34% higher, respectively; p < 0.05, Table 2). Lignin content showed no differences among years
or pasture development stages (p > 0.05).

Table 1. Phosphorus (P) and potassium (K) content in dung sampled at different pasture development
stages in 2015 and 2016 winter stocking periods of a no-till integrated soybean-sheep production system.
Results are the averages of low and moderate grazing intensities.

Year
Pasture

Development Stage
No. Animals

Per ha
Dung Excreted
per Animal (1) Total Dung Return

Dung Nutrient Content Total Nutrient Return

P K P K

g day−1 kg ha−1 day−1 g kg−1 g ha−1 day−1

2015
Vegetative 28 A 290 ns 8.1 A 11.7 a 24.8 a 95.0 Aa 201.4 Aa

Post-flowering 28 A 290 8.1 A 10.6 b 21.6 b 86.1 Ab 175.4 Ab

2016
Vegetative 19 B 290 5.5 B 16.4 a 25.7 a 90.4 Ba 141.6 Ba

Post-flowering 19 B 290 5.5 B 12.9 b 25.5 b 71.1 Bb 140.5 Bb
(1) Data from Savian et al. (2017, unpublished). Tukey’s test (p < 0.05): Upper case letters distinguish the variables
between years in each pasture development stage. Lower case letters distinguish the variables between pasture
development stage in each year. ns: no statistical difference according to Tukey’s test (p > 0.05).

Table 2. Composition of dung sampled at different pasture development stages in 2015 and 2016 winter
stocking periods of a no-till integrated soybean-sheep production system. Results are the averages of
low and moderate grazing intensities.

Year Pasture Development Stage Cellulose Hemicellulose Lignin

g kg−1

2015
Vegetative 192 a 139 a 149 ns

Post-flowering 203 a 153 a 141

2016
Vegetative 180 b 134 b 105

Post-flowering 227 a 179 a 112

Tukey’s test (p < 0.05): Lower case letters distinguish, in the columns, dung composition in each year. ns: no
statistical difference according to Tukey’s test (p > 0.05).

3.2. Dung Decomposition

Dung samples initially presented a rapid decline in dry matter (DM) in both decomposition phases
(Figure 1). Up to 30 days after litter bags distribution in the field, dung collected at the vegetative
stage presented greater decomposition for both years when compared to that collected at pasture
post-flowering stage (18% and 13%, respectively; Figure 1). After 200 days of litter bags deposition in
the field, 60% and 57% of dung residual DM (RDM) were still on the soil surface during pasture and
crop decomposition phases, respectively (Figure 1).

The double exponential model provided the best fit for dung RDM (Table 3). The proportion
of the labile fraction in sheep dung was not affected by any of the variables (grazing intensities,
decomposition phases or years; p > 0.05). The majority of the dung was in the recalcitrant compartment
(64 to 87%), with a lower percentage in the labile decomposable fraction (Table 3).

In 2015, the proportion of the labile compartment was not influenced by the decomposition
phase (p > 0.05, Table 3). In that year, the decomposition rate of the labile fraction was higher for
dung collected at pasture vegetative stage compared to the post-flowering stage (0.0442 day−1 and
0.0128 day−1, respectively). This resulted in a different half-life time of 16 and 54 days, respectively.

In 2016, the participation of the labile fraction was influenced by the decomposition phase
(p < 0.05, Table 3). Dung collected at pasture post-flowering stage and deposited in the crop phase
presented a labile content 38% lower than dung from pasture vegetative stage (Table 3). However,
the decomposition rates of the compartments did not differ between decomposition phases or years
(p > 0.05). On the other hand, the decomposition rate from the recalcitrant fraction exhibited higher
half-life time for dung collected at pasture vegetative stage (594 days) compared to the dung collected
at the pasture post-flowering stage (385 days).
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Figure 1. Residual dry matter (DM) of sheep dung at different decomposition phases (pasture and crop
phases) in 2015 (a) and 2016 (b) in a no-till integrated soybean-sheep production system (average of
low and moderate grazing intensities).

Table 3. Parameters of the double exponential model for sheep dung decomposition rates influenced
by decomposition phases and experimental years in a no-till integrated soybean-sheep production
system. Results are the averages of low and moderate grazing intensities.

Year Dung Decomposition Phase Comp. A (1) k1
(2) k2

(3)
t1/2

R2
A (4) (100-A) (5)

% days−1 days

2015
Pasture 22 a 0.0442 a 0.0016 a 16 433 0.99

Crop 36 a 0.0128 b 0.0015 a 54 462 0.99

2016
Pasture 21 a 0.0413 a 0.0012 a 17 594 0.99

Crop 13 b 0.0623 a 0.0018 a 11 385 0.99

Tukey’s test (p < 0.05): Lower case letters distinguish, in the columns, dung decomposition phase in each year.
(1) Proportion of the labile fraction; (2) Decomposition rate from the labile fraction; (3) Decomposition rate from the
recalcitrant fraction; (4) Labile fraction; (5) Recalcitrant fraction.
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3.3. Phosphorus and Potassium Release

Phosphorus release was greater for dung from pasture vegetative stage (during pasture
decomposition phase) reaching 3.0 and 3.7 kg ha−1 of P in 2015 and 2016, respectively, with a stabilizing
trend towards the crop phase (Figure 2). Release of P from dung collected at pasture post-flowering
stage reached 1.7 and 2.3 kg ha−1 of P in 2015 and 2016, respectively. The total accumulated P release
was also higher in 2016 (5.9 kg ha−1 of P) compared to 2015 (4.8 kg ha−1 of P). The best-fit model for
remaining P in dung was the double exponential (Table 4). In 2015, P was mainly in the recalcitrant
fraction (70%), and there was no effect of dung decomposition phase on the compartments (p > 0.05).
In 2016, however, the labile fraction was greater in dung collected at pasture vegetative stage compared
to dung collected at the pasture post-flowering stage (57% and 28%, respectively). In the same year,
dung collected at the pasture post-flowering stage showed a P release rate from recalcitrant fraction
144% higher than dung collected at pasture vegetative stage (Table 4).

The dynamics of K released from sheep dung demonstrated a similar pattern over the study
years (Figure 3). Potassium release was greater for dung from pasture vegetative stage reaching 12.9
and 7.6 kg ha−1 of K in 2015 and 2016, respectively. Release of K from dung collected at pasture
post-flowering stage reached 6.6 and 5.5 kg ha−1 of K in 2015 and 2016, respectively. The highest total
accumulated K release was observed in 2015 (19.5 kg ha−1 of K) compared to 2016 (12.9 kg ha−1 of K)
(Figure 3).Agronomy 2020, 10, x FOR PEER REVIEW 9 of 15 
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Table 4. Parameters of double exponential models fitted to phosphorus release rates from sheep dung,
calculated half-life values (t1/2), and coefficient of determination (R2) at different decomposition phases
during the 2015 and 2016 annual cycle of a no-till integrated soybean-sheep production system. Results
are the averages of low and moderate grazing intensities.

Year Dung Decomposition Phase Comp. A (1) k1
(2) k2

(3)
t1/2

R2
A (4) (100-A) (5)

% days−1 days

2015
Pasture 28 a 0.0738 a 0.0022 a 9 319 0.94

Crop 33 a 0.0298 a 0.0013 a 23 554 0.95

2016
Pasture 57 a 0.0448 a 0.0027 b 15 260 0.97

Crop 28 b 0.1027 a 0.0066 a 7 105 0.95

Tukey test, p < 0.05: Lower case letters distinguish, in the columns, dung deposition phase in each year. (1) Proportion
of the labile fraction; (2) Rate of nutrient release from the labile fraction; (3) Rate of nutrient release from the recalcitrant
fraction; (4) Labile fraction; (5) Recalcitrant fraction.
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Figure 3. Accumulated potassium (K) release from sheep dung sampled at different pasture
development stages (vegetative and post-flowering stages) and total accumulated P release over
2015 (a) and 2016 (b) annual cycles of a no-till integrated soybean-sheep production system (average of
low and moderate grazing intensities).
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The best-fit model for K was the simple exponential. Almost all the K (99%) was located in the
labile compartment of sheep dung (Table 5), resulting in a faster K release and stronger stabilization
up to 60–80 days (for the years 2015 and 2016, respectively) after litter bags deposition in the field,
compared to the P release model. However, in 2015 the dung collected at pasture post-flowering stage
showed a rate of K release from the labile fraction that was 83% lower than that collected at pasture
vegetative stage, as well as a higher half-life time (43 days, Table 5).

Table 5. Parameters of simple exponential models fitted to potassium release rates from sheep dung,
calculated half-life values (t1/2), and coefficient of determination (R2) at different decomposition phases
during the 2015 and 2016 annual cycle of a no-till integrated soybean-sheep production system. Results
are the averages of low and moderate grazing intensities.

Year Dung Decomposition Phase Comp. A (1) k1
(2) t1/2 R2

% days−1 days

2015
Pasture 99.4 a 0.0943 a 7 0.95

Crop 97.7 a 0.0163 b 43 0.92

2016
Pasture 100.0 a 0.0922 a 8 0.97

Crop 99.3 a 0.0740 a 9 0.97

Tukey test, p < 0.05: Lower case letters distinguish, in the columns, dung deposition phase in each year. (1) Proportion
of the labile fraction; (2) Rate of nutrient release from the labile fraction.

After 200 days of litter bags distribution in the field, a higher percentage of P remained in the
dung in 2015 compared to 2016 (Figure 4). On the other hand, almost the totality of K was released in
both study years (Figure 4).
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Figure 4. Total phosphorus (P) and potassium (P) released from sheep dung 200 days after litter
bag distribution in the field in the years 2015 (a) and 2016 (b) in a no-till integrated soybean-sheep
production system (average of low and moderate grazing intensities). Lower case letters represent
differences in P released between years according to Tukey’s test (p < 0.05).

4. Discussion

Contrary to expectations, different grazing intensities on Italian ryegrass did not affect sheep
dung composition, decomposition, and P and K release rates over time, possibly because the
grazing intensities adopted in our study were not sufficiently contrasting to produce different
responses. Previous authors in the same experimental protocol observed differences in morphological
composition of swards, with greater participation of structural components (stems + sheaths) under
light compared to moderate grazing, and greater participation of leaf blades under moderate compared
to light grazing intensity [31]. Pasture chemical composition, however, was similar between grazing
intensities, and the authors found no differences in individual live weight gains of lambs in that
study (150 g LW animal−1 day−1 on average) [31], supporting our interpretation that grazing intensity
treatments were not contrasting enough to produce different dung compositions. Moreover, grazing
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ruminants, especially sheep and goats, exhibit high forage selectivity, enabling them to select green
leaves with greater nutritional value in heterogeneous sward structures [32]. In this sense, even our
heaviest grazing intensity (moderate) was probably lenient enough to allow sheep selectivity and
consequently the ingestion of diets with similar composition.

Assmann et al. [29] found different nutrient compositions in mixed Italian ryegrass and black oat
(Avena strigosa Schreb) pastures managed at a broader range of grazing intensities (10, 20, 30, and 40 cm
sward heights), but differences were not detected for cattle dung composition and decomposition rates
even under such a contrasting gradient. These authors found, however, higher rates of P release from
recalcitrant and labile fractions of dung and lower pasture residue lignin contents under moderate
grazing intensities. Greater P release from grass residues (Lolium multiflorum and Paspalum dilatatum)
was also observed in grazed conditions compared to ungrazed areas [12]. This result was attributed to
differences in quality (structure), lignin content, and lignin/nitrogen ratio of pasture residues caused by
grazing, besides alterations in the soil microbial community and changes in soil N status resulting
from dung deposition.

Although effects of grazing intensity were not detected, the development stage of pasture affected
dung characteristics. In general, dung collected at pasture vegetative stage presented greater P and
K (Table 1) and lower cellulose and hemicellulose contents (Table 2), and higher proportion of dung
and P in the labile fraction (Tables 3 and 4), accelerating its initial decomposition and consequently
release of P and K (Tables 4 and 5). These results may be a consequence of higher quality forage and
greater amounts of P and K in vegetative Italian ryegrass, with higher proportion of leaves in relation
to structural tissues and greater P and K contents typical of younger plants [6].

On the other hand, a smaller proportion of young tissues and higher proportion of stems and
inflorescences at the second sampling date (pasture post-flowering stage) may explain the lower
nutrient levels in dung decomposed during the crop phase of the ICLS. The chemical composition
of plant tissues changes with advancing maturity, especially for structural components like stems,
affecting forage digestibility [33]. Digestibility, in turn, affects forage intake by ruminants [16], so that
increased fiber content and lower digestibility of pasture in advanced development stage might have
constrained the nutrient intake by sheep due to effects such as rumen filling and greater searching and
handling times. In addition, animals are induced to increase chewing efficiency to reduce particle size,
improving nutrient absorption from the lower quality forage in the gastrointestinal tract [34]. All these
factors might have contributed to the lower nutrient content in dung from pasture post-flowering stage.

More than half of the initial dung DM remained in the litter bags at the end of decomposition
assessments (Figure 1). This result was probably due to the shape of sheep dung (pellets) and to the
formation of a hydrophobic surface when pellets dry, which might have decreased soil-moisture-dung
interactions and, consequently, dung decomposition [13,35]. Despite the reduced dung decomposition
during the experimental period, it mainly occurred in the first 30 days after litter bags distribution
in the field during the pasture phase. This rapid initial decomposition rate corroborates previous
studies [27,36], which associated this behavior with the leaching of soluble components (carbohydrates
and amino acids) and rapid degradation of the most labile parts of the dung.

The release of 2.3 kg of P ha−1 from sheep dung into the subsequent crop phase in 2016 represents
9% of the amount recommended by the Soil Fertility and Chemistry Commission for the soybean
crop (i.e., 26 kg of P ha−1 for an expected soybean yield of 4.0 Mg ha−1 in soils with available P in
the sufficiency range, or above the critical level) [37]. This amount, however, represents only the
available P from sheep dung. Assmann et al. [29] found a P return of 8.7 kg ha−1 when pasture litter
was summed to dung returns in an ICLS with beef cattle.

The release of K from sheep dung revealed a different behavior from that observed for residual DM
and P, because the dynamics of decomposition and release of K depends solely on the labile fraction.
This rapid K release results from most of the K being maintained in a water-soluble form [38], since it is
not part of the structural component of the organic residues [17]. However, in an average of two years,
the K released from dung collected at pasture vegetative stage was 41% higher than dung collected
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at pasture post-flowering stage. This demonstrates the greater importance of K in nutrient recycling,
which is more affected than P by the influence of the quality of pasture consumed. These observations
suggest that K dynamics is critically important in cropping areas where livestock is integrated.

In summary, our results show that forage consumed at different pasture development stages alters
sheep dung composition and consequently its decomposition and P and K release rates. In addition,
we have shown that not only nutrient cycling from one phase to another (pasture to crop) in the annual
ICLS cycle is important, but also nutrient recycling in the pasture phase is a relevant process, both with
potential to improve systems’ nutrient-use efficiency. Recent studies [8,29] recommended that most of
the P and K fertilizer should be applied prior to the grazing season in ICLS (i.e., at the beginning of
the pasture phase) instead of the traditional fertilization in the crop phase. This change in the logic of
fertilization management results in greater pasture yields and animal live weight gains (as a result of
improved sward structures and stocking rates) with the same amount of nutrient input to the system.
However, more studies are still needed to evaluate this fertilization approach and its effects on all
sources of nutrients and cycling/recycling routes occurring in ICLS.

5. Conclusions

Dung composition, decomposition and phosphorus (P) and potassium (K) release dynamics
are not affected by the use of moderate or light grazing intensities in the stocking period of annual
integrated soybean-sheep production systems. However, sheep dung resulting from the consumption
of vegetative Italian ryegrass present lower cellulose and hemicellulose and higher P and K contents
compared to dung from pasture post-flowering stage. As a consequence, there is a greater and faster
release of P and K during the pasture cycle when compared to the soybean phase in succession. Further
evaluations are needed considering the quantification and release of nutrients in each of the different
compartments (pasture, urine, and dung residues) that compose the system.
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Figure S1: Monthly average precipitation and temperature (2015 and 2016) in a long-term experiment of integrated
crop-livestock system in southern Brazil. Source: Experimental Station of the Federal University of Rio Grande do
Sul, Eldorado do Sul, Rio Grande do Sul State, Brazil. Figure S2: Starting and ending dates of the stocking period,
manure collection and litter bag allocation dates in 2015 and 2016 winter stocking periods of the no-till integrated
soybean-sheep production system.
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