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Abstract
Integrated crop-livestock systems (ICLS) can be an alternative to increase the productivity of agroecosystems by enhancing
nutrient cycling via grazing animals. Despite the holistic approach that bears the designing of ICLS, fertilization practices are
proceeded in a conventional crop basis, disregarding nutrient fluxes at the appropriate spatial and temporal dynamics. We argue
that fertilization practices in ICLS must follow the same integrated approach. To test this, we compared a conventional crop
fertilization strategy versus a system fertilization approach applied to two production systems being a conventional cropping
system and ICLS. The conventional cropping system consisted of a soybean crop succeeded by a non-grazed Italian ryegrass
cover crop. The ICLS model consisted of a soybean-Italian ryegrass rotation grazed by sheep. In the conventional crop fertili-
zation strategy phosphorus and potassium were applied at soybean sowing and nitrogen at the Italian ryegrass establishment. The
system fertilization consisted of the application of all nutrients during the Italian ryegrass establishment. Accordingly, treatments
were fertilization strategies in a factorial framework with production systems randomly distributed in a complete block design
with four replicates. Results indicated for the first time greater daily herbage accumulation rate (24%; P < 0.01) and total herbage
production (18%; P < 0.05) in the system fertilization compared with conventional crop fertilization. Consequently, system
fertilization allowed for greater stocking rates in the pasture phase (17%; P < 0.05). The ICLS presented greater equivalent
soybean yield (P < 0.001), energy production (P < 0.01), and system productivity (P < 0.05) compared with the cropping system,
regardless of fertilization strategies. Soybean yield was not affected by fertilization strategies or grazing. In conclusion, the
adoption of system fertilization strategy and crop-livestock integration enhance the production without jeopardizing soybean
grain yields, so that land use is optimized by a greater energy production per unit of nutrient applied.
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1 Introduction

Human population and income have been increasing in the
last decades and, simultaneously, the global requirement for
animal source food is expected to rise soon (Mottet et al.
2017). Thus, production systems that supply large amounts
of food to global markets will need to increase their produc-
tion. In the current scenario, there is an increasing social and
political pressure to preserve natural ecosystems, added to
increasing urbanization, and the specialized commercial
agroecosystem models with high use of non-renewable re-
sources. These facts pose barriers to the expansion of agricul-
tural frontiers to increase food, fiber, and energy production
per unit of area and input (Lemaire et al. 2015). Specialized
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commercial agroecosystems such as the cropping system, al-
though using conservation precepts (e.g., no-till), have low
complexity and diversification, making it difficult to increase
food production.

Integrated crop-livestock systems (ICLS) are a sustainable
intensification alternative to specialized commercial
agroecosystems. Hendrickson et al. (2008) defined sustain-
ability as an approach to producing food and fiber which is
profitable, and with resources-use efficiency on the farm.
Thus, diverse agricultural production systems such as ICLS
might ensure productive conditions in the future and enhance
environmental quality. Grazing animals uncouple nutrients
and return a large portion to the system via urine and dung
(Haynes and Williams 1993). Hence, grazing management is
a key factor affecting nutrient dynamics in grazed systems.
Sound grazing management increases belowground biomass
(López-Mársico et al. 2015), soil fauna, microbial diversity,
and the functionality of these populations (Davinic et al.
2013). These are important factors affecting nutrient cycling
and increasing C and N stocks (da Silva et al. 2014).
Furthermore, ruminants are able to upscale human-inedible
materials, such as grasses, into highly nutritious animal source
food, such as meat and milk (Mottet et al. 2017). The integra-
tion of livestock into cropping systems has positive effects on
the agroecosystem, minimizing environmental impacts due to
synergisms between system components, with the benefit of
increasing the food production per unit of land without
converting natural habitats.

The knowledge of plant nutrient requirements and the use
of inorganic fertilizer allow an increase in crop production.
Annually, fertilizer demand is growing 1.4, 2.2, and 2.6%
for N, P, and K, respectively (FAO 2015). Therefore, there
is a growing concern about the limited availability of mined
fertilizers and the potential for contamination of water bodies.
Boring et al. (2018) pointed out an increase in soybean and
corn yields with phosphorus and potassium application on
poor soils, but these responses have been irregular in soil with
high nutrient levels. Currently, fertilizer recommendations tar-
get to meet crop needs and to increase soil nutrient levels
above critical thresholds. Conserving the nutrients is key for
agroecosystem success, and the grazing animal play a crucial
function to nutrient cycling and can affect positively subse-
quent crops yields when managed under moderate grazing
intensities (Sartor et al. 2018). Thus, a new approach of fertil-
ization emerges—the system fertilization—which is based on
the conceptual framework that fertilizer must be applied in the
system phase that presents lower nutrient extraction and
higher nutrient cycling capacity to maximize total system pro-
duction (Assmann et al. 2017). This new approach considers
all benefits of well-managed grazing during the pasture phase,
including the reduced amounts of nutrients extracted by live-
stock and accelerated nutrient cycling returned to the soil via
excreta (Haynes andWilliams 1993). However, there is a lack

of research evaluating the effects of system fertilization with
phosphorus (P2O5) and potassium (K2O) in ICLS and
cropping systems.

The present study pairs a detailed analysis of system pro-
duction dynamics of ICLS and cropping system under differ-
ent fertilization strategies in Southern Brazil (Fig. 1). We hy-
pothesized that ICLS with system fertilization (on pasture
phase) results in greater herbage and animal production com-
pared with conventional crop fertilization (on crop phase),
without affecting crop grain yield. The objectives of this study
were to evaluate the effect of cropping system (soybean
monoculture and non-grazed Italian ryegrass cover crop) or
ICLS (soybean monoculture and sheep grazing Italian rye-
grass cover crop), and two fertilization strategies (system fer-
tilization or crop fertilization) on herbage and animal produc-
tion, soybean grain yield, total system production, and system
productivity in terms of use of resources (inputs).

2 Materials and methods

2.1 Site, climate, and soil description

The experiment was conducted in 2017 and 2018 at the
Experimental Agronomic Station of the Federal University
of Rio Grande do Sul (EEA-UFRGS), in Eldorado do Sul,
Rio Grande do Sul, southern Brazil (latitude 30° 05′ S, longi-
tude 51° 39′ W and 46 m of altitude).

The climate of the site is subtropical humid. Daily mean
data on air temperature and rainfall were obtained from a
nearby (~ 1 km) meteorological station. Average air tempera-
tures were 19.8 and 19.2 °C in 2017 and 2018, respectively,
and annual rainfall was 1510 and 1214 mm in 2017 and 2018,
respectively (Fig. 2).

The soil at the experimental site was classified as an
Acrisol. At the beginning of the experimental protocol
(2017), the soil diagnostic surface (0–10 cm) presented 17 g
kg−1 of organic carbon, pH (H2O) of 3.9, 1.1 cmol dm−3 Ca,
0.5 cmol dm−3 Mg, 15% of base saturation (V%), 49% of Al
saturation, and available phosphorus and potassium (extracted
by Mehlich 1) of 94 and 97 mg dm−3, respectively. Based on
the soil chemical analysis, 7.5 Mg ha−1 of dolomitic limestone
[CaMg(CO3)2] with a total neutralization power of 72% was
applied to raise soil pH to 6.0.

2.2 Experimental design and treatments

The experimental design was a randomized complete block in
a factorial 2 × 2 with four replicates. Factors included two no-
till production systems: (i) soybean in crop phase and sheep
grazing Italian ryegrass (Loliummultiflorum) cover crop in the
pasture phase, consisting of an integrated crop-livestock sys-
tem—ICLS, and (ii) soybean in crop phase and non-grazed
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Italian ryegrass as cover crop in the pasture phase, consisting
of a cropping system only, and two periods of phosphorus
(P2O5) and potassium (K2O) fertilization: (i) conventional
crop fertilization, with the fertilizer applied in the soybean
sowing, and (ii) system fertilization, with the fertilizer applied
in the pasture establishment (Fig. 3). The P2O5 and K2O fer-
tilization rates were calculated for a soybean grain production
of 4.0 Mg ha−1. Nitrogen fertilization (150 kg N ha−1) in the
form of urea was performed once in all treatments on Italian
ryegrass establishment. The experimental area was 4.4 ha,
divided into 16 experimental units (paddocks), ranging be-
tween 0.23 and 0.32 ha each being large enough to avoid
nutrient transfer between the experimental units.

2.3 Pasture phase

In both years, 2017 and 2018, the stocking period started in
June and finished in October, totalizing 125 and 120 days of
grazing, respectively. After soybean harvest, Italian ryegrass
was sown (25 kg of viable pure seeds per ha). In ICLS treat-
ments, the continuous stocking method with three tester sheep

per paddock and a variable number of “put-and-take” sheep
were used to maintain the targeted sward canopy height of 15
cm. This grazing management strategy was defined to offer to
the animal an optimal sward canopy structure to maximize
herbage intake per unit of grazing time (“Rotatinuous” stock-
ing; Carvalho (2013)).

2.3.1 Sward measurements

To maintain the desired sward canopy height, 150 random
points per paddock were measured weekly with a sward stick.
Herbage mass (kg DM ha−1) was measured in all paddocks
prior to the beginning of the stocking period and every 28 days
(subperiod). For this, six random forage samples (0.25 m2) per
paddock were clipped at ground level. Daily herbage accumu-
lation rate was evaluated by through the use of four grazing
exclusion cages per paddock. At the beginning of each stock-
ing period, herbage mass was determined by clipping at
ground level (0.25 m2) at four random places and cages were
allocated nearby. The cage places were chosen by similarity
with herbage mass cut. Approximately 28 days after, the

Fig. 1 a Italian ryegrass (Lolium
multiflorum) cover crop
(non-grazed) in specialized
system (cropping system).
b Sheep grazing Italian ryegrass
under moderate grazing intensity
(15-cm sward canopy height) in
the integrated crop-livestock
system (ICLS). c Soybean
(Glycine max) in the middle
summer growing season
(January)

Fig. 2 Annual average rainfall
and mean air temperature at the
Agronomy Experimental Station
from Federal University of Rio
Grande do Sul during the
experimental period (2017–2018)
and the long-term climatic means
between 1970 and 2009
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herbage mass inside cages was cut at ground level as previ-
ously mentioned. Then, herbage samples were oven-dried at
55 °C for 72 h and weighed for assessment of dry matter (DM)
content. Daily herbage accumulation rate (kg DM ha−1 day−1)
was calculated by the difference between the DM of the sam-
pling dates divided by the period (days) between cuts. This
process was performed in each subperiod.

Total herbage production (kg DM ha−1) was calculated by
the sum of herbage production in each subperiod (daily herb-
age accumulation rate (kg DM ha−1 day−1) multiplied by the
number of days of each subperiod), and the initial herbage
mass (evaluated 1 day before starting the stocking period).
Finally, at the end of the stocking period, residual herbage
mass (kg DM ha−1) was estimated following the same meth-
odology used to measure herbage mass.

2.3.2 Animal measurements

The study was approved and carried out in strict accordance
with the recommendations of the Ethical Review Committee
on the Use of Animals of the Federal University of Rio
Grande do Sul, Brazil (project no 34358).

The animals were 11-month-old Corriedale castrated
sheep, weighing 24.5 ± 0.3 kg and 29.8 ± 0.6 kg of live weight

(LW) at the beginning of the stocking period in 2017 and
2018, respectively. Sheep were weighed after fasting from
solids and liquids for approximately 12 h. Average daily gain
(ADG, g animal−1 day−1) was calculated as the difference
between final and initial LW of tester animals, divided by
the number of days in each subperiod. Whenever necessary
to put or take sheep to keep the target sward canopy manage-
ment, these sheep were weighed, and their weights and time
spent in the paddock were considered to the stocking rate
calculation. The stocking rate (kg LW ha−1 day−1) was calcu-
lated by the sum of average LW of testers and put-and-take
animals, multiplied by the number of days that the animals
remained in the paddock, expressed per unit area. The LW
gain per hectare was obtained by the sum of sheep LW gain
in each subperiod. For that, stocking rate (in number of ani-
mals per ha) was multiplied by the ADG of the tester sheep
and by the number of days of the subperiod.

2.4 Crop phase

2.4.1 Crop management

In both years, after the stocking period, the Italian ryegrass
was desiccated with glyphosate (3 L ha−1) and saflufenacil
(100 g ha−1). Soybean seeds (Glycine max) were treated with
insecticide and fungicide, inoculated and sown in rows spaced
0.45 m apart at a density of 36 seeds m−2, under no-tillage.
Pest control in soybean crop was weekly monitored, and the
use of herbicides, insecticides, and fungicides was conducted
according to the technical recommendations. Soybean harvest
occurred every April.

2.4.2 Crop measurements

Six areas per paddock were randomly chosen to measure the
soybean grain yield (kg ha−1) in the phenological stage R8.
For each sample, two-linear-meter (0.9 m2 per sample) of
soybean plants were clipped at ground level and the grains
were harvested, weighted, and had their humidity measured.
The soybean yield was estimated by multiplying the grain
weight by ten thousand and dividing by the sample area (0.9
m2) and then multiplied by a correction factor to obtain soy-
bean yield adjusted to 13% of humidity.

2.5 System production and resource-use efficiency

The system production was assessed in two ways, by calcu-
lating the equivalent soybean (kg ha−1) and equivalent energy
(Gj ha−1) produced in each system phase. The sum of com-
mercial prices of sheep and soybean sales in September and
April respectively was divided by soybean sale prices to be
expressed as equivalent soybean yields (kg ha-1). Product sale
prices were obtained from theManagement Planning Division

Fig. 3 Schematic representation of the treatments: cropping system or
integrated crop-livestock system (ICLS) with crop fertilization or
system fertilization in southern Brazil
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of Rio Grande do Sul state, Brazil (Emater/Ascar), converted
into U$ by Central Bank of Brazil and used to calculus.
System production in equivalent energy production (GJ ha-1)
was obtained multiplying pasture phase production (total
herbage production and sheep LW gain) and crop phase pro-
duction (soybean yield) by their caloric values. The caloric
values used were 18.05 MJ kg−1 for above-ground biomass
(Fuksa et al. 2013), 13.1MJ kg−1 for meat sheep carcass (Silva
et al. 2005), and 15.05MJ kg−1 for soybean grain (Alimagham
et al. 2017). The meat equivalent energy was measured mul-
tiplying LW gain by equivalent carcass (44.1% of LW;
Carvalho et al. (2006)), multiplying by the equivalent energy.
The system productivity was obtained by system production,
in equivalent energy production (Gj ha−1), divided by inputs
(kg of N, P2O5, and K2O) applied in the system. A system that
presented greater productivity compared with other was con-
sidered more efficient in the use of resources.

2.6 Data analysis

The assumptions of the analysis of variance (ANOVA) were
achieved (normality by Shapiro test (P > 0.05), variance ho-
mogeneity by Bartlett test (P > 0.05), and visual residual anal-
ysis). The ANOVA was run using a mixed model by LMER
function of package lme4 in R Studio software (v.3.6.0). The
production system (grazed vs. non-grazed), fertilization strat-
egy effect (crop fertilization vs. system fertilization), and their
interaction was considered fixed effects. Random effects in-
cluded block, subperiod, and year. The subperiod effect was
included in the model for response variables evaluated every
28 days. For animal performance, fertilization strategies were
considered fixed effect, and block, subperiod and year, as
random effects. Animal performance per area included fertil-
ization strategies as fixed effect and block and year as random
effects. For herbage production, soybean yield, system pro-
duction and productivity, fertilization strategy, and their inter-
action were fixed effects and random effects were block and
year.

3 Results and discussion

Pasture variables presented no interaction (P > 0.05) between
fertilization strategies and production systems (Table 1). An
important factor to assign the results to the effects of treat-
ments is the pasture baseline. In that regard, initial herbage
mass did not differ (P = 0.55) between treatments. Average
sward canopy height during the pasture phase was greater (P <
0.01) for the cropping system (non-grazed) than for the ICLS
(grazed) treatments. This result was expected due to free plant
growth in the absence of grazing, leading to faster internode
elongation and early flowering, compared with grazed areas
that extended the plant vegetative growing period (Rocha

et al. 2004). However, the sward canopy height between
ICLS treatments with different fertilization strategies was sim-
ilar (~ 16 cm; P = 0.85) and close to the target of moderate
grazing intensity proposed in this study. Since herbage mass
and sward canopy height are linearly related (Kunrath et al.
2020), herbage mass in our study did not differ (P > 0.05)
between fertilization strategies (Table 1).

The pasture results show that sheep were kept in similar graz-
ing conditions, so average daily gain (ADG) was similar (P =
0.21) between treatments (Table 1). Assuming that herbage in-
take was similar as a consequence of successful sward canopy
height control, the only difference in ADG would come from
herbage chemical quality. Therefore, despite possible differences
in nutrient composition that were not studied here, the similarity
for ADG regardless of the fertilization strategy suggests that
sward structure prevails over herbage chemical quality. Results
are in agreement with Carvalho et al. (2018), who argued grazing
intensity as a major factor influencing animal performance in
ICLS via sward canopy height, which affects the bite mass
and, consequently, the herbage intake.

Well-managed pastures kept sufficient leaves after being
grazed and stimulate the regrowth of new tillers that were
previously shaded, increasing the productivity of the entire
plant community (Lemaire 2001). This process can explain
the greater daily herbage accumulation rate (+ 27%; P <
0.01) and total herbage production (+ 20%; P < 0.05) obtained
in the ICLS compared with the cropping system. Nunes et al.
(2019) observed similar results when evaluating the herbage
accumulation in ICLS. They found higher daily herbage ac-
cumulation rate and total herbage production under moderate
to light grazing intensities (20 to 40 cm sward canopy height)
compared with non-grazed areas of mixed black oat (Avena
strigosa) and Italian ryegrass pastures.

The system fertilization approach promoted greater herb-
age accumulation rate (+ 24%; P < 0.01) and total herbage
production (+ 18%; P < 0.05) compared with the conventional
crop fertilization (Table 1). According to Lemaire et al.
(2019), N supply increases P demand by plants. This could
explain our results, being that, when N, P, and K were applied
in system fertilization, the N increase P and K demand which
in this system (with system fertilization) the plant had easy
availability compared with crop fertilization. In addition,
Grant et al. (2001) suggested that plants subjected to low soil
temperatures have a greater requirement for the more easily
obtainable nutrient. In our experimental site, the lower tem-
peratures occur during the pasture phase and the system fer-
tilization strategy provides soluble P and K. The increase in
total herbage production resulted in a greater stocking rate (+
17%; P < 0.05) to keep the targeted sward canopy height at
system fertilization compared with crop fertilization (Table 1).
However, this difference was not enough to impact LW gain
per area (P > 0.05) even though system fertilization presented
~ 9% greater compared with crop fertilization.
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The residual herbage mass presented no interaction between
fertilization strategies and production systems (P = 0.98;
Table 1), and no difference was found for the fertilization strat-
egies (P > 0.05). Results reaffirm the successful sward canopy
height control up to the end of the stocking period. A key factor
affecting agroecosystem sustainability is the presence of crop
residues on the soil. These residues allow soil protection from
direct rainfall impact, avoid compaction due to machinery traffic
and animal trampling, water, and wind erosion, and improve soil
organic matter developing better conditions for plants to grow.
Considering the comparison between ICLS and cropping system,
the presence of grazing animals has an obvious consequence on
decreasing average herbagemass and residual herbagemass (P <
0.01) in the ICLS compared with the cropping system (Table 1).
The residual herbagemass is an important variable of connection
between pasture and crop phases in no-till systems (Kunrath et al.
2020). However, although the ICLS presented lower residual
herbagemass (2882 kgDMha−1), no effect (P= 0.88) was found
in the soybean grain yield compared with the cropping system
(5620 kg DM ha−1).

Grazing decreases residual herbage mass to crop in succes-
sion, making farmers resist to the idea of including animals in
cropping systems. However, ICLS have benefits that sometimes
are not easy to notice in the short-term. According to Carvalho

et al. (2018), animal contributions to system resilience are more
evident over the long term. Grazing stimulates greater root pro-
duction, increasing exudation of root organic compounds that
promote the increase in microbial biomass (Davinic et al.
2013). Also, livestock excreta (urine and dung) improve litter
quality and grazing might increase 1.5-fold the carbon exudation
from grazed plants (Hamilton et al. 2008). This process increases
the rhizospheric decomposer community resulting in a 5-fold
rhizospheric daily net mineralization rate. Furthermore,
Peterson et al. (2019) evaluating a 16-year experiment pointed
out that beef cattle managed under moderate grazing intensity
(2500–4000 kg residual DM ha−1) in the pasture phase of an
ICLS does not affect soybean yield, despite the lower water
content in the soil when compared with non-grazed areas
(6000–8000 kg residual DM ha−1). Thus, the soybean plants,
sensitive to abiotic factors as rain-fed conditions, kept your pro-
duction even in lower soil water condition compared with the
cropping system, in long term under ICLS could improve grain
yield (Carvalho et al. 2018).

3.1 System production and resource-use efficiency

Diversity and trophic complexity in agroecosystems are im-
portant factors in conservation agriculture, affecting system

Table 1 Characteristics and average production in the first two years of pasture and crop phases in an integrated crop-livestock system or cropping
system with crop or system fertilization in southern Brazil.

Variables ICLS Cropping system PF PA PFxA

SF CF SF CF

Herbage (pasture phase)

Sward canopy height (cm) 16.2 ± 0.3 16.3 ± 0.3 37.6 ± 2.3 37.9 ± 1.8 ns *** ns

Initial herbage mass (kg DM ha−1) 1258 ± 103 1374 ± 87 1367 ± 149 1615 ± 152 ns ns ns

Herbage mass (kg DM ha−1) 2220 ± 114 2200 ± 131 3688 ± 309 4065 ± 271 ns *** ns

Daily herbage accumulation rate (kg DM ha−1) 67.3 ± 4.2 57.7 ± 4.8 56.6 ± 7.2 42.2 ± 7.1 ** ** ns

Total herbage production (kg DM ha−1) 9395 ± 407 8061 ± 488 7897 ± 862 6629 ± 596 * * ns

Residual herbage mass (kg DM ha−1) 3002 ± 154 2763 ± 102 5735 ± 570 5504 ± 570 ns *** ns

Animal (pasture phase)

Average daily gain (g sheep−1 day−1) 123 ± 11.7 134 ± 11.5 - - ns - -

Stocking rate (kg LW ha−1) 872 ± 57.1 745 ± 52.0 - - ⁎ - -

Live weight gain (kg ha−1) 337 ± 9.1 310 ± 27.2 - - ns - -

Soybean (crop phase)

Soybean yield (kg ha−1) 2730 ± 172 3019 ± 135 2920 ± 163 2877 ± 212 ns ns ns

System production (pasture + crop phase)

Eq. soybean yield (kg ha−1) 4537 ± 140 4652 ± 186 2920 ± 163 2877 ± 212 ns *** ns

Eq. energy production (GJ ha−1) 212.7 ± 6.1 192.1 ± 8.7 150.8 ± 25.1 162.9 ± 13.1 ns ** ns

ICLS integrated crop-livestock system, SF system fertilization, CF crop fertilization, DM dry matter, LW live weight, PF significance level for
fertilization effect, PA significance level for animal effect (ICLS or cropping system), PFxA significance level for interaction between fertilization and
animal effect (ICLS or cropping system), ns not significant

*P < 0.05; **P < 0.01; ***P < 0.001
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sustainability over-time. These systems increase the produc-
tion from an existing agricultural land reducing risks and en-
vironmental impact by the diversification and complexity
(Carvalho et al. 2018) that are inherent properties of natural
agroecosystems. In this study, we contrasted for the first time
ICLS and cropping system using a system fertilization ap-
proach compared with the conventional crop fertilization.
Animal grazing (ICLS) and system fertilization affect posi-
tively herbage production without decreasing soybean yield.
This is an important result since soybean is a summer crop
with high demand on soil fertility and highly responsive to
grain yield with fertilizer application. This shows that fertil-
izers applied in the pasture phase were kept on soil and were
easily obtained by soybean plants. In addition, the system
fertilization strategy potentially improves the efficiency of
crop sowing operations by decreasing the time spent with
reloading the planter with fertilizer (Assmann et al. 2017).
Carvalho et al. (2018) analyzed the impact of introducing
grazing to cover crops in rotation with grain crops and found
out that grazing cover crops improved the yield of the follow-
ing grain crops by 3.4, 4.7, 10.4, and 10.8% on average to
soybean, bean, irrigated rice, and maize, respectively. The
authors argue that reports indicating the superiority of crop
yield of non-grazed areas compared with grazed areas are rare,
and commonly associated with the use of inappropriate graz-
ing intensity.

Although soybean yield in our study was not different (P >
0.05), when the LW gain of the ICLS is converted to equiva-
lent soybean grains and added to soybean yield, the result
represent an increase in 58% (P < 0.001) to ICLS compared
with cropping system (Table 1). These results corroborate
with data reported by Carvalho et al. (2018) who found 60%
greater soybean grain equivalent in the ICLS compared with
the cropping system in a long-term study.

The ICLS had greater energy production (P < 0.05) com-
pared with the cropping system, regardless of fertilization

strategy (Table 1), with no interaction between factors (P >
0.05). Greater energy production was attributed to two factors:
greater herbage production added to animal production. The
animal grazing is the key to this system due to the capacity to
convert herbage in the highly nutritious human-edible food
sources. Besides removing nutrients by intake and returning
them via excretion, the grazing animal has the capacity to
convert plant organic nutrients to inorganic nutrients during
the digestion process (Haynes and Williams 1993). These au-
thors found 80% of inorganic P in the dung of animals that
ingested plant material with 64% of inorganic P. Dung is a
source of labile nutrients, which may increase microbial bio-
mass (Hatch et al. 2000). This allows rapid access to nutrients
by microorganisms and growing plants. Moreover, livestock
makes a necessary and important contribution to global nutri-
tion, contributing 17% of calories and 33% of protein (FAO
2019).

The need to increase food production to meet the demand
of a growing population has led to an increase in the use of
human-edible feed ingredients, such as soybeans and cereals,
in the ruminant sector. This is a concern, since it increases the
competition with the human population for a limited global
supply of grain crops, adding to the already existing demand
for grains by the monogastric animal production sector
(Wilkinson and Lee 2018). Southern Brazil has approximately
15 million ha of land under agricultural use (CONAB 2019).
From this area, only 1.95 million ha (13%) is integrated with
livestock (Embrapa 2016) and approximately 4.7 million ha
(31% of total agricultural land) covered with winter cereal
crops (CONAB 2019), resulting in 44% of agricultural land
used during the winter season. Thus, it is possible to explore
56% (~ 8.4 million ha) of agricultural land to food production
in Southern Brazil. Considering the average animal perfor-
mance from this study, the 8.4 million ha that are currently
not used during the winter season in Southern Brazil could
produce 1.2 billion kg of sheep carcass in well-managed

Fig. 4 Energy produced by input (kilogram of Nitrogen, P2O5 and K2O)
applied (2017/2018 and 2018/2019) in an integrated crop-livestock
system (ICLS) or cropping system with the system or crop fertilization

in southern Brazil. The different letters are the significance level at 5% of
the production system effect (ICLS versus cropping system)
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pastures without using human-edible feed resources or
expanding the agricultural area. Our study illustrates a fatten-
ing system typical of Southern Brazil where sheep are pur-
chased early in the winter and sold for slaughter at the end of
the stocking period. However, there are several ways to ex-
plore this kind of integration in real farms, such as rearing
females for herd replacement in full-cycle ranches where for-
age is scarce in the winter period.

In addition to increasing production and contributing to the
global food supply, it is necessary to be more efficient in input
use. Improvements in resource-use efficiency can be achieved
through technology, animal health, management, and feed
crop varieties (FAO 2019). Thus, we investigated how the
inclusion of grazing on cover crops (ICLS) and the application
of a new conceptual model of fertilization (system fertiliza-
tion) would affect system productivity in terms of energy pro-
duction per unit of nutrient input and how efficient these sys-
tems could be in the use of these resources (Fig. 4). In this
sense, the system productivity efficiency (Gj kg fertilizer−1)
did not present interaction between production system and
fertilization strategy (P > 0.05). Moreover, even though the
efficiency of nutrient use was not affected by fertilization
strategies (P = 0.07), system fertilization was 12%, on aver-
age, more efficient in the use of N, P2O5 and K2O compared
with crop fertilization. In addition, ICLS presented 15 and
17% more efficient in the use of N and P2O5 compared with
the cropping system (P < 0.05). Similar result was found for
K2O (P < 0.05), which produced 2.9 ± 0.08 and 2.2 ± 0.19 GJ
kg K2O

−1 for ICLS and cropping system, respectively.
Despite Brazilian farmer’s perceptions that the integration

of grazing animals into cropping systems is detrimental to
crop production (Carvalho et al. 2018), our results show the
positive effects of well-managed grazing of cover crops in
ICLS on increasing total energy produced per unit area and
improving fertilizer use efficiency. According to FAO (2019),
greater input use efficiency is a crucial strategy for decoupling
growth in the livestock sector to environmental impact. It is
important to highlight that the crop and livestock integration
do not impair the production system; on the contrary, these
integrated systems when well-managed are beneficial and im-
portant for the world food production in the future.

4 Conclusions

Our findings highlight for the first time that system fertiliza-
tion strategy and integrated crop-livestock systems (ICLS)
results in greater herbage production without affecting soy-
bean yield. Sheep production makes these systems more pro-
ductive and efficient in the use of resources through the pro-
duction of high-quality food. Finally, we believe that the spe-
cialized systems as a cropping system could be unsustainable
in the near future, and the ICLS with well-managed pastures

and system fertilization strategy in soils with high nutrient
levels are a potential and necessary pathway to increase food
production, improving the land use sustainability and produc-
tivity without increasing agriculture expansion and/or defor-
estation, which in our view should be considered as a climate-
smart agriculture strategy.
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