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The reintegration of crops with livestock systems is proposed as a way of improving
the environmental impacts of food production globally, particularly the impact
involving nitrogen (N). A detailed understanding of processes governing N fluxes and
budgets is needed to design productive and efficient crop-livestock systems. This
study aimed to investigate regional differences in N balance (NBAL, defined as all N
inputs minus outputs), N use efficiency (NUE, defined as N outputs/inputs x 100),
and N surplus (NSURP, defined as all N inputs minus only outputs in food products) in
the rice—livestock system of Uruguay. Three regions across Uruguay are distinguished
based on soil fertility and length of pasture rotation. The northern region has high
soil fertility and short length of rotation (HFSR); the central region has medium soil
fertility and medium length of rotation (MFMR); the eastern region has low fertility
and long pasture rotation (LFLR). Results for the last 18 years show a very high NUE
(90%) for the rice component in all rotations, associated with negative NBALs ranging
from —35kgN ha—1 yr*1 inHFSRto —3kg N ha—1 yr*1 in LFLR. However, the livestock
component, which overall had low animal productivity (<2 kg N ha—1 yrfl), had low
NUE (<10%) but positive NBALs in all the rotations, sustaining N supply in the rice
component. At the system level, NUE was high (60%) and NBAL was slightly positive
in all rotations (from +2.8kg N ha=1 yr=1 in HFSR to +8.5kg N ha=! yr=1 in LFLR).
Because of a recent increase in the N fertilizer dose in rice, NSURP for the overall
system was intermediate (40 kg N ha=1 yrfl) and should be monitored in the future.
Efforts to improve the system'’s efficiency should focus on the livestock component.

KEYWORDS

rice-pasture rotations length, nitrogen budgets, nutrient balance, full-chain NUE, NUE
development pathway

Introduction

Over the past many decades, production systems in most parts of the world have adapted
to the growing global food demand and changes in diets by specialization (Russelle et al., 2007;
Lassaletta et al., 2014). Specialized systems frequently rely on large amounts of external inputs
of which fertilizers, particularly N, play a key role. This has caused environmental damage
including a major contribution to global greenhouse gas (GHG) emissions (Galloway et al., 2008;
Hilimire, 2011). Nitrogen use efficiency (NUE) in global food production is low with an average
of <20-25% of N inputs reaching the final consumable product (Sutton et al., 2013; Zhang,
2020). In general, crop systems have higher NUE than livestock systems, which are associated
with high animal waste and GHG emissions (Uwizeye et al., 2020). Specialization has broken
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a virtuous circle between livestock and crops, whereby the forage,
fiber, and grains for animal feed were provided by cropping
while nutrients and organic matter were returned from animals to
crops (Thorne, 2007; Wolfe, 2011). A return to integrated crop—
livestock production systems are increasingly discussed as a way of
achieving high production while avoiding the negative externalities
of specialized systems (Baiyeri et al., 2019; Peterson et al., 2020; Vogel
etal., 2021).

There are many variants of the integrated crop-livestock systems,
from those managed in separate farms but sharing by-products and
residues to those in which crops and animals are on the same
farm, sometimes in rotation on the same land, but this scenario
is currently quite rare, representing in the best case <50% of the
total system agricultural area (Wolfe, 2011; Garrett et al, 2017;
Brewer and Gaudin, 2020). In all cases, regardless of the degree
of integration, the common denominator is the use of animals for
what they are good at converting fibrous feeds (e.g., forage) and by-
products from the food system into high-value products and manure
(Van Zanten et al, 2019). Recoupling crops and livestock at least
through the inclusion of annual forages for direct animal grazing
between cash crops are being considered in the Rio de la Plata region
of South America. Despite remaining incipient, regarding the total
region area, diverse ecosystem services have been observed (i.e., soil
restoration, nutrient cycling, better adaptation to climate variation)
near after starting that management practice (De Faccio Carvalho
et al,, 2021). In contrast, the particular case of the Uruguayan rice—
livestock system could be seen as an example of such a circular
farming system, with the whole country’s rice area integrated into a
systematic pasture-livestock rotational scheme (Garcia et al., 2009;
Lanfranco et al., 2018). The system has been operated for four to six
decades depending on the region, with a constant yield increase over
time of 90kg ha=! yr=! (Blanco et al,, 2010) and with relatively low
use of N fertilizers (Tseng et al., 2021). In an earlier study (Castillo
et al,, 2021), we analyzed the system at a national level and found
complementarity through N transfer from animal deposition to rice,
biological N fixation during the pasture phase, and N recycling in
rice bran to livestock. We found the N balances are tight (< 3.5 kg
N ha yr~! in both the components and the system), and N surpluses
are low but increasing. Nitrogen use efficiency is high in rice (65%)
but much lower in livestock (13%) and the system (23%). National
rice yields of 10 Mg ha™! are now targeted by farmers, potentially
requiring more N fertilizer. Over time, this could lead to a decline
in NUE and potentially increased N surplus up to undesirable values
(Dobermann et al., 2022). At that point, adjustments in fertilizer
technology and regulations would be needed. There are regional
differences in management across the rice-livestock system, mainly
in terms of the length of pasture rotations related to the level of
natural soil fertility. These are likely to be linked to differences in
NUE and N surplus and their progression over time, which need to
be understood to improve the overall system.

Our objectives were to assess N balance, NUE, and their
components in rice-livestock rotations across Uruguay and follow
their changes from 2004 to 2022. Based on our national scale
assessment (Castillo et al., 2021), we hypothesize that even with
relatively small N fertilizer additions to rice, the NBAL has been
around neutrality while NUE has reached high values in all the
rotations over the period investigated. However, we expect differences
among rotations due to different pasture lengths and management
practices. Because of small N outputs in animal products, we
hypothesize that the livestock component reached positive and stable
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NBALs and medium to low NUE across the period, resulting in
positive NBALs and medium NUE in the whole system. We also
explore different production scenarios to identify the more sensitive
aspects of NBAL and NUE for improving management practices.

Materials and methods

Cropping system characteristics and data
sources

The rice-livestock system of Uruguay consists of ~163,000 ha
of rice and 570,000 ha of pastures integrated into a stable rotation
divided into three regions (Table 1). The main region is in the east
(LFLR in Table 1), accounting for 70% of the national rice area.
The northern area (HFSR) accounts for 20% and the central area
(MFSR) accounts for 10%. The eastern region is characterized by
a flat landscape with slopes of ~0.1%, medium to low soil fertility,
and river water sources for flood irrigation. In the northern and
central regions, rice is grown on more fertile soils, which includes
sloped areas of <5% (nearly 60% in the north and 25% in the central
region), and irrigation water is sourced from artificial dams. Despite
those particularities, the main differences among the regions are
soil fertility and pasture phase length after rice. On average, after
two or three consecutive rice crops (the latter mainly associated
with the northern region), 4, 3, or 2 years of perennial pastures
grazed by livestock complete the rotation in the eastern, central, and
northern regions, respectively (Garcia et al., 2009; Giménez et al,,
2011; Lanfranco et al., 2018).

Following rice crops, ~ 31% of HFSR, 33% of MFMR, and 38% of
LFLR are mixed pastures, including legume species, seeded into the
rice stubble. The combination of these factors means that the ratios
of rice seeded into (a) rice stubble, (b) improved pastures including
legumes or (c) native grassland are 60-17-23 for HFSR, 50-18-32 for
MFMR, and 35-21-44 for LFLR. However, there are a few differences
in crop management and the amount of fertilizer and agrochemical
products added. The system as a whole is stable and based on land
agreements in which the rice farmers rent land for long periods or on
an annual basis.

We analyzed data from the Agricultural and Livestock Ministry
(MGAP), the Agricultural Statistics Department (DIEA), the
National Institute of Meat (INAC), the National Institute for
Agricultural Research (INIA), and the rice milling industry
(Supplementary Table 1). The original data are available at different
scales. For example, while rice data are available from the farm to the
county level, livestock and pasture information are only available at
the county level. However, calculated cattle stocking rates for each
region (0.79, 0.75, and 0.81 livestock units ha~!) were similar to the
0.76 livestock units ha™! reported in previous studies of a typical
rice-livestock rotation district (Simeone et al., 2008).

Rice data

Annual information on rice yield and seeded area were collected
from governmental agencies (DIEA Estadisticas Agropecuarias, 2005,
2022). Crop management data are presented annually by the rice
milling companies and summarized by INIA, covering ~85-90% of
the total rice area. Crop parameters and characteristics associated
with each variety were taken from internal records of INIA.
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TABLE 1 Components of the rice—livestock system of Uruguay at a regional level.

Sites HFSR

Rice livestock system parameter Mean

Area of rice harvested annually 0.33 0.25-0.40 0.15 0.10-0.23 1.15 1.0-1.38 ha x 10°
Area of natural pasture 0.44 0.41-0.53 0.30 0.27-0.40 2.90 2.78-3.22 ha x 10°
Area of improved pasture 0.22 0.12-0.31 0.15 0.12-0.29 1.7 1.12-2.21 ha x 10°
Rice: rotation ratio 1:2 - 1:3 - 1:4 - -
Stock density (bovine + ovine) 0.75 0.61-0.80 0.79 0.73-0.9 0.81 0.77-0.84 LU ha—™*
Main soil properties (0—20 cm)**

pH 6.3 5.8-7.6 57 5.1-6.0 5.8 5.1-6.0 1:1 H,O0
Cation exchange capacity 33.3 13.1-43.9 21.5 8.3-43.7 11.8 8.1-30.7 cmol kg™!
Organic carbon 28.1 15.5-43.3 21.1 15.3-34.4 18.3 9.1-39.9 gkg™!
Total soil N 25 1.6-4.3 23 1.0-3.7 1.8 0.7-4.1 gkg!
Sand 200 130-270 260 110-560 290 150-460 g kg’1
Silt 340 250-460 440 200-530 390 300-480 gkg™!
Clay 460 220-610 300 180-450 320 150-560 gkg™!
Bulk density*** 1.25 - 131 - 1.35 - gem ™

HEFSR represents the high fertility and short rotation of the northern region, MEMR represents the medium fertility and medium rotation of the central region, and LFLR represents the low to
medium fertility and low rotation of the eastern region. Values are averages and ranges for the 2004-2005 to 2021-2022 growing seasons.
*Livestock unit. 1 LU = 380 kg animal live weight ha™!. ** Average data obtained from soil samplings of 52 experiments conducted over 3 years in the main rice production locations at each region.
**Estimated values using the SPAW software (Saxton and Willey, 2006), based on soil type, percentage of sand, clay, and organic carbon.

Approximately 75% of the exported or internally consumed rice
is white rice (Observatory of Economic Complexity, 2020), so we
assumed that all the bran after milling was returned to the rice-
livestock system as animal feed. In addition, soil information for the
dominant rice systems in each region was collected from a multi-
year-location field trial network of N response conducted by INIA
(Table 1).

Pasture data

The country forage base is composed of native grassland, semi-
natural pastureland, and temporary pastureland, averaging 90, 4, and
6%, respectively, following Allen’s et al. (2011) classification. Native
grassland comprises native grass species, and the other two pasture
categories include legumes (Trifolium spp. and/or Lotus spp.) and
grasses (Lolium spp. or Festuca spp.). No N fertilizer is applied. We
refer to the semi-natural pastureland and temporary pastureland
as improved pastures. Natural grassland forage productivity was
estimated based on 16 years of remote sensing data for the main
ecological regions of the country (Asuaga et al., 2019) and 10 years
of remote sensing data for improved pastures (Martinez, 2011).
Additional information on dry matter production and botanical
pasture composition at different pasture stages and years was taken
from a long-term experiment on rice-improved pasture rotations at
INIA facilities.

Livestock data

We estimated animal meat production (beef and sheep) and
the N accumulated in the animal body as follows. We used long-
term data of county annual livestock stock (Direccion Nacional de
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Contralor de Semovientes, 2004; Sistema Nacional de Informacion
Ganadera, 2022), and monthly reports of the livestock category
and live weight of animals received at the abattoir from each
county (Instituto Nacional de Carnes, 2020). The latter also includes
records of on-farm self-consumption on an annual and county
basis. These records were used for animal meat production and N
retention calculations. In addition, wool production was included
in the meat production calculations under the equivalent meat
concept (FAO, 2018). Wool was also included in the N retention
calculations considering the country’s average wool production of
4kg animal ! yr’1 (DIEA Oficina de Estadisticas Agropecuarias,
2020), adjusted to a dry and clean basis and a literature N
concentration value of 16% (ARC, 1980). We calculated the
animal N recycling as a function of the animal species, the
botanical pasture composition, and production, as well as the forage
utilization efficiency (including rice straw) and animal internal N
use efficiency.

Modeling of missing N data

Despite having good long-term records for calculating the
main N pool fluxes, data on soil N losses are scarce and partial
in the country. We have recently parameterized and tested the
DeN.itrification-DeComposition (DNDC) model for different rice
rotations (including the rice-pasture-livestock rotation) on a typical
rice soil of Uruguay (Castillo et al., 2022). Results showed good
agreement between simulated and observed crops and pasture
yields, cumulative N rice uptake, and soil NH4-N during flooded
conditions, as well as acceptable estimates of N,O emissions
during aerobic and anaerobic soil conditions. For this study,
we used DNDC to simulate N losses (gaseous NHj3 and N,O,
and NOj in leaching and runoff) in rice-pasture 4+ livestock

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1104229
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Castillo et al.

rotations in each region over the study period. Considering all
the rotation phases present in 1 year, we started the modeling
for 2004-2005 with first-year rice and second-year rice or pasture,
varying the pasture duration as appropriate for each region. Both
natural grassland and improved pasture were simulated. The crop
parameters set in the DNDC model were as in our previous
study (Godinot, Leterme, Vertés, Faverdin, and Carof, Godinot
et al.), and the soil data according to the region as in Table 1.
Climatic data were obtained from INIAs weather stations in
each region.

Data analysis

We conducted simple NBAL analyses following a mass
conservation approach, and a full chain NUE analysis for both the
component and the system level, as well as for each rotation. For rice,
inputs were N in fertilizers, atmospheric N deposition, biological N
fixation (BNF), and animal N deposition (AND) occurring during
the 6 months before the crop, and outputs of N in grain, gaseous
NH;3 and N;O, and leached NOj3 . Nitrogen inputs for the livestock
component included N from pasture BNFE, atmospheric deposition,
and rice bran, while outputs were N in animal tissue, gaseous NH3
and N,O, and leached NOj . The N output from AND corresponded
to feces and urine from the livestock-pasture component of the
6 months before land preparation or chemical fallow. Rice bran
is the main feed input used in commercial farms of the rice-
livestock system area, so we assumed all the annual production
was returned to the livestock component in the same proportion
as regionally produced. These N inputs were not considered when
analyzing the entire system because they act as an intermediate
product between components. Mineralization of soil N and N in
the forage was considered in constant recycling and not included in
the calculations.

We assessed the trajectories of NUE over the study period using a
graphical approach (EU Nitrogen Expert Panel, 2015). The resulting
values of N outputs in edible food products in relation to inputs were
plotted against defined low and high NUE thresholds and a desirable
N target in food products. For rice, defined NUE thresholds were
<90 and >50%, and the crop N target was 80kg N in grain ha™!
yr=! (EU Nitrogen Expert Panel, 2015). This crop N target value
is in accordance with the average rice yield of the period (8.1 Mg
ha™!, 130 g kg™! humidity) and with the high-yielding rice pasture
systems of South America in general (Singh et al., 2017). For the
livestock component, NUE thresholds were <25 and >10, as stated
by Gerber et al. (2014), and the defined target N in food products was
3kg N ha=! yr~!. This targeted N value is reasonable for extensive
grazing systems (Oenema et al., 2016) and similar to the values stated
by Kanter et al. (2016) as attainable values for Uruguayan extensive
conditions. We set the system boundary as the farm gate given the
negligible food import and low product industrialization that typify
Uruguay as a net commodity exporter.

For all the assessed parameters, rotations were compared using
multiple t-tests with a significance level of 5%. The Satterthwaite
procedure was used if variances were not homogenous. Adjusted
regressions were analyzed using auxiliary variables to test the equality
mean effect of the different groups and the homogeneity regression
slope. Analyses were conducted using InfoStat (Di Renzo et al., 2017).
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Uncertainties and scenarios analysis

We analyzed data for the average situation of the rice and
livestock components and the whole system. The pasture component
has the greatest variability, which in turn influences livestock
production (forage offer) and the rice component (N recycling),
giving uncertainty to our estimations. For example, a survey of
different rice-livestock systems in Uruguay (Simeone et al., 2008)
has shown that the percentage of improved pastures considered in
those systems ranged from 8 to 84% of the total pasture grazing
area. The animal productivity of those scenarios ranged from 54

~1 (148kg ha™! yr~! on average).

to 355kg live weight ha™! yr
This indicates that calculations for this study with 34% of improved
pastures (Table 1) could be under or overestimated when different
percentages of improved pastures are considered. Another source of
uncertainty is the amount of N applied to rice.

To assess the effects of these uncertainties, we analyzed three
scenarios. First, rice-livestock production rotation on regenerated
natural grasslands after rice crop (SGR). Second, the same scenario
but with 40kg N ha~! fertilizer to rice (SGRN). Third, with 80%
improved pastures (SIP). For SGR, we considered a decrease of
N output in animal products by 25% based on the stocking rate
of extensive livestock systems (Soares de Lima, 2009), which also
decreases the N transferred from the livestock component to the rice.
For the SIP scenario, we assumed a high meat production of 355 kg
live weight ha™! yr’1 (Simeone et al., 2008) and an extraction rate
(ratio of sold animal weight to total animal weight in stock) of 40%
(Soares de Lima, 2009). Increased N in rice bran fed to livestock after
higher rice yields were allowed.

Results

Rice yield and nitrogen balance

Rice yield reached 8,100 4 727 kg ha=! yr~! with yield gain rates
from 66 kgha=! yr~! (HFSR) to 110 kgha~! yr~! (MFMR and LFLR)
over the period (Figure 1A). The N fertilization rate also showed
increasing trends of 3.6, 2.7, and 2.3 kg N ha=! yr~! in HFSR, MFMR,
and LFLR, respectively (Figure 1B). The annual increases in N rate
were 4.7 (HFSR), 1.2 (MFMR), and 0.9 (LFLR) times the annual
increase of N removed in grain yield.

Total N input to rice was greater in LFLR than in HFSR and
MEMR (Table 2). The main N input to rice was in fertilizers (73,
70, and 68% of the total N inputs for HFSR, MFMR, and LFLR,
respectively), with smaller contributions from BNF and atmospheric
deposition. Differences in total N inputs among rotations were due
to AND transferred to rice. Total N inputs to pastures were the
greatest in HESR followed by MFMR and LFLR due to the BNF from
pastures. This BNF value is linked to the entire pasture area of each
region (native grasslands + improved pastures); on average 46 kg
ha=! yr=! of N was fixed in improved pastures. Similarly, differences
in N input from bran are mainly explained by the total area of rice in
each region. On average, atmospheric N deposition was very similar
among rotations averaging 6kg N ha=! yr~!. At the rice-livestock
system level, total N inputs for each rotation differed in the order
HFSR > MFMR > LFLR.

Total N outputs for the rice component were greater in HFSR
than in MFMR and LFLR. Nitrogen in grain was the main output
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FIGURE 1
(A) Rice yield and (B) nitrogen fertilization trajectories from 2004-2005 to 2021-2022 growing seasons. HFSR, high fertility and short rotation; MFMR,
medium fertility and medium length rotation; LFLR, low to medium fertility and long rotation.

and was similar among rotations, averaging 84.6kg N ha™! yr~!,
i.e., ~72% of the total N output. Differences in total N output were
associated with N losses, which represented 31, 28, and 24% of total
N output in HFSR, MFMR, and LFLR, respectively. Volatilization was
the main N loss process (97, 91, and 87% in HFSR, MFMR, and LFLR,
respectively), followed by denitrification (2, 7, and 8%) and leaching
plus runoff (1, 2, and 5%).

The average total N output of the livestock-pasture component
was 12% of that of the rice component. Nitrogen losses were the main
output averaging 7.2 kg N ha~! yr~!, followed by the N transferred
from the livestock to rice (5.1kg N ha™! yr™!), and both outputs
varied a little among rotations. Output in animal tissue was only
1.8kg N ha™! yr~!. At the system level, total N input and output
values were close to each other, resulting in a slightly positive balance.
However, the system N balance differed among rotations over the
study period. The system NBAL for HFSR increased from —8.5 in
2004/2005-2009/2010 to +2.8in 2010/2011-2015/2016 and +14.1 kg
N ha~! yr~! in 2016/2017-2021/2022. By contrast, system N balance
for MFMR and LFLR was always positive but decreased over time
from 5.7 to 3.8 to 4.2kg N ha™! yr~! in MFMR and from 9.7 to 8.7 to
7.1kg N ha™! yr™! in LFLR over the same periods. For all rotations,
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the system NBAL was highly correlated with total N inputs of the
livestock-pasture component (r = 0.87, 0.82, and 0.75, p < 0.001 for
HEFSR, MFMR, and LFLR, respectively), mainly due to the amount of
N fixed during the pasture phase (r = 0.73, 0.70, and 0.66, p <0.01
for the same rotations). In addition, the system NBAL was strongly
associated with N fertilizer inputs in HFSR (r = 0.86, p < 0.0001).

Full chain-NUE and N surplus analyses

Rice component

The NUE of the rice component was higher in HFSR and MFMR
(98 and 94%, respectively), than in LFLR (79%) averaged over the 18
years. The NUE trajectory had two stages in HFSR: first where NUE
values exceeded the upper threshold (average 115%), and then when
NUE was in the target zone (Figure 2A). This shift happened because
of an increase in the N fertilization rate (50 vs. 86 kg N ha=! yr=1;
Figure 1). In the second phase, during 2018 only, the NUE exceeded
the threshold due to less N fertilizer application. On average, the total
N removed in grain was higher than the desirable N target (80kg N
ha=—! yrfl). For MFMR, 50% of the records were above or around
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TABLE 2 Nitrogen balance of each system component and the entire rice—pasture—livestock system.

Rice-pasture rotation (Rice: rotation ratio)

Component level Balance factor HFSR (1:2) MFMR (1:3) LFLR (1:4)
Inputs (kg ha™!)
Fertilizers 67.6 63.8° 72.9*
Animal direct deposition 16.6° 18.7° 26.1°
Atmospheric deposition 6* 6.4* 5.8*
BNF free living + symbiotics 2.5% 2.5% 2.5%
Rice Total N inputs 92.8° 91.5 107.2°
Outputs (kg ha™!)
Grain 86.1* 83.6° 84.1*
Total N losses* 39.4° 32.6% 263"
Total N outputs 125.5% 116.2° 110.4°
N balance —32.7° —24.7° -3.2
Inputs (kg ha™')
Pasture BNF 202 17.7% 16.0°
Rice bran 10.2¢ 6.5 4.9¢
Atmospheric deposition 6* 6.4* 5.8
Livestock Total N inputs 36.3* 30.7 26.7¢
Outputs (kg ha™!)
N in animal tissue 1.7% 1.8% 1.8%
Total N losses™ 6.2° 8.6 6.9
Animal direct deposition 5.5? 4.7* 5.2%
Total N outputs 13.3* 15.1* 14.0°*
N balance 23.1° 15.6° 12.7¢
Total N inputs (kg ha=!)** 49.5* 41.2b 37.6°
System Total N outputs (kg ha=!)** 46.7% 36.8° 29.1¢
N Balance (kg ha™!) 2.8¢ 4.4b 8.5

Values are averaged over the 2004/2005-2021/2022 growing seasons. HFSR, high fertility and short rotation (northern region); MFMR, medium fertility and medium length rotation (central region);

LFLR, low to middle fertility and long rotation (eastern region).
Means followed by the same letter within rows are not statistically different (p = 0.05).
*Total N losses considered NH3, N, O, N leached and runoff.

**Total N inputs and outputs at a system level did not include the animal direct deposition factor. Presented N inputs and outputs values were adjusted by the proportion of each component (rice

and livestock) on an annual base.

the upper threshold, and the remaining data were in the target zone.
Again, the increase in N fertilizer dose explained a constant offset of
NUE into the desirable zone (r = —0.73, p < 0.001, Figure 2A).
Unlike the other rotations, 90% of NUE values for LFLR were in
the target zone, with an average of 84 kg N ha~! yr~! in grain. Here
again, the increase in the N fertilizer dose strongly influenced NUE
each year (r = —0.80, p < 0.0001), shifting values toward the lower
NUE threshold (50%) in the last few years of the study. On average,
NSURP in LFLR was higher (23kg N ha™! yr™!) than in MFMR
and HFSR (8kg N ha™! yr~! and 7kg N ha™! yr~!, respectively).
However, positive values for NSURP in MFMR and HFSR were
observed around the middle of the study period when NUE fell below
100% (Figure 3A). At the end of the study period, NSURP reached 36,
33, and 46 kg N ha~! for HFSR, MFMR, and LFLR, respectively. As
expected, NSURP in rice was positively correlated with N fertilizer in
addition to all regions (r > 0.90, p < 0.0001). A negative correlation
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between NUE and NSURP was found for all rotations (r = —0.97, p
< 0.0001). The decline in NUE across the period differed (p = 0.005)
between HFSR and LFLR, while MFMR was intermediate. Similarly,
the rate of increase in NSURP differed between HEFSR and LFLR, with
MFMR intermediate (Figure 3A). The different downward trends of
NUE and associated upward trends of NSURP matched the different
stages of the generalized pathways, as shown in Figure 3C.

Livestock component

Livestock NUE values were much lower than those in rice. For
the 18-year period, NUE values were 6.8, 6.0, and 4.8% for LFLR,
MFMR, and HFSR, respectively. Nitrogen output in animal tissue
was almost the same for the different rotations, so differences in NUE
were associated inversely with the total N inputs, mainly by pasture
BNF (r = —0.80, p < 0.0001), followed by rice N bran (r = —0.72,
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p < 0.0001). While NUE values for LFLR and MFMR remained flat
over time, values for HFSR decreased by ~20% (Figure 2B), explained
by an increase in pasture BNF linked to a greater area of improved
pastures over time. Both NUE and N in animal products were below
the targets (10% NUE and 3 kg N ha™! animal products, respectively),
in all rotations. Records were closer to the lower NUE threshold
during the first years in LFLR but more distant in the last few years
of HFSR. Unlike rice, the NUE of the livestock component was not

Frontiersin Sustainable Food Systems

associated with NSURP, and both variables remained steady over the
study period.

Rice—livestock system

The average annual NUE at the system level was higher in HFSR
and MFMR (62 and 67%, respectively), than in LFLR (49%), following
the same trend as for the rice component (Figures 3A, B). The annual
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rate of decrease was higher in HFSR (—1.7%, p < 0.0001) than in
MFMR (—0.45 %) and LFLR (0.1%), the latter being basically flat
during the study period. The NUE was positively correlated with rice
NUE in HFSR (r = 091, p < 0.0001) and MFMR (r = 0.80, p <
0.0001), and with livestock NUE in LFLR (r = 0.70, p < 0.001). For
HESR, there was also a negative correlation with the addition of N
fertilizer (r = —0.84, p < 0.0001). For NSURP, the annual increase
was higher in HFSR (+ 1.5 kg N ha™! yr™!) than in MFMR (+ 0.36 kg
N ha~! yr~!) and LFLR (4 0.17kg N ha~! yr!). For all rotations,
NSURP was positively correlated with rice N fertilizer addition (r =
0.55, p = 0.018; r = 0.57, p = 0.013, and r = 0.91, p < 0.0001 for
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LFLR, MFMR, and HFSR, respectively). As for the rice component,
the NUE was negatively correlated with NSURP (r = —0.78, —0.92,
and —0.98, p < 0.0001 for LFLR, MFMR, and HESR, respectively).

Scenario analysis

For all rotations, the SGR scenario generated the most negative
NBAL and a higher NUE than the original situation in the rice
component (Figure 4). That was due to a greater reduction in N
inputs (less AND in the absence of improved pastures) than the
decrease in N outputs (mainly N in grain and N losses). In the HFSR
and MFMR, the NUE was shifted beyond the upper NUE threshold
but not in the LFLR rotation. Adding more N fertilizer in the SGRN
scenario not only increased N inputs but also increased N outputs,
mainly due to greater N losses which increased by 52, 60, and 80%
over the original values for HFSR, MEMR, and LFLR, respectively.
This resulted in an even more negative NBAL, and all three rotations
reached NUE values between 80 and 87%. Total N inputs of the SIP
scenario were almost the same as for SGRN but with more N from
pasture BNF. However, N losses were lower than in SGRN because
less N was added as fertilizer. The NBAL for the SIP scenario was the
least negative among the three scenarios, increasing on average by
10kg N ha=! yr~! for HFSR and LFLR and not changing in MFMR.
The resulting NUE was 84, 79, and 70% for HFSR, MFMR, and LFLR,
respectively. The NSURP was higher in SIP (23, 27, and 43 kg N ha~!
yr*1 for HESR, MEMR, and LFLR, respectively) than in the other
scenarios and rotations (all <26 kg N ha=! yr=1).

For the livestock component, the fall in N inputs of the SGR
scenario (—40% on average) was explained mostly by the absence of
N inputs from pasture BNF. Nitrogen outputs also decreased mainly
because of the reduced AND transference to rice (—50% on average),
followed by a fall in animal N products (—25%). Because the decrease
in N inputs was greater than the decrease in N outputs, NBAL and
NSURP decreased in all rotations and NUE increased, reaching values
above the lower NUE livestock threshold for MFMR and LFLR, and
close to it for HESR. Increased N fertilization in the SGRN scenario
only affected the input from rice bran, which increased the NBAL
compared with SGR but was still smaller than in the original situation.
As expected, there were greater changes in the SIP scenario due to
a substantial increase of N inputs from pasture BNF. However, N
outputs from animal N products and N losses also increased, resulting
in increases in NBAL and NUE (41, 38, and 43% for NBAL and 14,
11, and 15% for NUE in HFSR, MFEMR, and LFLR, respectively).

At a system level and for all rotations, NBAL was negative in
SGR and SGRN and positive in SIP. By contrast, NUE was higher
in SGR and SGRN and lower in SIP, in the latter case being even
below the original situation. The NUE values in the SGR scenario
were 32, 30, and 44% higher than in the original situation, while they
were decreased by 15, 10, and 14% at SIP for HFSR, MFMR, and
LFLR, respectively.

Discussion

Nitrogen balance
We have found regional differences in the N balance of the rice
and livestock components as well as of the whole system. The negative

N balance in the rice in the more fertile HFSR and MFMR regions
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differed from the slightly positive balance at the country level in our
earlier study (Castillo et al, 2021). But the country-level estimates
relied on the literature data and some of these, particularly N
volatilization losses, might have been underestimated. The HFSR and
MFMR regions should have greater N volatilization losses because
of the greater amounts of N cycling from the higher natural soil
fertility and proportionally greater N transfer from the livestock
component to rice. The N balance was far more negative in HFSR
and MFMR rotations when N fertilizer use was lower during the first
5 years (—57 and —30kg N ha~! yr~1, respectively). Therefore, the
greater precision of this regional analysis is important for correctly
understanding the system.

It is likely that the accumulated NBAL before our study period
was highly negative because of much lower or no N fertilizer use after
the introduction of the rice component. Linking the negative NBAL
with the inferred initial N stock based on the soil data, we estimate
an average depletion of 10, 8, and 1% of the total N (0.20m depth)
for HFLR, MFMR, and LFLR, respectively. Such mining of soil N is
typical of the agriculture of developing countries at the early stages
of intensification, but this can be partially reversed with increased
N fertilizer doses over time, in turn leading to increased losses and
environmental hazards in the long term (Quemada et al., 2020).

How has the Uruguayan rice system been in operation for more
than 50 years with consistently high yield levels but only a relatively
small addition of N fertilizer? The answer is linked to efficient N
cycling from the livestock component. The contributions of N fixed
by pastures and N returned in rice bran exceed the relatively low
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N outputs from the system. The main output was the N lost by
volatilization, which was at similar rates to previous reports for
Uruguay (Perdomo et al., 2009; FAO, 2018). All rotations reached
positive NBALs for the livestock component, which resulted also
in positive NBALs for the whole system. Therefore, the livestock
component plays a key role in supporting the rice component
by offsetting its negative NBAL. Such complementarity between
components has been reported in other systems. For example, Garcia-
Préchac et al. (2004) showed that during 46 years of the upland
crop-pasture rotation in a long-term experiment, soil organic C was
depleted during the upland crop phase but recovered in the pasture
phase. In each crop-pasture cycle, soil C rose to near the initial
C level. Similar results were reported by Macedo et al. (2021), and
Carlos et al. (2020) also found the presence of animal pastures in rice
rotations was the key to maintaining soil organic C and total N levels.

In the following sections, we discuss how different N balances
in each component and the entire system is related to their N use
efficiencies and N surpluses, and how the simulated scenarios can
inform future improvements of the system.

The whole system N use efficiency and N
surplus
In general, the less positive the NBAL, the higher the NUE,

reaching values greater than the upper threshold (90%), indicating
soil N mining. For HFSR (98%) and MFMR (94%), this is mainly
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explained by low N fertilizer use during the early years. Some studies
in European countries (EU Nitrogen Expert Panel, 2015; Erisman
et al., 2018) have shown a trajectory opposite to this, with the
NUE moving from very low values toward the desirable target after
reducing N inputs and improving N recovery by the crops. In our
study, the shift to the target NUE zone in HFSR and MFMR regions
was associated with higher N fertilizer rates. In the LFLR region,
which had a slightly negative average NBAL, NUE was in the desirable
zone for the whole period. The high yield reached by rice in all
years and rotations meant that the minimum N target in grain
(80kg N ha~! yr~!) was achieved, indicating a high contribution of
indigenous soil N. However, the trend of increasing N fertilizer rates
across the three regions resulted in NUE in rice of 75, 80, and 70 for
HESR, MFMR, and LFLR, respectively, over the last 3 years of the
series, which is very close to the desirable 70% NUE value for crop
systems (Scientific Panel on Responsible Plant Nutrition, 2020).

By contrast to the rice, the positive NBAL in the livestock
component corresponded to a very low NUE (6% on average), much
below the defined thresholds (25% > NUE > 10%) but similar to
reports from extensive livestock systems, which ranged from 4 to
7% (Gameiro et al., 2019). In addition, the amount of N captured
in animal food products (1.8kg N ha=! yr=!) was low compared
with the target (3kg N ha=! yr™1). In our previous study (Castillo
etal, 2021), the livestock NUE was within the thresholds because the
pasture area data exceeded the typical rice-to-pasture ratio. First, the
percentage of the improved pasture area was lower than in this study,
and with it, the amount of N fixed by improved legume pastures; and
second, the amount of rice bran per hectare was lower because of
the greater total pasture area considered. Therefore, lower amounts
of both N inputs explained the higher livestock NUE of the previous
study. But even though a “too low” NUE is associated with inefficient
resource use and could be linked to high N losses to the environment,
our study shows how a low-efficiency component (livestock) helps
the other system component (rice) reach a very high NUE record.
When combined, the entire system reached a high average NUE
(62, 67, and 49% for HFSR, MFMR, and LFLR, respectively, for the
entire period). These values are higher than reported for other mixed
systems, which were ~35-45% (Godinot, Leterme, Vertés, Faverdin,
and Carof, Godinot et al.; Westhoek et al., 2014). However, in the last
third of the time span analyzed here, system NUE values decreased
considerably (51, 63, and 48%) due to greater N fertilizer use.

Increased N fertilizer applications to the rice increase NSURP
and decrease NUE in the rice and the complete system in all the
rotations. Given that N applications are still increasing, it is possible
that NSURP will continue to increase and NUE will decrease. This
matches the theoretical trajectory of NUE shown in the scheme in
Figure 3C (after Dobermann et al., 2022). It seems that the three
rotations are at different parts of Stages I and II in Figure 3C based
on the slope of the adjusted regression for NUE and NSURP. While
HFLR seems to be in the left upper zone of Stage I for NUE and the
bottom zone for NSURP, MFMR, and LFLR are likely to be in the first
and approaching middle zone of Stage II. The rate of increase in N
fertilizer use over time was HFLR > MFMR > LFLR, while NSURP
in the last few years of the series was in the order of LFLR > MFMR =
HFLR. The system-level analysis followed the same trends for the rice
component. Because the three rotations were apparently in different
stages within the NUE development scheme, management changes
should consider the initial situation to shift the current scenario to
Stage III, trying to avoid Stage II as much as possible. Such an analysis
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could help to identify the best management practices to be adopted in
each region and also be applied to other regions or systems if data of
N inputs and outputs be available, as mentioned by Dobermann et al.
(2022) when comparing different countries.

Scenario analysis

In some areas, improved pastures provide biologically fixed N
to the system, compensating for N exported in grains (Pittelkow
et al,, 2016; Tseng et al., 2021). However, much of the area has no
or very low inclusion of improved pasture species. This increases
the importance of N contributed to the rice crop from livestock
depositions. Removal of the improved pasture in the SGR scenario
caused a greater decrease of N inputs (—9%) than N outputs (—5%)
in the rice component, mainly due to less N transferred to rice as
animal direct deposition, especially in HFLR (—50%) because of a
shorter pasture phase. As a result, NBAL was even more negative
and NUE more positive, especially in LFLR. However, the results
of this simulation are incomplete to the extent that a continuing
negative NBAL would reduce crop yields in the future. In that case,
less N removed in grain will decrease NUE and the NBAL will be
less negative.

When the NUE indicates N mining, a strategy of N replenishment
is recommended (Quemada et al, 2020). Our simulations with
increased N application rates (SGRN scenario) showed that after the
N fertilizer was increased by 60%, the NUE was improved, shifting
the efficiency values from mining into the desirable zone, which
also increased the rice yield. However, NBAL and NSURP reached
the minimum and maximum values, respectively, associated with a
significant increase of 63% in N losses, indicating that a strategy of N
replenishment through N fertilizer addition is not a good alternative.
Finally, the SIP scenario maintained a similar amount of N input to
SGRN but with N fertilizer replaced by BNF. This allowed a higher
rice yield than in the original situation (17% on average), lower N
losses (15% less on average), and less negative NBALSs for all rotations.
The only negative trend was the increase of NSURP, as for SGRN but
without increased N losses.

The scenario analysis for the livestock component showed similar
trends to the rice but differences for SGR and SIP. For SGR, the
removal of improved pastures decreased N inputs (40% on average)
resulting in reductions in all other parameters related to the NBAL.
However, the greatest change was increased NUE (472, 482, and
+91% for HFLR, MFMR, and LFLR, respectively), into or around
the targeted efficiency zone (25% < NUE animal systems > 10%).
This indicates that if pastures are improved through the inclusion
of legumes, an increase in animal productivity brings the NUE
within the desirable zone. That was what happened in the SIP
scenario where a greater percentage of improved pastures (80%)
increased meat productivity by 100%. But because of the higher N
inputs from biological fixation, NUE values were just 14% higher on
average, reaching values below the lower threshold (10%). In those
cases, alternative management toward increasing animal productivity
must be applied while avoiding risks associated with very high
stocking rates (Lezama and Paruelo, 2022). However, there is still an
opportunity to improve animal productivity because the stocking rate
of the SIP scenario (1.4 livestock units of 380 kg live weight ha™!) is
still far below the standard of improved pastures (Rovira et al., 2020).
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In summary, the scenario exploring a stable and greater use of
improved legume pastures seems to improve the productivity and
N budget of each component and the system. This is close to the
proposal of Kanter et al. (2016) and Soares de Lima (2009) who
identified improved practices to increase livestock productivity and
indirectly the crop component. But we also believe that there is room
for improved integrated management of the rice-livestock system to
lead the system into an intensified and sustainable future.

Conclusion

The Uruguayan rice-livestock system is highly efficient and
productive, with relatively low N fertilizer inputs and low N surpluses
across the regions and rotations. In all the regions, this system is
sustainable in terms of N balance because of the complementarity of
the livestock and rice components. This could be challenged if either
or both components were to intensify without considering the whole
system. For this, a good quantification of all the components of the
N balance combined with modeling tools can help to design future
strategies. Improvements in livestock productivity and efficiency
could be achieved by adjusting pasture lengths in regions with shorter
pasture rotations and increasing the proportion of improved legume
pastures. This could also contribute to greater rice yields without
more N fertilizer use. Fine-tuning the system could also help to
reduce greenhouse gas emissions and other costs associated with
fertilizers use.
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