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The development of metrics to assess the sustainability of food production systems
is vital for achieving sustainable global agri-food systems. Nitrogen use efficiency
(NUE), defined as the ratio of nitrogen (N) in food outputs to total N inputs, is
a key indicator of resource efficiency in crop and livestock systems. This study
quantified and compared NUE, N surplus (NSURP, total N inputs minus N in food
products), and N balance (N retained, calculated as inputs minus food outputs and
losses) across four pasture-crop rotation systems with varying land-use intensity,
evaluated at both component (crop and livestock) and system levels from 2019
to 2022. The systems included continuous cropping (CC), short rotation (SR;
2-year crops + 2-year pasture), long rotation (LR; 2-year crops + 4-year pasture),
and forage rotation (FR; continuous pasture with tall fescue). Data were primarily
collected at the field level. Major findings showed crop NUE ranging from 62.5%
(CC) to 83.8% (SR), livestock NUE from 5.5% (FR) to 24.4% (CC), and system NUE
from 5.5% (FR) to 43.4% (CC). Systems with pastures (SR, LR, FR) retained more
soil N (up to 64 kg N ha™t in FR) compared to CC (4.9 kg N ha™), highlighting
the role of pastures in nutrient retention. These component-specific differences
underscore the need for tailored management strategies, such as optimizing
organic N inputs from livestock and improving grazing practices, to enhance NUE
and guide systems toward a sustainable “safe operating space.”
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1 Introduction

Food production systems worldwide face considerable challenges in balancing nutrient
provision with food security. Global food demand is projected to increase by 1.1-1.5%
annually over the next decade, driven by population growth and economic development
(OECD/FAO, 2022). However, this demand is accompanied by rising variability in
international prices of agricultural inputs, exacerbated by global shocks such as the war in
Ukraine (Rawtani et al., 2022). Concurrently, modern agriculture exerts increasing pressure
on land and water resources (Spiertz, 2010), raising concerns about its environmental impact
and the sustainability of production practices (Keeler et al., 2016; Wuepper et al., 2020).

Sustainable intensification offers a promising approach to meet food demands while
achieving environmental and ecological goals (Haughey et al., 2023; Soria-Lopez et al., 2023).
Sustainable intensification seeks to transform the entire food chain into a sustainable process
by optimizing natural resource use and minimizing harm from agricultural activities (Cassman
and Grassini, 2020). Mixed crop-livestock systems are a form of sustainable intensification,
leveraging management strategies, such as enhancing agroecosystem diversity (Bowles et al.,
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2020) and integrating pastures into crop rotations (Carswell et al,
2022; Garcia-Préchac et al.,, 2004), to bolster resilience to weather
extremes without compromising yield. In addition, tools such as high-
yielding crop varieties, fertilization, irrigation, and pesticides enhance
productivity (Franzluebbers and Martin, 2022; Paruelo and
Sierra, 2023).

In Uruguay, mixed crop-livestock systems are increasingly vital,
covering 17% of livestock-utilized land (DIEA-MGAP, 2022) due to
crop rotation regulations (MGAP, 2020). In 2021, meat and grain
production accounted for 23 and 22% of total exports, respectively
(Uruguay, 2021), underscoring their economic significance. Nutrient
recycling, particularly of nitrogen (N), enhances sustainability in these
systems. For instance, Xia et al. (2017) demonstrated that substituting
synthetic fertilizers with livestock manure boosts crop productivity, N
use efficiency (NUE), and soil carbon stocks while reducing reactive
N losses. In this study, nutrient recycling occurs within the farm:
Livestock and crops share land across seasons, enabling manure to
enrich soils without off-farm processing or transport, a practical form
of nutrient circularity embedded in Uruguay’s production and
landscape dynamics.

Despite their potential, mixed crop-livestock systems rely heavily
on synthetic fertilizers, raising environmental concerns (Xue et al.,
2010). Nutrient imbalances can occur (Fowler et al., 2013; Goulding
et al,, 2008), necessitating optimal N inputs to maximize NUE and
minimize environmental N release (L.ow et al., 2020; Powell and Rotz,
2015; Quemada et al., 2020). While Spiller et al. (2024) note that
nutrient recycling alone is insufficient without tailored efficiency and
sufficiency strategies, there is no uniform methodology to assess these
risks across systems. Existing NUE studies vary widely in scope,
covering different products, boundaries, scales, and regions (Ladha
et al.,, 2005; Gerber et al., 2014; Powell et al., 2010; Ma et al., 2012), and
literature on mixed systems remains limited compared to pure crop or
livestock systems (e.g., Milroy et al., 2019; Bratti et al., 2022). The EU
Nitrogen Expert Panel (2015) proposed a graphical NUE evaluation
tool which includes several indicative thresholds to avoid N mining,
low efficiency, high surplus (NSURP) potentially linked with
environmental harm, and defining a system minimum N productivity,
but its application to mixed systems is underexplored. This gap
highlights the need to deepen understanding of N dynamics and
efficiency in these systems, especially in regions such as Uruguay
where they are economically and environmentally significant.

In this context, it becomes necessary to implement robust
analytical frameworks to better understand nitrogen flows and their
implications within mixed systems. System-level indicators such as
NUE, nitrogen balance (NBAL), and nitrogen surplus (NSURP)
provide useful insights into resource use efficiency and environmental
performance, especially when applied to long-term, integrated
production systems.

We hypothesize that mixed crop-livestock systems can circulate N
between their crop and livestock components, enhancing N availability
and reducing reliance on external inputs such as synthetic fertilizers.
Therefore, this study aims to quantify and compare NUE, N surplus
(NSURP), and N balance (N retained) across four pasture-crop
rotations with varying land-use intensity, continuous cropping (CC),
short rotation (SR), long rotation (LR), and forage rotation (FR), at
both component (crop and livestock) and system levels, using data
collected over 3 years (2019-2022). By developing and analyzing these
indicators, we seek to identify management strategies that optimize
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resource use, reduce environmental impact, and guide these systems
toward a “safe operating space” for sustainability.

2 Materials and methods

Measurements and metrics calculated in this study refer to the
third phase of the Palo a Pique Long-Term Experiment (‘Land
Expansion and Livestock Intensification’), which started in 2019, after
aredesign, as described by Rovira et al. (2020). The main changes that
occurred in this phase were (i) relocation of permanent pasture
system, (ii) addition of a support grassland area to each system, and
(iil) implementation of a bespoke livestock strategy for each system.

2.1 Experimental site

A long-term pasture-crop rotation experiment under no-tillage
was established in 1995 at the ‘Palo a Pique’ Experimental Unit in
Treinta y Tres (33°160 S, 54°290 W), Uruguay, at the National Institute
of Agricultural Research (INIA) facilities. Uruguay is in the subtropical
climate zone; the annual mean (+ SD) accumulated rainfall in the
experimental (1995-2022) was
1,249 + 72.2 mm per year distributed uniformly throughout the year.

site for the last 28years
The mean maximum and minimum air temperatures for the same
period were 23 £ 0.1°C and 11 + 0.6°C, respectively. The research site
has a 3% average slope, and the loam soils are Oxyaquic Argiudolls
according to USDA-NRCS (1996).

2.2 Description of the pasture-crop
rotations

As described in a study by Pereyra-Goday et al. (2022), four
systems were evaluated. Table 1 describes the crops included in each
rotation (pasture-crop rotation or pasture rotation) and purpose of the
crop phase (crop or grazing). Pasture-crop rotations represent
alternative pasture-crop arrangements with different temporal and
spatial combinations of land use.

The continuous cropping system (CC, 12 ha) is represented by a
rotation with two crops per year. CC does not rotate with pastures, but
it is complemented with an external area (6ha) of a permanent
improved pasture composed of tall fescue (Festuca arundinacea Schreb.),
birdsfoot trefoil (Lotus corniculatus L.), and white clover (Trifolium
repens L.) re-seeded every 5 years with the same species to ensure
sustained establishment. The short rotation system (SR, 24 ha) alternates
in the same land for 2 years of crops identical to CC with another 2 years
of grass-legume pastures based on Yorkshire fog (Holcus lanatus L.)
and/or Italian ryegrass (Lolium multiflorum L.) interspersed with red
clover (Trifolium pratense L.). The long rotation system (LR, 36 ha)
alternates in the same land area with 2 years of crops identical to CC and
SR followed by 4 years of grass—legume pastures composed of tall fescue,
birdsfoot trefoil, and white clover. The forage rotation system (FR, 24 ha)
is seeded with tall fescue and does not rotate with grain crops.

Each pasture-crop rotation (CC, SR and LR) was split into two halves:
one half for grain production (defined as ‘crop area)), which were seeded
with oats (Avena byzantina L.), black oat (Avena strigose Schreb.), and wheat
(Triticum aestivum L.) in winter, and soybean (Glycine max L.) and
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TABLE 1 Pasture and crop sequence for each system evaluated at Palo a Pique long-term experiment, Treinta y Tres, Uruguay (Pereyra-Goday et al.,

2022).
Purpose of Rotational year
crop phase Year 3 Year 42
Crop Oat/Sorghum Black Oat/Soybean = Wheat/Sorghum
«c Grazing Oat/Sorghum Ryegrass/Moha Oat/Sorghum
Crop Idem® CC Idem CC Wheat + P1* p2°
K Grazing Idem CC Idem CC P1 P2
Crop Idem CC and SR Idem CC and SR Wheat + P1 P2’ P3° P4
e Grazing Idem CC and SR Idem CC and SR P1 P2 P3 P4
FR Grazing Fescue Fescue Fescue Fescue Fescue Fescue

'CC, continuous cropping; SR, short rotation; LR, long rotation; FR, forage rotation.

*Note that primary data from these years have not yet been collected, but due to the rotational nature within each system on an annual basis, the full 6-year cycle can be represented from

primary data collected during years 1 to 3.

*The same rotation of CC to first and second year.

“Pasture follows by the age of the pasture (1 to 2 in SR and 1 to 4 in LR).
*Pastures in crop area (in SR and LR) are grazed.

sorghum (Sorghum bicolor L.) in summer. The remaining area was oriented
to grazing animals (livestock component, defined as ‘grazing area’) which
were seeded as follows: Italian ryegrass and oats in winter and sorghum and
moha (Setaria italica) in summer. Winter crops and pastures were sown
from March to June and were usually harvested in November. Summer
crops were sown from October to November and harvested in April. Cover
crops (black oat) were harvested for hay in October.

As part of the experimental platform redesign implemented in
2019 (Rovira et al., 2020), each system included a bespoke livestock
strategy. In CC, SR, and LR, animals enter their respective
experimental paddocks in April-May each year and remain for 1 year
(rearing animals) or, in the case of finishing animals, until reaching
target weights to the slaughterhouse. In FR, animals enter in
November-December each year. British early-maturing beef cattle
were used in the four systems (Hereford, Aberdeen Angus, and
Hereford-Angus cross). Details of the livestock strategy for each
system and the initial live weight are provided in Table 2.

The experiment lacks synchronic replications, but all phases of the
rotations are present each year, represented by paddocks of 3 ha in CC, SR,
and LR. In FR, the 24 ha were divided into five paddocks of 4.8 ha each
corresponding to fescue seeded in 2013 (9.6 ha), 2014 (9.6 ha), and 2020
(4.8 ha). Each system has a support area of natural grassland (NG) to
handle the animals, when necessary (i.e., during periods with low forage
availability in the seeded area), keeping the animals independently within
each system. The proportion of NG surface is 33, 29, 26, and 33% of the
total area for CC, SR, LR, and FR, respectively. Animals were handled to
graze annual forage crops (ryegrass, oat, sorghum, and moha), permanent
pastures (in grazing and crop area of SR and LR), permanent improved
pasture (in CC), and natural grasslands. Detailed information about
experimental design, management, and productive performance can
be found in a study by Pereyra-Goday et al. (2022) and Rovira et al. (2020).

2.3 Data analysis and scope of the study

N balance (NBAL) was calculated as N inputs minus N outputs and
NUE was calculated from food N outputs relative to all N inputs,
according to Erisman et al. (2018). NSURP was calculated as all the N
inputs minus N removed in food products (EU Nitrogen Expert Panel,
2015). We assessed NBAL, NUE, and NSURP at component level (crop
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and livestock) and system level. The study boundary was the farm gate.
Crop component was defined as the area where exclusively grain was
produced (6 ha in each system), and pasture phase was not included in
the crop component. Livestock component included the total grazing
area (permanent pastures, annual pastures, permanent improved, and
NG) which was 18 ha in CC, 22 ha in SR, 50 ha in LR, and 36 ha in
FR. For all systems, N inputs considered were synthetic fertilizers
(diammonium phosphate and urea), biological N fixation (pasture
legumes), atmospheric N deposition, estimated using annual
precipitation data from the experimental site and rain N concentrations
from Zunckel et al. (2003), and N in animal feed. Outputs included all N
removed in food products and N losses (Figure 1). As atmospheric and
leached N losses (N,O, N,, NH; gas, and leached NO;~) were not directly
measured, they were simulated using the DNDC model (Li et al., 2000).
In this model, losses are estimated through mechanistic equations based
on physical chemistry and microbial kinetics. Ammonia volatilization is
modeled using a two-film approach, with emission rates governed by
temperature-dependent chemical equilibria and concentration gradients
across the soil-atmosphere interface, primarily driven by soil pH,
temperature, and NH,* concentration. Denitrification is triggered when
soil redox potential (Eh) falls below 500 mV, as calculated by the Nernst
equation, and occurs under anaerobic conditions where nitrate and labile
carbon are available, with N reduced sequentially from NO;™ to NO,",
NO, N,0, and finally N,. Leaching of NO;™ is estimated based on soil
water balance and vertical flow processes driven by precipitation,
irrigation, and soil hydrological properties. Model calibration was
performed by adjusting site-specific parameters (e.g., soil organic carbon,
pH, texture, and management practices) to align simulated outputs with
observed N fluxes and crop yield data (EOS, 2017). The DNDC is a
widely applied, process-based simulation tool designed to represent soil
carbon and N biogeochemical dynamics, particularly in agroecosystems.
Initially developed to estimate greenhouse gas emissions from
agricultural lands in the United States, the model has since been
calibrated and implemented in diverse regions worldwide (Kesik et al.,
2005; Abdalla et al., 2022). For this study, we utilized calibrated and
validated coeflicients from a previous study in the same region and
climate, involving comparable crop-pasture-livestock rotations, which
demonstrated good agreement between predicted and observed values
for pasture and crop productivity as well as soil N dynamics (Castillo
etal, 2023).

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1522557
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Pereyra-Goday et al.

10.3389/fsufs.2025.1522557

TABLE 2 Number of animals and average initial liveweight at ‘Palo a Pique’ long-term experiment, Treinta y Tres, Uruguay (Pereyra-Goday et al., 2022).

Livestock Average initial liveweight
strate
&4 2019-2020 2020-2021 2021-2022
Number of Initial Number of Initial Number of Initial
animals liveweight animals liveweight animals liveweight
CC Rearing calves 32 191 + 16.2 34 179+ 17.5 35 200 + 30.3
Rearing heifers 44 148 £ 17.1 49 153 +16.1 46 167 +21.4
SR
Finishing cows 15 484 +72.2 10 446 +19.3 10 483 +24.1
Rearing calves 50 190 + 14.3 50 185+ 154 50 199 +31.2
LR
Finishing steers 50 393 £28.2 50 347 £26.7 50 369 £32.3
FR Finishing steers 47 317 £28.2 30 250+ 12.8 41 263 £65.3
'CC, continuous cropping; SR, short rotation; LR, long rotation; FR, forage rotation.
Biological N Fixation Biological N Fixation
Atmospheric deposition N losses Nissses Atmospheric deposition
LIVESTOCK
Synthetic Synthetic
fertilizers fertilizers

Permanent Pasture
Annual Pastures (Winter/summer)
Post-weaning

Cows
Natural Grassland
Animal feed
(14% CP) . . .
Protein Liveweight Production

:

Permanent Pasture

Soybean

FIGURE 1

Scheme of N fluxes in pasture-crop rotation at ‘Palo a Pique’ long-term experiment in Treinta y Tres, Uruguay.

N exported from the crop component in grains (soybean, oat, and
wheat) was estimated using the Dumas method (dry combustion) (Jung
et al., 2003). The values were 2.1% N content in wheat, 5.8% N content
in soybean, and 1.7% N content in oat. Crop straw was left in the field. N
exported by cattle was estimated as 2.6% of empty body weight, which
was assumed to be 90% of live weight (FAO, 2018). N fixation by pasture
legumes was estimated based on Peoples et al. (1995), while N fixation
by soybean was estimated according to Salvagiotti et al. (2015).

A low (>50%) and high (<90%) threshold was set up to evaluate
NUE, according to EU Nitrogen Expert Panel (2015), and for the
livestock component, the threshold was >10% and <25%, according to
Gerber et al. (2014). For the crop component, NUE values greater than
90% could be associated with soil N mining, and values below 50% could
be associated with low NUE. Animal systems, on the other hand, reach
alower NUE; therefore, both efficiency thresholds were set accordingly.
For the whole system, we propose a low (<18%) and high (>45%)
threshold to evaluate NUE, according to a prorated average taking into
consideration the crop and the livestock area in the experiment. The
maximum NSURP was defined at 80 kgNha™ year™ for crop
component and 110 kg N ha™ year™ for livestock component following
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EU Nitrogen Expert Panel (2015), whereas the system NSURP was
defined at 104kgNha™' year™'. For the livestock component, the
minimum N desirable productivity was set at 10.4 kg N ha™' year™
according to an experimental hypothesis of 400 kg LW production
ha ! year™ (Pereyra-Goday et al., 2022). For the crop component, the
threshold was defined as 80 kg N ha™' year™, following EU Nitrogen
Expert Panel (2015). The effect of components on NUE and NSURP was
tested using the least significant difference (LSD) model in InfoStat
statistical software (Di Rienzo et al., 2020), with year treated as a replicate.

3 Results
3.1 N inputs and N outputs

N inputs and outputs are presented in Tables 3, 4. The primary
input in the crop component was biological N fixation from soybean,
while the primary input in the livestock component was N
fertilization (diammonium phosphate and urea). Biological N
fixation in the livestock component was derived from legumes seeded
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in permanent pastures. Although ‘complementary outputs’ were not
part of the NUE calculations, they were accounted as a transference
from crop to the livestock component (e.g., hay and grain to feed
animals). Differences in feed production” for animals and ‘feed to
animals’ value in crop vs. livestock component are explained by
differences in area considered and the inclusion of commercial feed.
Animal deposition (feces and urine) was not considered for the
calculation given that the grazing periods in the pastures of the crop
phase were short and far from the beginning of cultivation period.

3.2 N losses

On average, N losses accounted for 38+3.1, 22+2.6, and
24 +1.1kg N ha™" year™ for CC, SR, and LR, respectively, in the crop
component. Approximately 71% of total N losses occurred during winter
cash crops, and the remaining occurred during summer cash crops. The
main N loss source in this component was volatilization (45%) followed
by lixiviation (35%).

In the livestock component, N losses were 32 + 4.0, 40 + 4.3, 18 £ 0.9,
and 52 + 3.1 kg N ha™" year™ for CC, SR, LR, and FR, respectively. The
highest values of N losses were observed in tall fescue in FR
(81 kg N ha™" year™), which had inputs of 184 kg Nha™" year™ as
fertilizer in tall fescue area. In this rotation, the main gas losses were
volatilization (56%). In natural grassland (NG), N losses were
9.6kgNha™' year™ when grazing was included, whereas N losses
dropped up to 3.6 kg N ha™' year™' when grazing was excluded. On
average, N losses associated with the permanence of grazing animals in
the experiment accounted for 29, 31, 29, and 26% of the total N losses to
CC, SR, LR, and FR, respectively.

3.3 N balance

Nitrogen balance at crop component was 2.2+9.21,
—14.9 +20.43, and —3.5 + 12.88 kg N ha' year™' for CC, SR, and LR,
respectively. Figure 2 shows N balance at crop component level.
Considering all N inputs, fertilizers represented on average 38, 30.9,
and 30.1%, whereas biological N fixation (BNF) from soybean
accounted for 55.1, 61.8, and 63.3% for CC, SR, and LR, respectively.

10.3389/fsufs.2025.1522557

The remaining input was atmospheric deposition, being 6.9, 7.3, and
6.6% for CC, SR, and LR, respectively.

Figure 3 shows NBAL for livestock component, including
rotation area and NG area. For the experimental period (2019-
2022), NBAL was 6.1 +4.42, 59+4.3, 29+1.2, and
64 + 3.5 kg N ha ' year™, for CC, SR, LR, and FR, respectively. In
this component and for all N inputs, synthetic fertilizers accounted
on average, for 64.3, 53.3, 44.3, and 90.5%, external feed
represented 19.6, 18.9, 30.2, and 5.6%, and BNF was 5.8, 23.4, 17.3,
and 0%, for CC, SR, LR, and FR, respectively. The remaining
percentage was explained by atmospheric deposition, being 10.2,
4.5, 8.2, and 4% for CC, SR, LR, and FR, respectively.

Given that crop and livestock components are part of a single
integrated system that combines agricultural and livestock production,
a whole system balance was calculated (Figure 4). N balance was
positive in all cases reaching 5+ 1.5, 41 +3.1, 29+2.2, and
64 £ 3.5 kg N ha™' year™ for CC, SR, LR, and FR, respectively.

34 Soil N

Soil N concentration (0-15 cm) for each pasture-crop rotation
(CGC, SR, LR, and FR) and component (crop from 2013 to 2021 and
livestock from 2006 to 2021) ranged between 0.142 g kg™' (CC) and
0.208 gkg™ (LR) in the crop area, whereas in the grazing area
(livestock component) values ranged between 0.132 g kg™ (CC) and
0.211 g kg™ (FR). For the entire historical data series, the increase of
N content in crop component was on average 0.023 gkg™' and
differences were not significant among CC, SR, and LR. However,
systems that included pastures in their rotation had higher values of
N content in soils than the CC. For the livestock component, the
increase in soil N content (2006-2021) was 0.024 gkg™', and
differences were also not significant among SR, LR, and FR.

An upward trend for all systems and components was observed
when comparing 2019 vs. 2021. Soil N content increased by 4.3, 4.4,
and 3.1% per year in the crop component in LR, SR, and CC,
respectively, with differences among systems (p = 0.015). For the
livestock component, soil N content increased by 6.8, 3.6, 6.9, and
8.7% on average in LR, SR, CC, and FR, respectively. Differences were
not detected among systems.

TABLE 3 Total N inputs and outputs at crop component of the ‘Palo a Pique’ long-term experiment.

Systems?

SR
N Inputs (kg ha year ~%)?

Synthetic fertilizers 50.5/70.5/44.1

47.9/33.9/44.1

37.7/40.1/58.2 _

Biological N fixation 76.9/77.5/85.3

97.2/80.1/74.4

87.9/108.2/90.8 -

Atmospheric deposition 5/5/5 5/5/15

5/5/5 -

Food N outputs (kg ha™* year)?

Wheat 7.7136.9/23.7 12.7/27.1/28.3 11.7/26.1/27.2 -
Oat 0/0/0 12.8/21/21 10.6/18.6/18.6 -
Soybean 65.5/66/72.7 82.8/68.3/63.4 74.9/87/77.3 -
Complementary N outputs (kg ha™ year)?

Feed production’ 16.8/19.1/5.1 17.7/17.9/3.8 16.8/18.6/4.2 -

!CC, continuous cropping; SR, short rotation; LR, long rotation; FR, forage rotation.
22019-2020/2020-2021/2021-2022.
*To feed livestock in livestock area (include hay and sorghum grain).
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TABLE 4 N inputs and N outputs at livestock component of the ‘Palo a Pique’ long-term experiment.

Systems?

Inputs (kg N ha year)?

Synthetic fertilizers 21.1/43.2/30.4 65.2/65.2/47 26.4/26.4/28.3 112.7/107.8/122.7
Biological N fixation 6.4/0/2.2 13.5/18/46.3 11.4/10.8/9.4 0/0/0
Atmospheric deposition 5/5/5 5/5/5 5/5/5 5/5/5

Feed to animals® 12.8/12.7/3.4 30.4/26.7/5.7 20.6/21.2/13.5 0/21.2/0

Food outputs (kg N ha year)?

Livestock 11.1/12.3/11.6 14.5/16.3/14.5 9.5/11.8/11.8 6.8/7.4/5.9

'CC, continuous cropping; SR, short rotation; LR, long rotation; FR, forage rotation.
22019-2020/2020-2021/2021-2022.
*To feed livestock (include hay, sorghum grain, protein, and commercial feed).
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FIGURE 2
Components of N balance of crop component at 'Palo a Pique’ long-term experiment. BNF: biological N fixation.
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FIGURE 3
Components of N balance of livestock component at ‘Palo a Pique’ long-term experiment. BNF: biological N fixation.
35 Crop NUE and NSURP and 78 = 5.8% for CC, SR, and LR, respectively, meaning that

the achieved NUE( values were within the defined target NUE
On average, crop NUE (NUE;) values did not differ zone (Figure 5). The highest variability among years was
(p = 0.07) among systems, accounting for 67 + 8.2, 84 + 12.5,  observed for N inputs in SR, whereas the lowest variability was
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observed in N outputs in the same system. Highest NUE
corresponded to SR, reaching 94%, and the lowest NUE was
observed in CC (53.3%). The NSURP (kg N ha™' year™") was
54 +10.6, 23 + 18.5, and 34 + 6.2 kg N ha™' year™', for CC, SR,
and LR, respectively, where all the calculated values were below
the defined threshold (80 kg N ha™' year™).

3.6 Livestock NUE and NSURP

The livestock NUE (NUE;) showed differences among systems
of which CC was 5-, 3-, and 1-fold greater than FR, SR, and LR,
respectively. NUE; was 24.4 + 4.14, 9.9 + 1.23, 14.3 + 1.92, and
5.5+ 0.73 to CC, SR, LR, and FR, respectively. Differences were
detected between FR and LR, FR and CC, SR and CC, and LR and
CC (p=0.0001). The pasture length did not influence the
achieved NUE; when analyzing both SR and LR, being both closer
to FR than CC.

Once N inputs were plotted against N outputs, differences in
NUE, and the deviation values for this parameter among systems
were observed. Except for FR and SR, the remaining systems
predominately achieved NUE values between the defined
thresholds, as well as reached the defined minimum N productivity
(104 kg N ha™!' yr') (Figure 6). The NSURP was 37 + 10.1,
50 +2.3,100 + 11.4, and 116 + 5.4 kg N ha™! year™' for CC, LR,
SR, and FR, respectively. Values for SR and FR approached or
exceeded the defined threshold.

3.7 System NUE and NSURP

At system level (Figure 7), NUE was different between CC, SR,
and LR (p <0.0001). NUE values were 43.4 +5.93, 28.1 +2.03,
29.3 +3.83, and 5.5 £ 0.73 for CC, SR, LR, and FR, respectively. N
surpluses at the system level were 42+8.8, 84+6.9, and
48 + 2.2 kg N ha™' year™ for CC, SR, and LR, respectively.
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4 Discussion

The upward worldwide trend in N consumption shows the
dependence agricultural systems have for that nutrient (Tilman
etal,, 2002). Mixed crop-livestock systems play a crucial role in
the production of high-quality food and in system sustainability,
which is gaining interest in recent years (Ryschawy et al., 2012).
Given the current dependence of these systems on N fertilizers,
understanding the dynamics and processes associated with this
nutrient, as well as management strategies aimed at improving
the efficiency of use and reducing losses is critical. This is
especially true for these systems where N inputs of synthetic
fertilizer could be optimized through the strategic use of organic
inputs from livestock via rotation. The inclusion of NUE
calculations and N balance at farm level allows the interaction
between crops and livestock to be investigated to help improve
resource use and reduce environmental losses at a system
level. As stated by Oliveira et al. (2022), NUE is an indicator of
sustainability, and the evolution of this indicator is crucial to
evaluate the intervention implemented in long-term experiments
and, at the same time, provide information to farmers
and policymakers with respect to sustainable food production
systems and the use of input resources. In general, this
type of NUE assessment is conducted at the system level and is
not necessarily accompanied by direct validation of the
results.

4.1 NUE of crop component

For all crop rotations, NUE was within the defined thresholds.
Differences observed in NUE. could be explained by differences in
crop yield and fertilization strategies in each year (e.g., CC had lower
crop yields as was stated in a previous study by Pereyra-Goday et al.,
2022). NUE values reported by other studies had high variability;
Hutchings et al. (2020) reported NUE values of 65-92% for arable
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Average N inputs and outputs (2019-2022) for the crop component. Dashed yellow and green lines represent NUE (outputs/inputs x 100) of 90 and
50%, respectively, for crops. The dashed black line indicates the expected N output for a desirable production level. The red line represents an N
surplus (80 kg N ha™!). Theoretical productivity was maintained due to the low crop yield potential in the study area, consistent with Terra et al. (2006).
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Average N inputs and outputs (2019-2022) for the livestock component. Dashed yellow and green lines represent NUE (outputs/inputs x 100) of 25
and 10%, respectively, for livestock. The dashed black line indicates the expected N output for a desirable production level (10.4 kg N ha~* year = 400

kg LWG hatyear™). The red line represents an N surplus (110 kg N ha™).

70
N inputs (kg ha yr-1)

80 90 100 110 120 130

crops in Northern and Southern Europe, Shen et al. (2023) found
NUE values of 49% for wheat production in China, while Gu et al.
(2017) reported NUE; values of 39% for croplands in China.
According to EU Nitrogen Expert Panel (2015), the reported values in
this study for SR and LR fell in the ‘balanced N fertilization’ category,
whereas CC seemed to indicate a ‘risk of N losses, which is aligned
with the higher value of N losses estimated in CC compared to SR and
LR. On the other hand, N balance tended to be neutral with variability
between years. For CC, we observed higher N losses compared to the
literature which could be attributed to the source of N used and the

Frontiers in Sustainable Food Systems

way it was applied (urea without inhibitors, surface broadcast without
incorporation into the soil), which is consistent with the N internal
fluxes reported by Pravia et al. (2019).

4.2 NUE of livestock component

The livestock component of the four systems had greater productivity
values than the average for rearing and fattening systems (200 kg LWG

ha™" year™'; Plan Agropecuario, 2021). However, the evaluated systems
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and 18%, respectively, for the system. The red line represents an N surplus (104 kg N ha™).

incorporate external sources of N (synthetic fertilizers and external feed),
which determined medium-to-low NUE values. For the livestock
component, NUE; values were lower than NUE, due to biological
differences at the trophic level (Godinot et al., 2015). Organic sources offer
a promising alternative to synthetic fertilizers, enabling a reduction in their
use within such systems, as discussed later.

CC presented the highest value of NUE,, close to the upper
threshold, explained by the highest productivity in terms of kg LWG
ha™' year™ (426 kg ha™' year™) due to the higher efficiency of rearing
male calves (CSIRO, 2007). LR and SR had similar NUE, values, even
though SR had higher values of productivity than LR (418 kg LWG
ha™' year™ in SR vs. 369 kg LWG ha™' year™" in LR). This could
be explained by the higher productivity of red clover in SR, which
accounted for 31 + 12.3% of total dry matter (DM) production of
permanent pastures. Therefore, there was high values of biological N
fixation, with high variability among years and N fertilization. The
potential of red clover to increase performance in ruminant livestock
systems has been previously reported in relation to an enzyme system
(polyphenol oxidase) in the forage which reduces protein breakdown
in the rumen and subsequently N retention by the animal (Lee, 2014).

The system with the lowest NUE, was FR, which was below the
lower reference threshold. This was explained by high N inputs
(184 kg N ha™' year™" as synthetic fertilizer in tall fescue area) and a
lower productivity (310 kg LWG ha™' year™), since this system is
focused on finishing animals to slaughterhouse, which is a
low-efficiency process compared to the other livestock categories.
Although DM production was high (6867 kg DM ha™' year™),
conversion efficiency and forage utilization were low in this system
(19.2 kg DM kg LWG™" and 37% utilization, respectively). In addition,
gas N losses were highest in this system associated with the greater
amounts of N fertilizer applied. The potential impact of replacing
synthetic fertilizer with organic manures and increasing forage
utilization are discussed below (Section 4.3).
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NUE, values were higher than those reported by Jin et al. (2021) for
Chinese livestock systems (3-4%), while Castillo et al. (2021) reported
similar values (13.2%) for extensive livestock systems in rotation with rice
in Uruguay. Although the latter value was close to that of our study, the
LWG differed considerably in favor of our study (+400%), mainly due to
the livestock intensification level (extensive vs. intensive, respectively).

The positive N balance observed at the livestock component in the
four systems agrees with Ryschawy et al. (2012). A positive balance
could induce lower demand for N inputs in livestock compared with
crop production (Oliveira et al., 2022; Powell and Rotz, 2015), given
that grazing animals contribute positively with soil N content through
manure and urine deposited in the field (Segura et al., 2023).
Furthermore, livestock production plays a critical role in food security,
by supplying high-quality, nutrient-dense food (Rivero et al., 2021).

Livestock in mixed crop-livestock systems play an important role in
non-arable areas, where cropping is unsustainable (Wilkinson and Lee,
2018), using non-human edible crops/pastures or crop residues as feed
(Sekaran et al,, 2021). As was summarized by de Faccio Carvalho et al.
(2021), livestock grazing provides several benefits such as system stability,
resilience, profitability, soil health (more microbial activity), and biomass
production. This broader perspective on sustainability contributes to the
concept of circularity in livestock production (Lemaire et al., 2023; Ward
etal,, 2016), where livestock play a beneficial role in nutrient cycling and
ecosystem services. Thus, maintaining soil fertility in agroecosystems could
outweigh the adverse effects of a higher carbon footprint (driven by
biogenic methane from enteric fermentation).

4.3 System NUE and prospects for
improvement

Based on the findings of this study, we can categorize the assessed
systems according to their results. Systems incorporating pasture in
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rotation with crops (SR and LR) consistently demonstrated, on
average, lower N losses, higher soil N gains, and higher efficiency
values within the optimal desirable range. Conversely, rotation
excluding pastures (CC) led to greater N losses across both crop and
livestock components, along with suboptimal efficiencies in the crop
component but higher efficiency in the livestock component
(attributable to the specific livestock management approach). On the
other hand, rotation exclusively comprising pastures (FR) with
substantial N synthetic fertilizer inputs showed the highest estimated
N losses and notably low NUE, thereby raising significant concerns
regarding potential environmental risks. Organic sources could
replace synthetic fertilizers in such systems.

Although the four systems exhibited soil N gains during the
experimental period, this observation must be put into perspective. It
is important to note that a period of N accumulation in the soil is often
followed by a subsequent decline. This pattern is frequently observed
in annual or cash crops that are rotated with pastures (Grahmann
etal., 2020). These increases in N stored in soil during the experimental
period represented 26.3, 18.3, 30.1, and 41.4 kg N ha™' year™' for CC,
SR, LR, and FR, respectively, which is close to the results obtained in
the balance. Although the aim of this study was not to formally
validate indicators such as NUE, NBAL, or NSURP, partial validation
was observed through the consistency between soil N gains and the
corresponding positive N balances and surpluses in systems with
lower estimated losses. This coherence reinforced the utility of these
indicators for evaluating nutrient dynamics at the system scale.

To improve all the assessed N parameters in this study, we believe
it is possible to consider system-level improvements with a focus on
the livestock component. This is because the livestock component
offers greater opportunities for improvement, as stated by Castillo
et al. (2023), through agronomy management to achieve a ‘safe
operating space’ in terms of NUE. In general terms, greater utilization
of pastures, i.e., improving grazing management (mainly in those
systems that include perennial pastures), would allow an increase in
N output from the system and therefore would have implications for
NUE. In addition, the quantification of all N flows, including those
derived from animal production (feces and urine), would optimize
synthetic inputs to supplement naturally voided organic returns
(manures and urine).

Following the EU Nitrogen Expert Panel (2015) approach, to
improve NUE in CC system, we must ‘avoid soil degradation’ through
improving biomass production, which could have implications for N
and C cycles and reduce N losses (Bilotta et al., 2007; de Faccio
Carvalho et al., 2010). Redesigning the rotation with the inclusion of
high productivity legumes could improve the quality of the diet for
animals (Soussana and Lemaire, 2014) and at the same time increase
the organic N inputs. Furthermore, an increase in the use of feed
supplements could help to improve in terms of growth rates, but it is
important to consider the economic implication into the whole system
as well as the balance between N and C efficiency.

On the other hand, the SR system should follow an ‘extensification’
strategy, given that it is close to the lower threshold (10%) for the
livestock component. An alternative could be considering N fixed by
legumes and reducing N fertilization accordingly (Carswell et al., 2022).
Complementary, a redesign of the livestock strategy (i.e., exclusively
rearing males) could lead to improved productivity. In this system, N
inputs cannot be increased due to the risk of increased N losses;
however, it is important to consider that these results could be influenced

Frontiers in Sustainable Food Systems

10.3389/fsufs.2025.1522557

by weather conditions during the experimental period, and probably in
the longer term this system would be more aligned with the LR, given
the similarities it presents in the composition of the rotation and the
combination of livestock strategies (rearing and fattening).

The LR system had on average lower productivity than the
desirable level for livestock production. It could therefore be improved
through ‘intensification’ of production to reach 400kg LWG
ha™! year™". For example, supplementing the reared calves (given their
high feed conversion efliciency) could increase live weight gain by
0.010 kg calf™" day™', based on annual performance reported in a
previous study (Pereyra-Goday et al., 2022). In addition, the grazing
management could be altered to optimize higher quality forage intake.
Another option could be increasing the proportion of rearing animals
in the herd. However, this could have a negative effect on the economic
results of the system, given the differences in sales prices between
rearing and fattening animals.

Fertilization strategy defined for FR could be revised (e.g., N
source, placement, and objective N fertilization method) to maximize
tall fescue DM production and fertilization response, reduce N losses,
and reduce nitrous oxide (N,O) emissions (Pereyra-Goday et al.,
2024) thereby ‘increasing efficiency. According to the performance
obtained, animals should increase approximately 35% LWG
per animal to reach the target of 400 kg LWG ha™' year™". Hence, the
inclusion of legumes could be beneficial (Soussana and Lemaire, 2014)
by improving forage quality, and, at the same time, reducing the cost
of production. In addition, grazing management could be adjusted,
considering an optimal balance between animal production and soil-
plant carbon balance to improve conversion efficiency and utilization
of forage (Szymczak et al., 2023). On the other hand, the livestock
strategy could be revised (i.e., exclusively finishing animals which
would enter the system with higher LW).

Finally, adequately quantifying the N contribution from all
components combining with modeling tools will reduce production
costs and environmental risks, improve productivity, and move toward
more efficient and sustainable crop-livestock systems through
optimizing the potential of organic inputs (Castillo et al., 2023).

4.4 Limitations of the study

Given that our study draws information regarding the
management and operation of a long-term semi-commercial scale
experiment (Rovira et al., 2020), there are limitations in obtaining data
for some N flows. For instance, N contributed to the soil by feces and
urine (since the animals rotate grazing in different paddocks and
natural grassland), and the N contribution from crop residues left in
the field, which also help to increase N content in the soil. In addition,
the management of N fertilization, which does not differ between
years except for rare exceptions, does not allow for the observation of
the potential effect of crop residues and the animal component on
NUE. As previously explained, these limitations can be addressed with
adequate quantification of these flows.

5 Conclusion

By evaluating NUE and N balance values, we gain insights into the
underlying processes within mixed crop-livestock systems and can

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1522557
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Pereyra-Goday et al.

assess strategies for enhancing these indicators. Given the escalating
concerns regarding the sustainability of food production processes,
our findings contribute to advancing farm-level knowledge through
high-resolution data and offer valuable insights for policymakers and
farmers alike.

The sustainability of mixed crop-livestock systems hinges on the
complementarity and interconnectivity between their components and
the appropriate combination of crops and pastures. While both
components—crop and livestock—have room for improvement in terms
of management and outcomes (as discussed), the greatest potential for
enhancement lies within the livestock component, especially when it has
the potential to further improve crop production via rotation (soil
health). The utilization of software tools for modeling processes within
mixed crop-livestock systems warrants adjustments to better serve as a
tool for enhancing our understanding of these systems.

The long-term nature of these studies presents an opportunity to
explore further into the dynamics, outcomes, and processes involved.
Therefore, extending this study over additional years is imperative for
gaining comprehensive insights.
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