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Abstract

Agriculture provides essential ecosystem services. Management influences the degree of their trade-offs and synergies. Here, we
investigate the potential for ecological intensification of the US Midwest agricultural landscape by comparing at high spatial
resolution (4-km-sided grids) over three decades, the impact of 18 diverse management scenarios on multiple services, using a
validated crop simulation model. The assessment of numerous system performance criteria that includes productivity stability and
resistance to extreme weather events, profitability, soil carbon accumulation, nitrate leaching, and greenhouse gas emissions, helps
identify trade-offs and leverage synergies among these services. Increasing crop number and diversity—from a corn monoculture to a
corn-soybean-wheat rotation with cover crops—increases productivity stability up to 65%, and a lower nitrogen rate decreases
greenhouse gas emissions by 28%, converting scenarios from net sources of carbon to net zero or sinks. Pasture-cattle integration
increases resistance to extreme droughts (5% compared to a maize monoculture) and provides greater productivity stability (159%).
Increasing crop diversity and reducing nitrogen fertilization are key synergistic management strategies. Our innovative approach
across twelve states and covering 46 million hectares, connects geographic scales from local to regional, without data loss and
mismatch due to aggregation, quantifying the relative changes in these landscape services that are coincident in time and place to
determine potential management additionality and inform decision-making.

Keywords: crop diversification, integrated crop-livestock system, ecosystem services, resistance, grazing intensity

Significance Statement

The environmental and economic services that agriculture provides are strongly influenced by management. In this modeling study,
conducted across the US Midwest over three decades at 40,000 locations, we compared 18 different scenarios, ranging in complexity
from monoculture corn to multiple crops in rotation to integrating pastures with cattle. We compared the impact of these systems on
productivity and profitability, yield stability and resistance to weather extremes, soil carbon levels, nitrogen loss, and greenhouse gas
emissions. We found that more crops in rotation increased productivity stability, lower nitrogen fertilizer inputs reduced greenhouse
gas emissions, and integrating cattle-pastures increased system resistance to droughts. Comparing impacts across systems reveals
trade-offs and synergies, helping farmers manage for better environmental and economic outcomes.

Introduction leveraging limited data from a single land-use, and extrapolat-
ing to large scale without catering for local conditions, or nar-

row, focusing on a single service in a small area that is not

Management of agricultural systems influences the delivery of
ecosystem services (ES), generating trade-offs and synergies.

Optimizing multiple services at the same time and location
is challenging (1). Win-win scenarios for productivity and the
environment are obtainable (2), but complex to implement at
scale (3). ES assessments can be geographically broad, often

readily scaled. Approaches that integrate small-scale rigor
on multiple services with large scope and scale, and long-term
data across multiple decades, are most informative (4) and
beneficial for policy.
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Fig. 1. Agronomic management scenarios, showing crop rotation complexity, and agroecological levers [cover crop, reduced synthetic nitrogen (N)
fertilization, pasture, and livestock inclusion]. MONO, corn monocropping; CS-FA, corn-soybean with fallows; CS-CC, corn-soybean with cover crops;
CSW-FA, corn-soybean-wheat with fallows; CSW-CC, corn-soybean-wheat with cover crops; ICLS-1-4, integrated crop-livestock systems with corn,
soybean, wheat, and cover crops, and temporary pasture with beef cattle grazing intensity decreasing from 1 to 4 (e.g. ICLS1 =heavy grazing, ICLS4 = light
grazing). The five crop and four crop-livestock scenarios are simulated with full fertilization and reduced fertilization (RF), where N rate was reduced by

25% solely for corn, for a total of 18 scenarios.

Widespread agricultural specialization favors productivity
over other ES (5), leading to well documented negative environ-
mental consequences (6, 7). Climate change also impacts agricul-
ture through an increasing frequency and intensity of extreme
climatic events such as droughts and precipitation (8), leading to
crop damage and yield loss (9, 10). Shifting towards more complex
and diversified agroecosystems is seen as essential to increase
resiliency to these events (11) and help balance production and
environmental goals (12). Ecological intensification (EI)—ES
enhancement that complements or substitutes for the role of an-
thropogenic inputs while maintaining productivity (13)—is a
means to accomplish this (e.g. 14). Management that increases
spatiotemporal variation through crop diversification, and re-
duces synthetic inputs, can enhance nutrient and water use effi-
ciency, and increase soil structure and health (15). Leveraging
natural synergies between crops and animals has numerous eco-
logical and socioeconomic benefits (16). Despite this, integrated
crop-livestock systems (ICLS) have decreased in number and
land area in the United States (17), and the environmental factors
that predispose ICLS to success or failure in a given location are
not well studied (18).

Maximizing productivity is still regarded as the domain
of conventional management, and the perceived or actual eco-
nomic cost of reduced yields remains a major deterrent for farm-
ers considering changes in land management (19). However,

management that decouples high yield from high input is deploy-
able through EI practices, such as reduced fertilization, no tillage,
crop rotation, and manure recycling (13). Fulfilling the potential of
El at scale requires understanding how yields respond to different
management practices and how dependent these responses are
on context (20). ES are spatial phenomena, needing integrated
quantification across multiple land uses, and on different
spatiotemporal scales using environmental and socioeconomic
metrics (21).

Studies on Elmanagement that investigate the long-term prod-
uctivity and environmental performance of crop rotations with
varying complexity, including livestock integration, at high spatial
resolution across large scale are rare. We conduct this work across
the US Midwest, one of the most globally productive and photo-
synthetically active agricultural regions in the world (22).

We evaluate and compare 18 agroecosystem scenarios across
management gradients that differ in crop type and rotation, and
agroecological levers that include integrating cover crops, pas-
ture, and cattle at varying grazing intensity, and reduced nitrogen
fertilization rate (Fig. 1). We show the impacts of management
over three decades on a wide range of ecosystem services, i.e. sys-
tem stability and crop yield resistance to extreme climatic events,
crop and animal productivity, economic profitability, carbon
sequestration, greenhouse gas mitigation, and nitrate leaching.
We also assess the variability, and the trade-offs and synergies
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Fig. 2. a) Change in soil organic carbon (SOC) stock (mgha~* year~?) at 0-30 cm depth for management scenarios with full nitrogen (N) fertilization and
varying soil texture across the US midwest, with initial SOC stock (mg ha~" year~") shown below; b) global warming potential (GWP*; (23); Table S1) of the
greenhouse gas (GHG) emissions (CO,, N,O, and CH,; Mg CO,eq ha™" year™?) associated with management scenarios, showing positive emissions (above 0)
and negative emissions (below 0; i.e. SOC sequestration representing atmospheric CO, removal) presented as paired fertilizer (full and reduced; RF)
scenarios. White circles show the net GHG emissions of each scenario (sum of positive and negative emissions contributions), and the horizontal white
dotted line represents net GHG emissions for MONO scenario for comparison. Cl, clay; ClLo, clay loam; Lo, loam; LoSa, loamy sand; Sa, sand; SaClLo,
sandy clay loam; SaLo, sandy loam; SiCl, silt clay; SiClLo, silt clay loam; SiLo, silt loam.

of these services across the Midwest region that encompasses a
wide range of pedoclimatic conditions.

Our objectives are to (i) assess the impacts of increasingly
complex agroecological levers, including efficiency measures
(reducing nitrogen fertilization), practice substitution (replacing
winter fallows with cover crops), and system redesign (through
crop diversification and the integration of pastures and livestock);
and (ii) evaluate the variability, trade-offs, and complementarities
of ecosystem services across a broad agricultural landscape under
diverse pedoclimatic conditions.

We hypothesize that (i) crop diversification and the use of ICLS
will increase farm profitability compared to less diversified man-
agement; (ii) moderate reductions in nitrogen fertilization will re-
duce environmental impacts while causing minimal reductions in
profitability; (iii) the use of cover crops will enhance or stabilize
profitability through benefits such as improved soil health and
yield stability; and that (iv) certain combinations of these practi-
ces can generate synergies among ecosystem services, reducing

trade-offs and help identify management scenarios that optimize
both economic and environmental outcomes.

Results

Environmental outcomes

Soil organic carbon (SOC) is compared at 0-30 cm depth across
the management gradients over a 30-year period (Fig. S1). All
crop-only and ICLS scenarios (except ICLS4) resultin an average
annualincrease in SOC stock, with the magnitude varying by soil
texture; typically, larger gains in sandy loams where the initial
SOC stock is lower, and lower gains in soils with higher clay con-
tent, particularly for ICLS (Fig. 2a). Corn monocropping (MONO)
leads to the greatest SOC stock gains (e.g. 22% more when
compared to CSW-CC and 72% more when compared to ICLS3;
Fig. 2a). Growing cover crops increases SOC compared to
the presence of fallow in otherwise corresponding rotations
(e.g. an increase of 60% in CSW-CC compared to CSW-FA). For
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ICLS scenarios, moderate grazing intensity (i.e. ICLS2 and ICLS3)
leads to the largest SOC stock increases, i.e. 39 and 254%
more for the ICLS2 scenario when compared to the intensive
grazing scenario (ICLS1) and the light grazing scenario
(ICLS4), respectively.

Across all scenarios, the largest contributions to greenhouse gas
(GHG) emissions are from direct nitrous oxide (N,O) emissions
from the soil (average of 56% of total) and CO, emitted during N fer-
tilizer production (37%). In scenarios with full N fertilization (Fig. 2b),
MONO has substantially higher GHG emissions than other scenarios
(e.g. 27% more when compared to CSW-CC, 54% more when com-
pared to CS-FA, and 68% more when compared to ICLS3). This is pri-
marily due to higher CO, emissions from N fertilizer production (e.g.
53% more when compared to CSW-CC and 177% more when com-
pared to ICLS3), and to a lesser extent direct soil N,O emissions
(e.g. 11% more when compared to CSW-CC and 32% more when
compared to ICLS3; Fig. S4). However, due to high SOC sequestration
rates (Fig. 2b), MONO also has the second lowest net GHG emissions
(340 kg CO,-eq ha™' year™?) of scenarios with full N, only marginally
higher than those from the most rotationally complex, crop-only
based (CSW-CC) scenario (291 kg CO,-eq ha~* year™?). ICLS systems
show GHG emissions comparable to the more complex crop-only ro-
tations, in part due tolivestock methane (CH,) emissions (particular-
ly when GWP values are used; Fig. S3) compensating for the
reduction in CO, emissions from lower N fertilizer consumption
(production), in addition to direct N,O emissions from the crop-
based portion of the rotation. The SOC sequestration while modest
in ICLS scenarios helps mitigate this; most notably in the moderate
grazing intensity regimes (ICLS 2 and 3).

Overall, reduced N fertilization (RF) scenarios decrease GHG
emissions when compared to their full N fertilization equivalents
(Figs. 2b and S3). Emissions from the MONO-RF scenario were 28%
lower than MONO. Given their almost similar SOC sequestration
values, this reduction effectively converted the system from a
net source (340 kg CO,-eq ha™* year™) into a net sink (—213 kg
CO,-eqha~tyear ?; Fig. 2b) for carbon; mostly due to lower direct
N,O emissions (i.e. 57% less for MONO-RF; Fig. S4) but also the
associated lower CO, emissions from N fertilizer production
(i.e. 25% less for MONO-RF; Fig. 2b). Other more complex,
crop-only rotations also benefited from reduced N fertilization,
such that the CS-CC-RF and CSW-CC-RF scenarios were near to
net zero emitters (5kg CO,-eq ha™* year ' and 70kg CO,-eq
ha=! year™, respectively).

The nitrates available for leaching were much higher in the
MONO (38kg NOs-N in average) than in any other scenario
(Fig. S5b). Available nitrates were consistently lower in RF scenarios,
when compared to their full N fertilizer equivalent (e.g. 52% lower in
MONO-RF compared to MONO, 32% lower in CS-CC-RF compared to
CS-CC, and 15% lower in ICLS4-RF than ICLS4). Moderate grazing
ICLS scenarios decrease nitrate leaching compared to other ICLS
systems (e.g. ICLS3 is 21 and 38% lower than ICLS1 and ICLS4, re-
spectively), and compared to all crop-only scenarios (e.g. ICLS2
and ICLS3 are 28 and 30% lower than full N fertilizer crop-only scen-
arios in average). Introducing cover crops, which are fertilized (30 kg
N ha™' at sowing; Methods), into crop-only systems both reduces
(CSW-CC 20% lower than CSW-FA) and increases (CS-CC 11% higher
than CS-FA) nitrate leaching (Fig. S5).

Productivity and its stability and resistance

The productivity of each management scenario is compared using
cumulative production over the 30-year simulation period as ex-
pressed by grain yield and pastures biomass (metric tons; Mg ha™?),

energetic value (cereal units; CU ha™") and economic value (US
Dollars; USD ha™?). The high biomass and energetic value of corn
result in the highest productivity for the MONO scenario (Fig. S6a
and b). When economic value is compared, the ICLS scenarios are
shown to be nearly as profitable (e.g. 5% less for ICLS2 when com-
pared to MONO), due primarily to the high added value of beef pro-
duction (Fig. S6¢), and particularly so in areas with sandy soil (Figs.
S7-S9). Adopting a heavy-moderate grazing intensity maximizes
grass production (Fig. S10), and animal live weight gain (Figs. S6-
S8), with more intensive grazingmanagement associated with great-
er pasture biomass production in the warmer Southern areas
(Fig. S11). While the large N fertilizer reduction in corn (i.e. 75% of
full N) results in lower average cumulative yield across the scenarios
(1.9% less) and corresponding energetic value (2% less), the yield re-
ductions are relatively small (e.g. 4.5% less yield in MONO-RF com-
pared to MONO), a result reflected in the increased average income
from all RF scenarios (3.2%) due to N fertilizer cost reductions (e.g.
a 3% increase in USD ha™' for MONO-RF compared to MONO).
Other scenarios are almost as cost-efficient as MONO, including
ICLS2-RF and CS-CC-RF (5 and 10% less, respectively; Fig. S6).

Expansion to large temporal scales enables the investigation of
productivity stability, i.e. the ratio of the mean economic product-
ivity of each (1-5 year) rotation to its standard deviation over the
30-year period. ICLS scenarios 1, 2, and 3, and to a lesser extent 4,
perform best, due to greater pasture stability when compared to
annual crops (e.g. 159% increase in profitability stability for
ICLS3 compared to MONO,; Fig. S12). For crop-only based systems,
increasing rotational complexity improves productivity stability,
whether expressed as yield (+47%), energetic value (+48%), or eco-
nomic value (+65%) for e.g. CSW-CC compared to MONO (Fig. S12).
Reducing N fertilization does not significantly impact productivity
stability, regardless of metric, even if it tends to slightly increase it
(e.g. 5% higher for profitability stability for RF scenarios compared
to full N fertilizer scenarios; Fig. S12).

Wealsoinvestigate the ability of the rotations to withstand a sud-
den extreme climatic event, referred to here as its resistance. This is
assessed by comparing corn yields within each scenario, when cli-
matic conditions were normal to when they were moderate or extreme
(see Methods). Results show that extreme and to a lesser extent mod-
erateevents have a strongnegative impact on cornyields (e.g. MONO
scenario; Fig. 3). Corn yields are significantly (P < 0.05) higher under
normal climatic conditions, with extreme droughts resulting in the
lowest yields (Fig. S13) with losses up to 7.5 Mg ha™" (Fig. 3). When
cornyields across the management gradient for each climatic scen-
ario are compared (Fig. 3 boxplots), rotations comprised of less corn
(i.e. more diversified) show an increased resistance to extreme, but
not moderate droughts. The capacity for resistance to extreme
droughts is highest (P < 0.05) for ICLS scenarios (Fig. 3) and for pair-
wise (corn planted simultaneously; Methods) comparisons with
MONO (Fig. S14). For wet events, the MONO scenario has the highest
resistance capacity (P <0.05; Figs. 3 and S14), but the impacts of
such events are lower than for droughts. RF scenarios also increase
resistance to extremely dry events (e.g. 10% more for MONO-RF
when compared to MONO), and to a lesser extent extremely wet
events (Fig. 3). The impacts of the agroecological approaches (cover
crops, rotational diversity, reduced N fertilization, pasture, and live-
stock inclusion) on the ecosystem services investigated for selected
management scenario changes are summarized in Fig. 4.

Discussion

We evaluated over three decades, the impact of diverse EI practi-
ces on multiple ES at high spatial resolution. By using a dynamic
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and minimal and maximal values displayed by vertical lines (outliers not shown). Different letters above the boxplots denote statistically significant

differences between groups as determined by Dunn’s test (P < 0.05).

baseline modeling approach, we can assess and compare their
relative variability, trade-offs, and synergies. We discuss impacts
using four major management approaches (ICLS, N fertilization,
crop diversity, and cover crops) (Fig. 4).

ICLS enhance productivity stability and resistance
while lowering GHG emissions

Incorporating short-term pastures with grazing cattle, into a di-
versified crop rotation enhances productivity stability and resist-
ance to drought, essential system attributes for climate change
adaptation (24), and corroborating ICLS research at experimental
field-scale (25, 26). Despite cattle methane emissions, ICLS have
lower GHG emissions (excluding SOC contribution) than fully N
fertilized, crop-only systems, and when pastures are moderately
grazed, have similar economic productivity to MONO. While over-
all crop yield is lower in ICLS scenarios compared to MONO—un-
surprising given the lower frequency of corn in the rotation—crop
and pasture yields are similar to other crop-only scenarios, par-
ticularly CSW, agreeing with Peterson et al. (18) and de
Albuquerque Nunes et al. (27), who found crops in ICLS had the
same yields as those crops in unintegrated systems.

Moderate cattle grazingintensity (ICLS2, 45 days between cuts),
best for dry matter intake, leads to greater cattle live weight gain,
optimizing the overgrazing and defoliation stimulation tradeoff
(28). Overall, economically, ICLS2 was second only to MONO, out-
performing it in some colder, lower-yielding locations. Under this
grazing, more feces and urine return to the soil, with greater SOC
accrual, as also found by Abdalla et al. (29) and Chang et al. (30).

Lower nitrogen fertilization reduces nitrous oxide
and nitrate losses while raising profits

Our results show many well-known advantages of reduced N fer-
tilization; lower N,O emissions (31) and nitrate leaching (32). Also
evident, butless studied is the increase in overall productivity sta-
bility (Fig. S12), and resistance to extreme climatic events. Corn N
fertilizer rate reductions of 25%, large, but not unrealistic based
on farmer willingness to adopt (33) bring about broad economic
and environmental benefits. An associated small (2%) yield de-
crease is accompanied by an increase (3%) in economic return
across all scenarios. Less reliance on N fertilizers will also help
farmers buffer against the many factors that contribute to their
price volatility (34, 35).
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difference between MONO and ICLS3 scenarios, and (iv) reduced nitrogen fertilization, as the difference between MONO and MONO-RF scenarios.
Resistance (top right circle) is assessed to extremely wet events (left part of the circle) and extremely dry events (right part of the circle). Background
landscape shows ICLS rotation as the succession of corn, cover crop, soybean, wheat, and grazed pastures.

Crop diversification boosts stability through lower
N inputs

Increasing rotational complexity improves productivity stability
across all metrics (Fig. S12) as diversification strategies increase
the likelihood of exploiting favorable growing conditions and de-
crease the risk of crop failure (11). Increased diversity can increase
crop yields (12), but in our crop-only rotations, overall yields are
lower in CS (37%) and CSW (47%) than in MONO, again based on
the prevalence of corn. However, average corn yields were not im-
pacted, and economic comparisons show a much smaller relative
decrease in overall revenue (-15% and —25% for CS and CSW, re-
spectively; Fig. S6), consistent with increases in economic profitabil-
ity due to greater rotational complexity found by Volsi et al. (36). Our
results show that complexity (i.e. less corn and more diverse rota-
tions) reduces GHG emissions (e.g. 18% less in CSW than in
MONGO; Fig. 2), primarily due to reduced N fertilizer rate and its as-
sociated production, in agreement with Yanget al. (37). While diver-
sified crop rotations are typically assumed to increase SOC (e.g. 38),
lower productivity in CS and CSW results in less crop residue return
to the soil, correlating with their lower rates of SOC sequestration
(Fig. 2). Increased complexity can stimulate SOC decomposition,
and alongside increased net N mineralization and N supply for
the crop favors decreased N fertilizer use, more than increased
SOC accrual as a climate benefit of these systems (39).

Cover crops enhance SOC sequestration

Adding winter cover crops to annual crops has long been seen as
beneficial to the soil and environment (e.g. 40). Their inclusion in
CS and CSW rotations has no impact on productivity or its stability,
reflecting overall small yield decreases (41) and increases (42) typ-
ically found. Similarly, cover crop use has shown contrasting ef-
fects on N,O emissions (e.g. 43), compatible with an N,O

emissions increase (22%) in CS and decrease (18%) in CSW, suggest-
ing that if adopted, it is better to do so in a more diversified system.
On average, net GHG emissions are decreased by 45% across both
complex crop rotations, due to larger increases (55%) in SOC se-
questration than often found (e.g. 44, 45), though their magnitude
varies with latitude and pedoclimatic conditions (46).

Unraveling trade-offs and synergies through
large-scale and scope studies

Our overall findings highlight the limitations of investigating only a
small number of “common” ecosystem services when evaluating
synergies and trade-offs. For example, high yielding MONO results
in greater SOC sequestration than more diverse crop rotations
(Fig. 2),in agreement with Poffenbargeretal. (47). Yet, across all scen-
arios, the combination of adapted N fertilizers and no-till led to an
overallincrease in SOC in the Midwest (Fig. 2), consistent with multi-
model simulations (46) and meta-analyses based on field measure-
ments (48). An apparent win-win, narrow focus on SOC neglects
thelimited climate change mitigation impactits accumulation often
has, a function of initial stock and proximity to equilibrium prior to
management change (Fig.2,a; 49), as well as other environmental
trade-offs associated with low crop diversity and high inputs. For ex-
ample, GHG emissions are much higher in MONO than other scen-
arios, and while not investigated here, higher pesticide use with
monoculturesis also a large GHG source (50), making our study con-
servative in this regard. Similarly, available nitrate is considerably
higher in MONO (Fig. S5b), leading to an increased likelihood of
leaching and otherreactive Nloss (51), and re-emphasizing the over-
all environmental benefit of reducing N input in monocultures and
more diverse rotations (39). Biodiversity impacts, investigated fully
in other studies, consistently show that corn monocultures are
also deficient in multiple beneficial above- and below-ground taxa
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(52), especially pollinators, leading to increased susceptibility to
pests and economic loss (53).

The use of process-based ecosystem models enables the inves-
tigation of numerous EI scenarios across large spatial scales and
over extended (decadal) time periods but also allows the evalu-
ation of environmental and economic benefits that are not
context-dependent and accumulate over time. Other EI strat-
egies that could be investigated include ICLS where cover crops
and/or crop residues are grazed (54). Future work could also in-
vestigate scenarios that vary by location, tailored to pedoclimatic
contexts—for example, crop-based rotations on more fertile
soils, pasture-based rotations on less fertile ones, or replacing
winter wheat with spring wheat in colder areas. For future eco-
nomic comparisons of diverse agronomic scenarios across large
geographic scales, it would be valuable although challenging to
obtain precise cost and price estimates that reflect management
practices and contexts, particularly for crop-livestock systems
involving complex and specialized management of pasture and
livestock. Finally, and although implementation would be com-
plex at scale and over time, incorporating decision-making proc-
esses into models, such as shifting grazing dates according to
pasture establishment and growth or replanting in the event of
crop failure, will be valuable and better simulate actual manage-
ment activities.

Trade-offs in ES driven by spatiotemporal variability are com-
mon in practice, but not inevitable. There is no well-established,
systematic approach for a “win-win” scenario, however evaluat-
ing a broad range of ES across multiple management scenarios
and taking account of why trade-offs occur can help unlock “hid-
den’ synergies. Without proposing an aggregated ES metric (55),
our approach helps connect various scales without data loss
and mismatch due to aggregation (4, 56). Similar to SOC studies
(57), quantifying relative changes in ES coincident in time and
place allows for evaluation of management “additionality” when
compared to baseline trends. Relatedly, our long-term, large scale
approach can help evaluate environmental risk from aggregated
practice reversal, useful when national initiatives or policy inter-
ventions are being considered. Such multicriteria approaches are
crucial for identifying the key levers that can drive wider adoption
of EL. Our analysis suggests that the main limitation lies in re-
duced profitability, which is linked to most of the agroecological
practices under consideration. Profitability, however, remains a

decisive factor in farmers’ decision-making, as they operate with-
in a socioeconomic system shaped by dependencies on credit in-
stitutions and input suppliers (58). Interestingly, our results
indicate that lowering nitrogen fertilization can improve profit-
ability. However, translating such recommendations into prac-
tical application in the field is challenging. Farmers in the US
Corn Belt often underutilize available N management tools, and
the prevailing belief that “higher yields require more fertilizer” re-
mains deeply ingrained (59). They perceive the use of additional
nitrogen as a form of risk management, ensuring stable yields,
and safeguarding their economic security (19).

In conclusion, our work shows that crop models are an essen-
tial tool to evaluate the potential of EI over large agricultural
landscapes. Investigating the impacts of diverse crop and animal
management on a large suite of ES at high spatial resolution over
the long-term, enables comprehensive identification and com-
parative analysis of their trade-offs and synergies, and can help
inform decision-making that better avoids or leverages these out-
comes. Studies of this type that investigate stability and resist-
ance to more frequent and intense climate perturbations are
particularly relevant and timely.

Materials and methods

Agronomic management scenarios

We compare five crop management scenarios that differ by rota-
tion: corn monocropping, corn-soybean and corn-soybean-win-
ter wheat both with and without cover crops (winter rye,
incorporated before summer crops), and four crop-livestock sys-
tems that in addition to corn-soybean-wheat, include 2.5 years
of pasture with varying beef cattle grazing intensity (Fig. 1 and
Table 1). Each crop rotation and crop-livestock system have a
full and reduced nitrogen (N) fertilization (RF) rate, leading to a to-
tal of 18 scenarios.

For corn and soybean, crop maturity regions were chosen to de-
pict the distribution of their cultivars across the Midwest. These
regions were based on six latitude bins, with each bin determined
by crop growing degree days (GDD) accumulated at maturity.
Maize GDD data for each site were sourced from Abendroth
et al. (60), and soybean GDD was calculated using weather data
based on the USDA National Agricultural Statistics Services
(NASS) planting and harvest dates. The distinctions among

Table 1. Agroecological approaches for the eighteen agronomic management scenarios.

Scenario Rotation duration (years) Tillage Cover crop Animal integration Grazing intensity Nitrogen fertilization (%)
MONO 1 No-till No No / 100
MONO-RF 1 No / 75

CS-FA 2 No / 100
CS-FA-RF 2 No / 75

CS-CC 2 Yes / 100
CS-CC-RF 2 Yes / 75

CSW-FA 3 No / 100
CSW-FA-RF 3 No / 75 (corn), 100 (wheat)
CSW-CC 3 Yes / 100
CSW-CC-RF 3 Yes / 75 (corn), 100 (wheat)
ICLS1 5 Yes Yes Heavy 100
ICLS1-RF 5 Yes Heavy 75 (corn), 100 (wheat)
ICLS2 5 Yes Heavy-moderate 100
ICLS2-RF 5 Yes Heavy-moderate 75 (corn), 100 (wheat)
ICLS3 5 Yes Light-moderate 100
ICLS3-RF 5 Yes Light-moderate 75 (corn), 100 (wheat)
1CLS4 5 Yes Light 100
ICLS4-RF 5 Yes Light 75 (corn), 100 (wheat)
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maturity regions were determined by calculating quantile-based
breaks to achieve the target of six bins. These breaks were then ap-
plied to categorize all sites into specific maturity region (MR)
groups. Finally, the GDD values for each MR were calculated as
the median within each group. Maps of MR groups and further de-
tails about GDD computation and values are in Basso et al. (46).

Sowing and harvest dates are adapted spatially as a function of
maturity regions based on dates reported by the NASS. Similarly,
N fertilization (as urea ammonium nitrate; UAN) amounts for
corn are adapted for the same regions based on the USDA ARMS
database (61), and are specific to each crop and similar across
crop rotations, except for RF scenarios where they are reduced by
25% for corn only. This reduction, following the results of Ransom
etal. (62), modifies the average overall N fertilization for corn across
the US Midwest from 187 to 141 kg N ha™?, with negligible yield im-
pact. The N fertilization application for corn is split, with one-third
of the total applied at planting and incorporated to 5 cm, and the re-
maining two-thirds applied at day 45 after planting and incorpo-
rated to 2 cm. For wheat, all N (120kg N ha™) is applied at a
single event in mid-April and incorporated to 5 cm. The winter rye
cover crop (sown 7 days after harvesting the cash crop), is fertilized
at planting with 30 kg N ha™" (UAN) incorporated to 2 cm. Corn is
sown at 5 cm depth with 76 cm row spacing and a plant density
equal to eight seeds m™2; soybean is sown at 2.5 cm depth with
50 cm row spacing and a plant density equal to 38 seeds m~%; wheat
is sown at 2.5 cm depth with 19 cm row spacing and a plant density
equal to 420 seeds m~2; and winter rye is sown at 3 cm depth with
15 cm row spacing and a plant density equal to 200 seeds m~2. All
crops are in no-till management (63), under rainfed conditions.
For all scenarios, we did not incorporate decision-making proc-
esses—such as simulating replanting or canceling in-season nitro-
gen fertilization in the event of crop establishment failure—as this
was beyond the scope of the study.

ICLS simulation

In this study, we investigate ICLS scenarios that consisted of the
sequence: corn—cover crop (winter rye)—soybean—winter
wheat—pasture (Fig. 1). To reproduce cattle herbivory, livestock
pasture grazing was simulated through regular cuts of the sward
biomass. Regardless of pasture height, the remaining sward bio-
mass after a cut is assumed to be 50% of the precut biomass.
This reflects the feeding behavior of steers, which typically re-
move about 50-55% of the canopy with each bite (see Appendix
AS?2). Following the approach of Delandmeter et al. (64), residue
inputs are used to simulate cattle feces and urine input, and
were computed from the biomass removed in the cut and which
simulates the animals’ dry matter intake (details about param-
eterization of carbon and nitrogen contents in residue inputs are
in Appendix AS2).

The different grazing intensities were defined by the number of
days between consecutive cuts; 30 (ICLS1—Heavy grazing), 45
(ICLS2—Heavy-moderate grazing), 60 (ICLS3—Light-moderate
grazing), and 90 (ICLS4—Light grazing). Since the pasture is
sown after the wheat harvest (around mid-July), grazing takes
place only during the following two years, from early May to late
October—allowing sufficient time for crop establishment.

Cattle live weight gain was determined from the biomass re-
moved by grazing, simulating dry matter intake, using a fixed
feed conversion ratio. From this, methane (CH,) emissions were
estimated using a fixed ratio of methane emitted to live weight
gain. Further details on ICLS simulation methodology are in
Appendix AS2.

Soil-crop model simulation

All scenarios are modeled using SALUS (65, 66), a highly validated,
process-based model that simulates crop, soil, water and nutrient
dynamics at a daily time scale under different management strat-
egies and for multiple years. In our study, each scenariois simulated
over a 30-year period from 1981 to 2010, and upscaled to cover a
substantial portion of US cropland (~46.2 million hectares) in the
Midwest region within the states of Illinois, Indiana, lowa, Kansas,
Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio,
South Dakota, and Wisconsin. Simulations are conducted at
1/24th degree spatial resolution, with each grid that was upscaled
(n=40,000) covering an approximately 4-km-sided square and la-
beled with a unique identifier (UID). Further details on weather
and soil input data are available in Appendix AS3.

The SALUS model, previously used in several studies in the US
Midwest (e.g. (63, 67), was further calibrated and validated for our
particular study area (46), using quantitative goodness-of-fit cri-
teria (Appendix AS4).

Corn, soybean, and wheat phenology was calibrated and vali-
dated by fitting their yields observed in 17 experimental sites lo-
cated throughout the US Midwest (Figs. S15 and S16). These
experimental sites were selected following a literature review
when five criteria were satisfied, ensuring high quality: (i) initial
soil conditions (before the experimental treatments began), includ-
ing SOC stock, (ii) several years of crop yield data, (iii) a time series
for SOC (with either SOC stock values or data on bulk density and
carbon percentage for calculating SOC stock), (iv) detailed manage-
ment practices and ancillary information, and (v) the cultivation of
corn, soybean or wheat, either grown continuously or within a ro-
tation. In total, 17 experimental sites were identified across North
America, with 16 located in the USA and 1 in Canada (Fig. S15).
Details about the experimental sites are provided in Table S4.

Cultivar parameters used for upscaling simulations were re-
trieved from corresponding experimental sites located in each ma-
turity region. The model'’s ability to simulate SOC dynamics was
evaluated using the same experimental sites, but without
site-specific soil calibration (Appendix AS4 and Fig. S17). This ap-
proach was used to validate the uncalibrated model’s performance
in reproducing SOC dynamics before scaling up across the
Midwest, where calibrating soil-specific parameters is not feasible.

For cover crop biomass, default model parametrization was
used without specific calibration. For pasture simulations, based
on the validated methodology of Delandmeter et al. (64), we used
the field experiment situated at the Lake City AgBioResearch
Center (Northern Michigan) to validate pasture growth (Fig. S18).
Our aim was to not only compute the total biomass productivity
of grasslands throughout the season, but also to capture the re-
growth dynamics between animal bites (Fig. S19). Pasture total
productivity was then compared to literature values. For N,O cali-
bration, we fine-tuned the SALUS parameter associated with the
potential for N,O emissions due to denitrification (similar across
all UIDs) using data from the annual row crop component (corn
—soybean—winter wheat rotation) of the MCSE field experiment
at the Kellogg Biological Station (KBS), located in Southwest
Michigan (Figs. S20 and S21). Additionally, the average simulated
annual N,O emissions were consistent with emission factors re-
ported in the literature. Further details and results of the model
calibration and validation are in Appendix AS4.

Comparative indicators

Using the 30-year simulation period, scenarios are compared
based on their provision of five services: soil organic carbon
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(SOC) sequestration, greenhouse gas (GHG) emissions abatement,
nitrate leaching reduction, productivity and the stability and re-
sistance of productivity.

Soil organic carbon

Changes in SOC stock (Mg ha™" year™") are determined at 0-30 cm
depth as an annual average over the 30-year period.

Greenhouse gas emissions

The greenhouse gas budget of each scenario is calculated at the
field scale: following the methodology of Autret et al. (68), which
computed GHG balances from soil-crop model simulations, pesti-
cides and PK fertilizers are not considered, as their CO, contribu-
tion is negligible (69) and they are not simulated by the model,
neither are tertiary sources such as manufacturing and mainten-
ance of equipment. In summary, each budget includes (i) soil CO»,
calculated as the total difference in SOC stock at 0-30 cm depth
over the 30-year period; (ii) direct soil N,O emissions simulated
by the SALUS model through nitrification and denitrification proc-
esses, (iii) indirect soil N,O emissions from N leaching and N fer-
tilizers (68); (iv) CO, from fossil fuels emitted from vehicle use
during management practices: since no-till is applied, only com-
bine harvester was considered; (v) CO, emitted during the N fertil-
izer (UAN solution) synthesis; and (vi) cattle CH, emissions from
ICLS scenarios, computed from live weight gain. Further details
of the values for the GHG budget are included in Table S2.

A standardized GWP (e.g. for a 100-year time horizon) may not
adequately account for the large differences in atmospheric lon-
gevity of the three GHGs of interest (Table S1). Therefore, we
also use GWP* (70,; TableS1) which equates an increase in the
emission rate of a short-lived climate pollutant (SLCP), e.g. CHy,
with a one-off pulse emission of CO, while still capturing the long-
term response to CHy emissions by considering prior SLCPs emis-
sions. This metric is better suited for ruminant livestock produc-
tion where herd size is constant (71). Assumption of a fixed herd
size makes baseline emissions more reliable, avoiding the limita-
tions when GHG emissions are compared between regions or
countries with arbitrary baseline emissions (49).

Nitrate leaching

The annual average amount of nitrate (NO;-N) leached at the base
of the soil profile (specific to each UID and specified from gSSURGO
data; Appendix AS3) was determined over the 30-year simulation.
The amount potentially available for leaching is also computed,
as the quantity of NO3-N present after 30 years below the root
zone (57 cm depth, which is a depth available in model outputs).

Productivity

Following Delandmeter et al. (64), the total productivity of each
agronomic management scenario is computed for three metrics:
(i) grain and pasture biomass yield (Mg ha™); (i) energetic value
(cereal units; CU ha™!) based on metabolizable energy contained
in agronomic products (72); and (iii) economic value (US Dollars
ha™!) based on fixed costs (accounting for reduced costs associ-
ated with RF scenarios) and average commodity prices (maize,
wheat, and soybean grain, and beef) between 2019 and 2023 (73).
The cost analysis does not account for labor expenses associated
with either crop production or pasture and livestock manage-
ment. Instead, we considered operating costs related to seed, fer-
tilizer, chemicals, custom services, fuel, lubricants and electricity,
and repairs. For pasture and livestock profitability, we used the
net farm value from USDA statistics for beef (73). Using the

methodology of de Albuquerque Nunes et al. (27) and
Delandmeter et al. (64), we computed livestock income from live
weight gained during the grazing period, assuming same price
per unit mass of beef at purchase and sale. All energetic values,
costs and prices are available in Table S3.

Stability and resistance

The stability of overall productivity, summing corn, soybean and
wheat grain yield, and live weight gain, is computed for each
UID as the ratio of the mean productivity of a single rotation (1
to 5 years depending on scenario) to its standard deviation across
the 30-year period (74):

- u

Stability = .

The stability is then averaged spatially over all 40,000 UIDs in the
Midwest.

In addition to long-term stability, we also investigate the resist-
ance of agroecosystems to extreme climatic events, i.e. the cap-
acity of an agroecosystem in the short-term to recover and
return to near-normal productivity levels following a sudden cli-
matic period, such as excessive drying or wetting (64). In our
study, this resistance is represented by corn yields, due to its sen-
sitivity to environmental shocks (75) and presence in all scenarios.
To determine resistance, we characterize cropping seasons,
associated to each yield, as “normal” or “moderately” or
“extremely” dry or wet based on the Standardized Precipitation-
Evapotranspiration Index (SPEI) drought index (74). The SPEI,
which defines the onset, duration, and severity of drought by
measuring the difference between precipitation and potential
evapotranspiration (76), is calculated for each month over the
30-year period and for each UID, such that it reflects the influence
of temperature on water demand. Following Delandmeter et al.
(64), we use a 3-month time scale, such that for each month, the
SPEI-3 index is calculated based on the water balance of that
month and the two prior months. Then, following Isbell et al.
(74) and Delandmeter et al. (64), within each UID, climatic events
are classified as “extreme” if they occurred less than once per dec-
ade (below the gp 1, quantile for extreme dry events and above the
Jo.o quantile for extreme wet events) and “moderate” if they oc-
curred between once per decade and once every 4 years (falling
between quantiles o 1 and qo o5 for moderately dry events and be-
tween quantiles qo ;5 and qoo for moderately wet events). Events
outside these categories are considered “normal.” Then, for each
month and UID, all corn yields are matched to their harvest
month SPEI-3 index, allowing each growing season to be charac-
terized based on the 3-month period leading up to harvest to indi-
cate the degree of dryness or wetness during the crucial
preharvest growth phase. Finally, following Isbell et al. (74), resist-
ance is calculated as:

a=
| Ye—Yn |
where within each UID, Y, is the mean productivity during normal
years, and Y, the productivity during an extreme event (moderate-
ly or extremely wet or dry). As corn presence differs between scen-
arios (e.g. MONO scenario has only corn cropping seasons whereas
ICLS scenarios have one out of five, Table 1), we compare resist-
ance capacity using two methods: (i) by comparing global corn dis-
tribution (Fig. 3), accounting for all cropping seasons, an approach
that considers the ratio of corn cropping seasons within each
scenario to be an intrinsic feature of rotation design; and (ii) by
performing a pairwise comparison for two scenarios at a time
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(Fig. S13), where we compare the corn cropping seasons that occur
in both scenarios in the same year.

Statistics

Statistical analyses were performed in R programming language
(77). Because normality of data was not satisfied, statistical differen-
ces between groups were determined using Dunn’s test following a
Kruskal-Wallis analysis. Due to the large datasets, these two tests
were conducted on subsamples, each randomly selected to com-
prise 1/50th of the data points, with comparable samples used
across scenarios. Within each state, outliers were detected using
the interquartile range (IQR) method, as data points which fall be-
low the first quartile (25th percentile) minus 1.5 times the IQR, or
above the third quartile (75th percentile) plus 1.5 times the IQR.
When generating maps, data were aggregated by county. A
weighted mean was computed, considering the differences in crop-
land area sizes linked to each UID within the county, as follows:

S wix x;

YW
with x; the value of the ith UID value and w; the weight associated
with the ith observation.

Weighted mean =

Acknowledgments

We thank Carolina Levicek and Gauthier Malnoury, from CPIG, for
providing the illustrations.

Supplementary Material

Supplementary material is available at PNAS Nexus online.

Funding

This study was funded by the F.R.S.-FNRS (Fonds de la Recherche
Scientifique; Research Fellow grant (number 44221) awarded to
M. Delandmeter); by the Michigan Department of Agriculture and
Rural Development (grant no. 240000003457 awarded to B. Basso),
by USDA-NIFA ('Sustainable Corn’ project, grant no. 2015-68007-
23133), and by Michigan State University AgBioResearch.

Author Contributions

Mathieu Delandmeter (Conceptualization, Software, Formal ana-
lysis, Investigation, Visualization, Methodology, Writing—original
draft, Writing—review & editing), Bruno Basso (Conceptualization,
Software, Supervision, Validation, Methodology, Writing—review
& editing), Neville Millar (Writing—review & editing), Lydia Price
(Data curation, Software, Writing—review & editing), Tommaso
Tadiello (Data curation, Software, Writing—review & editing),
Jason Rowntree (Data curation, Validation, Writing—review &
editing), Joao Paulo Sacramento (Data curation, Writing—review &
editing), Prateek Sharma (Data curation, Software), Jérome Bindelle
(Conceptualization, Supervision, Validation, Methodology, Writing
—review & editing), and Benjamin Dumont (Conceptualization,
Supervision, Validation, Methodology, Writing—review & editing)

Data Availability

SALUS model output data are publicly available in a persistent
repository:  10.6084/m9.figshare.28750523, referenced as
Delandmeter et al. (78). All model inputs (weather and soil data)
are described in the Supplementary Information.

References

1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Hirsch PD, et al. 2011. Acknowledging conservation trade-offs
and embracing complexity. Conserv Biol. 25:259-264.

Davis AS, Hill JD, Chase CA, Johanns AM, Liebman M. 2012.
Increasing cropping system diversity balances productivity,
profitability and environmental health. PLoS One. 7:e47149.
Bryan BA. 2013. Incentives, land use, and ecosystem services:
synthesizing complex linkages. Environ Sci Policy. 27:124-134.
Nelson E, et al. 2009. Modeling multiple ecosystem services, bio-
diversity conservation, commodity production, and tradeoffs at
landscape scales. Front Ecol Environ. 7:4-11.

Naylor R, et al. 2005. Losing the links between livestock and land.
Science. 310:1621-1622.

Foley JA, et al. 2011. Solutions for a cultivated planet. Nature. 478:
337-342.

Power AG. 2010. Ecosystem services and agriculture: tradeoffs
and synergies. Philos Trans R Soc Lond B Biol Sci. 365:2959-2971.
Portner H-O, et al. Climate change 2022: impacts, adaptation, and vul-
nerability. Contribution of working group II to the sixth assessment re-
port of the intergovernmental panel on climate change. Cambridge
University Press, 2022.

Lesk C, Rowhani P, Ramankutty N. 2016. Influence of extreme
weather disasters on global crop production. Nature. 529:84-87.
Powell JP, Reinhard S. 2016. Measuring the effects of extreme
weather events on yields. Weather Clim Extremes. 12:69-79.
Gaudin AC, et al. 2015. Increasing crop diversity mitigates wea-
ther variations and improves yield stability. PLoS One. 10:
e0113261.

Tamburini G, et al. 2020. Agricultural diversification promotes
multiple ecosystem services without compromising yield. Sci
Adv. 6:eabal715.

Kleijn D, et al. 2019. Ecological intensification: bridging the gap
between science and practice. Trends Ecol Evol. 34:154-166.
Bommarco R, Kleijn D, Potts SG. 2013. Ecological intensification:
harnessing ecosystem services for food security. Trends Ecol Evol.
28:230-238.

Liu C, et al. 2022. Diversifying crop rotations enhances agroeco-
system services and resilience. Adv Agron. 173:299-335.
Bonaudo T, et al. 2014. Agroecological principles for the redesign
of integrated crop-livestock systems. Eur ] Agron. 57:43-51.
Smart AJ, et al. 2021. Forum: integration of crop-livestock sys-
tems: an opportunity to protect grasslands from conversion to
croplandin the US great plains. Rangeland Ecol Manag. 78:250-256.
Peterson CA, Deiss L, Gaudin AC. 2020. Commercial integrated
crop-livestock systems achieve comparable crop yields to speci-
alized production systems: a meta-analysis. PLoS One. 15:
€0231840.

Stuart D, Schewe RL, McDermott M. 2014. Reducing nitrogen fer-
tilizer application as a climate change mitigation strategy:
understanding farmer decision-making and potential barriers
to change in the US. Land Use Policy. 36:210-218.

MacLaren C, et al. 2022. Long-term evidence for ecological in-
tensification as a pathway to sustainable agriculture. Nat
Sustain. 5:770-779.

Burkhard B, Kroll F, Nedkov S, Miiller F. 2012. Mapping ecosystem
service supply, demand and budgets. Ecol Indic. 21:17-29.
Guanter L, et al. 2014. Global and time-resolved monitoring of
crop photosynthesis with chlorophyll fluorescence. Proc Natl
Acad SciU S A. 111:E1327-E1333.

Smith MA, Cain M, Allen MR. 2021. Further improvement of
warming-equivalent emissions calculation. NPJ Clim Atmos Sci.
4(1):19. https://doi.org/10.1038/s41612-021-00169-8.

9z0z Aenuer zo uo 1senb Aq 61626£8/2/2€1e6d/zZ L /y/o191ue/snxauseud/wod dno-olwapede//:sdiy woly papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf377#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf377#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf377#supplementary-data
https://doi.org/10.1038/s41612-021-00169-8

Delandmeteretal. | 11

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Mbow C, et al. Food security. In: Shukla PR, editor. Climate change
and land: an IPCC special report on climate change, desertification, land
degradation, sustainable land management, food security, and green-
house gas fluxes in terrestrial ecosystems. Cambridge University
Press, Cambridge, 2019. p. 437-550. https://doi.org/10.1017/
9781009157988.007.

Franzluebbers AJ, Hendrickson JR. 2024. Should we consider inte-
grated crop-livestock systems for ecosystem services, carbon se-
questration, and agricultural resilience to climate change? Agron
J. 116:415-432.

Szymczak LS, et al. 2020. System diversification and grazing man-
agement as resilience-enhancing agricultural practices: the case
of crop-livestock integration. Agric Syst. 184:102904.

de Albuquerque Nunes PA, et al. 2021. Livestock integration into
soybean systems improves long-term system stability and prof-
its without compromising crop yields. Sci Rep. 11:1649.
Soussana JF, Lemaire G. 2014. Coupling carbon and nitrogen
cycles for environmentally sustainable intensification of grass-
lands and crop-livestock systems. Agric Ecosyst Environ. 190:9-17.
Abdalla M, etal. 2018. Critical review of theimpacts of grazinginten-
sity on soil organic carbon storage and other soil quality indicators
in extensively managed grasslands. Agric Ecosyst Environ. 253:62-81.
Chang], et al. 2021. Climate warming from managed grasslands
cancels the cooling effect of carbon sinks in sparsely grazed
and natural grasslands. Nat Commun. 12:118.

Shcherbak I, Millar N, Robertson GP. 2014. Global metaanalysis of
the nonlinear response of soil nitrous oxide (N.O) emissions to
fertilizer nitrogen. Proc Natl Acad Sci U S A. 111:9199-9204.
Syswerda SP, Basso B, Hamilton SK, Tausig JB, Robertson GP.
2012. Long-term nitrate loss along an agricultural intensity gra-
dient in the upper midwest USA. Agric Ecosyst Environ. 149:10-19.
Ribaudo M, et al. 2011. Nitrogen in agricultural systems:
Implications for conservation policy. Report No. 127. USDA-ERS
Economic Research.

Alexander P, et al. 2023. High energy and fertilizer prices are more
damaging than food export curtailment from Ukraine and Russia
for food prices, health and the environment. Nat Food. 4:84-95.
Snapp S, etal. 2023. Spatially differentiated nitrogen supply is key
in a global food-fertilizer price crisis. Nat Sustain. 6:1268-1278.
Volsi B, Higashi GE, Bordin I, Telles TS. 2022. The diversification
of species in crop rotation increases the profitability of grain pro-
duction systems. Sci Rep. 12:19849.

Yang X, et al. 2024. Diversifying crop rotation increases food pro-
duction, reduces net greenhouse gas emissions and improves
soil health. Nat Commun. 15:198.

McDaniel MD, Tiemann LK, Grandy AS. 2014. Does agricultural
crop diversity enhance soil microbial biomass and organic mat-
ter dynamics? A meta-analysis. Ecol Appl. 24:560-570.

YiB, et al. 2025. Diversified cropping systems with limited carbon
accrual but increased nitrogen supply. Nat Sustain. 8:152-161.
Blanco-CanquiH, et al. 2015. Cover crops and ecosystem services:
insights from studies in temperate soils. Agron J. 107:2449-2474.
Deines JM, et al. 2023. Recent cover crop adoption is associated
with small maize and soybean yield losses in the United States.
Glob Change Biol. 29:794-807.

PengY, WangL, Jacinthe PA, Ren W. 2024. Global synthesis of cov-
er crop impacts on main crop yield. Field Crops Res. 310:109343.
Basche AD, et al. 2016. Simulating long-term impacts of cover
crops and climate change on crop production and environmental
outcomes in the midwestern United States. Agric Ecosyst Environ.
218:95-106.

44

45

46

47

48

49

50

51
52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

McClelland SC, Paustian K, Schipanski ME. 2021. Management of
cover crops in temperate climates influences soil organic carbon
stocks: a meta-analysis. Ecol Appl. 31:e02278.

Peng Y, et al. 2023. Maximizing soil organic carbon stocks under
cover cropping: insights from long-term agricultural experi-
ments in North America. Agric Ecosyst Environ. 356:108599.
Basso B, et al. 2025. A multi model ensemble reveals net climate
benefits from regenerative practices in US midwest croplands.
Sci Rep. 15:24881.

Poffenbarger HJ, et al. 2017. Maximum soil organic carbon storage
in midwest U.S. Cropping systems when crops are optimally
nitrogen-fertilized. PLoS One. 12:e0172293.

Bai X, et al. 2019. Responses of soil carbon sequestration to
climate-smart agriculture practices: a meta-analysis. Glob
Chang Biol. 25(8):2591-2606.

Wang Y, et al. 2023. Risk to rely on soil carbon sequestration to
offset global ruminant emissions. Nat Commun. 14:7625.
Johnson MD, Rutland CT, Richardson JW, Outlaw JL, Nixon CJ.
2016. Greenhouse gas emissions from U.S. Grain farms. J Crop
Improv. 30:447-477.

GallowayJN, et al. 2003. The nitrogen cascade. Bioscience. 53:341-356.
Tiemann LK, Grandy AS, Atkinson EE, Marin-Spiotta E, McDaniel
MD. 2015. Crop rotational diversity enhances belowground com-
munities and functions in an agroecosystem. Ecol Lett. 18:761-771.
Landis DA, Gardiner MM, van der Werf W, Swinton SM. 2008.
Increasing corn for biofuel production reduces biocontrol services
inagriculturallandscapes. Proc Natl Acad Sci U S A. 105:20552-20557.
Kumar S, et al. 2019. Facilitating crop-livestock reintegration in
the northern great plains. Agron J. 111:2141-2156.

Meyerson LA, et al. 2005. Aggregate measures of ecosystem serv-
ices: can we take the pulse of nature? Front Ecol Environ. 3:56-59.
Rosa IM, et al. 2017. Multiscale scenarios for nature futures. Nat
Ecol Evol. 1:1416-1419.

Oldfield EE, et al. 2022. Crediting agricultural soil carbon seques-
tration. Science. 375:1222-1225.

Barnes A, et al. 2022. European farmer perspectives and their
adoption of ecological practices. EuroChoices. 21(3):5-12.

Morris TF, et al. 2018. Strengths and limitations of nitrogen rate
recommendations for corn and opportunities for improvement.
AgronJ. 110(1):1-37.

Abendroth 1], et al. 2021. Lengthening of maize maturity time is
not a widespread climate change adaptation strategy in the US
midwest. Glob Change Biol. 27:2426-2440.

Basso B, Shuai G, Zhang], Robertson GP. 2019. Yield stability ana-
lysis reveals sources of large-scale nitrogen loss from the US mid-
west. Sci Rep. 9:5774.

Ransom CJ, et al. 2020. Corn nitrogen rate recommendation tools’
performance across eight US midwest corn belt states. Agron J.
112:470-492.

Liu L, Basso B. 2020. Impacts of climate variability and adapta-
tion strategies on crop yields and soil organic carbon in the US
midwest. PLoS One. 15:e0225433.

Delandmeter M, et al. 2024. Integrated crop and livestock systems
increase both climate change adaptation and mitigation capaci-
ties. Sci Total Environ. 912:169061.

Basso B, Ritchie JT, Grace PR, Sartori L. 2006. Simulation of tillage
systems impact on soil biophysical properties using the SALUS
model. Ital ] Agron. 1:677-688.

Basso B, Ritchie JT. Simulating crop growth and biogeochemical
fluxes in response to land management using the SALUS model.
Handbook of agricultural models. Oxford University Press, 2015.
p.252-274.

9z0z Aenuer zo uo 1senb Aq 61626£8/2/2€1e6d/zZ L /y/o191ue/snxauseud/wod dno-olwapede//:sdiy woly papeojumoq


https://doi.org/10.1017/9781009157988.007
https://doi.org/10.1017/9781009157988.007

12

| PNAS Nexus, 2025, Vol. 4, No. 12

67

68

69

70

71

72

Nichols V, et al. 2020. Cover crops and weed suppression in the US
midwest: a meta-analysis and modeling study. Agric Environ Lett.
5:€20022.

Autret B, et al. 2020. Long-term modelling of crop yield, nitrogen
losses and GHG balance in organic cropping systems. Sci Total
Environ. 710:134597.

Gelfand I, et al. 2013. Sustainable bioenergy production from
marginal lands in the US midwest. Nature. 493:514-517.

Cain M, et al. 2019. Improved calculation of warming-equivalent
emissions for short-lived climate pollutants. NPJ Clim Atmos Sci.
2:29.

Del Prado A, et al. 2023. Animal board invited review: opportun-
ities and challenges in using GWP* to report the impact of rumin-
ant livestock on global temperature change. Animal. 17:100790.
Brankatschk G, Finkbeiner M. 2014. Application of the cereal unit
in a new allocation procedure for agricultural life cycle assess-
ments. J Clean Prod. 73:72-79.

73

74

75

76

77

78

USDA (U.S. Department of Agriculture), Economic Research
Service (ERS). Commodity costs and returns data products. U.S.
Department of Agriculture, 2024.

Isbell F, et al. 2015. Biodiversity increases the resistance of eco-
system productivity to climate extremes. Nature. 526:574-577.
Jagermeyr J, et al. 2021. Climate impacts on global agriculture
emerge earlier in new generation of climate and crop models.
Nat Food. 2:873-885.

Vicente-Serrano SM, Begueria S, Lépez-Moreno JI. 2010. A multi-
scalar drought index sensitive to global warming: the standardized
precipitation evapotranspiration index. J Clim. 23:1696-1718.

R Core Team. R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria, 2022.
Delandmeter M, et al. 2025. SALUS model outputs for agronomic
scenarios in Midwest with diversified and integrated crop-
livestock systems [dataset]. Figshare. https://figshare.com/s/
948b9fce5e29b74c5171.

9z0z Aenuer zo uo 1senb Aq 61626£8/2/2€1e6d/zZ L /y/o191ue/snxauseud/wod dno-olwapede//:sdiy woly papeojumoq


https://figshare.com/s/948b9fce5e29b74c5171
https://figshare.com/s/948b9fce5e29b74c5171

	Boosting ecosystem services and farm economics with crop diversity and livestock integration using a validated modeling approach
	Introduction
	Results
	Environmental outcomes
	Productivity and its stability and resistance

	Discussion
	ICLS enhance productivity stability and resistance while lowering GHG emissions
	Lower nitrogen fertilization reduces nitrous oxide and nitrate losses while raising profits
	Crop diversification boosts stability through lower N inputs
	Cover crops enhance SOC sequestration
	Unraveling trade-offs and synergies through large-scale and scope studies

	Materials and methods
	Agronomic management scenarios
	ICLS simulation
	Soil-crop model simulation
	Comparative indicators
	Soil organic carbon
	Greenhouse gas emissions
	Nitrate leaching
	Productivity
	Stability and resistance

	Statistics

	Acknowledgments
	Supplementary Material
	Funding
	Author Contributions
	Data Availability
	References


