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Abstract

Future climate change poses unprecedented challenges to agricultural production world-
wide. Therefore, designing region-specific rotation patterns is crucial for achieving syn-
ergies among multiple objectives, including agricultural productivity and ecological con-
servation. Based on a long-term field experiment in the Northern Agro-pastoral Eco-
tone of China, we calibrated and validated the Agricultural Production Systems Simula-
tor (APSIM) and simulated rotation patterns involving four representative crops under
eight climate scenarios, including warming, extreme precipitation, and combined
temperature—precipitation changes. Analysis combined with carbon footprint assessment
was employed to quantitatively evaluate the productivity, ecological benefits, and economic
returns of different rotation patterns. The results showed that warming generally reduced
crop productivity and economic returns, weakened soil carbon sequestration, and increased
net carbon emissions across rotation patterns. Increasing intensity of extreme precipitation
further constrained the capacity of rotation patterns to enhance yields, improve incomes,
and reduce carbon emissions. Under scenarios of warming and extreme precipitation, the
faba bean—oat rotation pattern was found to be the most effective for increasing crop yields,
while the faba bean—potato rotation is beneficial for enhancing the incomes from local
agriculture. The potato—faba bean rotation pattern was most effective for environmental
sustainability due to low net carbon emissions. The findings provide a scientific basis for
developing diversified planting strategies with synergistic multi-objectives in the Northern
Agro-pastoral Ecotone of China, contributing to food security and sustainable agricultural
development under a changing climate focused on changes in temperature and precipita-
tion. Nevertheless, the potential effects of rising atmospheric CO, concentrations may be
incorporated in future studies.

Keywords: extreme climate changes; crop model; diversified crop rotation patterns;
multi-objective demands

1. Introduction

The global climate system is undergoing significant changes, mainly character-
ized by rising temperatures and a clear increase in the frequency and intensity of ex-
treme climate events [1]. According to the Sixth Assessment Report of the IPCC, nearly
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10% of land that is currently suitable for the cultivation of major food crops is projected to
become unsuitable by the middle of this century [2]. The Northern Agro-pastoral Ecotone
of China is of exceptional importance because of its geographic position and ecological
functions, and it plays a vital role in ensuring national food security [3]. Nevertheless, this
region has long faced challenges related to simplified cropping patterns, low and unstable
cropland productivity, and the degradation of ecosystem services [4,5]. Over the past
five decades, local temperatures have shown a continuous upward trend, with an average
increase of 0.4 °C per decade [6]. Although total precipitation has remained relatively
stable, the occurrence of extreme rainfall events has increased noticeably [7]. Consequently,
a key challenge for sustainable agricultural development in this region is how to design
crop production patterns that are well adapted to their specific natural resources, climate
conditions, and farming practices under ongoing climate change.

In recent years, growing evidence of global climate change has highlighted the neces-
sity to adopt cropping systems that require fewer resources and show greater resistance to
damage from extreme weather events [8,9]. Crop rotation provides an effective approach to
improve both the agronomic and socio-economic performance of agricultural production,
while allowing better adjustment to changing climatic, biological, and soil conditions [10,11].
Crop rotation offers multiple advantages, including increased and more stable productivity,
improved soil nutrient cycling, a lower carbon footprint of farmland, and the alleviation of
continuous cropping constraints, thereby emerging as a practical and effective innovative
cropping pattern [12-15]. Accordingly, increasing research efforts have focused on identify-
ing suitable crop rotation patterns for different agroecological regions, particularly systems
that integrate cereals, legumes, and forage crops [16-18]. In parallel, studies examining
the effects of climate change on rotation systems have indicated that cropping patterns are
likely to undergo substantial changes under future climatic conditions [8,19]. At the macro
scale, climate change is driving a northward shift in suitable cultivation areas and crop
varieties within rotation systems, while at the micro scale, rising temperatures accelerate
crop growth and development, affecting yields and promoting changes in crop species
composition [20]. Nevertheless, under future climate change scenarios, information on
yield variability, carbon emissions, and economic returns of diversified crop rotations
remains extremely limited, particularly for the Northern Agro-pastoral Ecotone of China.

Crop system models are widely used to simulate the responses of different crops to
variations in environmental, management, and soil conditions, including those associated
with climate change [21-23]. These models provide powerful tools for simulating and eval-
uating the effects of key drivers of crop performance, such as climate and soil factors, within
rotation systems. The Agricultural Production Systems Simulator (APSIM) is among the
most extensively applied process-based models for simulating crop production, risk man-
agement, and crop adaptation across a range of cropping systems. Based on a soil-centered
framework, APSIM effectively represents cropping system dynamics by simulating crop
growth, management practices, yields, and their interactions with water and temperature,
while also supporting flexible management options and informed decision-making [24].
By explicitly linking crop growth processes with soil water dynamics, APSIM has been
successfully applied to predict the productivity of a wide range of crop types, including
maize, wheat, soybean, and other major agronomic crops [25-28]. However, studies that
simulate and validate diversified crop rotation systems incorporating multiple crop species
and fallow periods under climate change conditions remain limited [22,23,29,30].

In this study, using a calibrated and validated APSIM model, we aimed to quantify
changes in crop yield, ecological function, and economic performance across 228 crop
rotation patterns under eight climate change scenarios. The overall objective was to identify
optimal diversified rotation patterns for the Northern Agro-pastoral Ecotone of China that
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enhance crop productivity. The specific objectives were to: (i) calibrate and validate APSIM
model parameters across rotation patterns; (ii) evaluate the productivity, ecological, and
economic outcomes of different rotation patterns; (iii) quantify the relationships among
crop yield, carbon emissions, economic returns, and climate change.

2. Materials and Methods
2.1. Study Area Description

A long-term crop rotation experiment was conducted at the Zhangbei Oat Science and
Technology Backyard (41.34° N, 114.91° E) in Hebei Province, which is located at the margin
of the agro-pastoral ecotone during 2017-2021. The site experiences an average growing-
season temperature of 16.2 °C (mainly June-September) and annual precipitation of
296.0 mm, and primarily supports drought-tolerant crops such as cereals, legumes, pota-
toes, and rapeseed. The resulting data were used for calibration and validation of the
APSIM model. Experimental plots were arranged using a randomized complete block
design, with each plot covering an area of 24 m? (2.4 m x 10.0 m). The field experi-
ment included the following 11 rotation treatments: oat—potato, oat—flax, oat—faba bean,
oat—potato—faba bean, oat-flax—faba bean, oat—potato—flax—faba bean, oat—potato—flax—
fallow, oat-flax—potato—faba bean, oat—flax—potato—fallow, oat—potato—fallow—flax—faba
bean, and oat-flax—fallow—potato—faba bean, each replicated four times. Flax was grown
for oil production, and potatoes were propagated using tubers for direct consumption.
Crop management practices are summarized in Table Al. Crop yields were measured
at physiological maturity. Yields of oat and flax were determined by harvesting a
1 m? quadrat from each plot, whereas yields of faba bean and potato were obtained
by harvesting two-row sections per plot.

2.2. Model Quverview and Parameterization

APSIM version 7.10 was used in this study. The model framework consists of
four main modules [24]: (1) a crop component that simulates key growth and development
processes for more than 30 crop types, including faba bean, potato, and oat; (2) a soil
component that represents the movement and transformation of soil carbon, nitrogen,
and water; (3) a management component that enables the specification of field practices
such as sowing, harvesting, irrigation, and fertilization, as well as the use of conditional
management rules; and (4) a central engine that links and coordinates these components.

2.2.1. Model Database Development

The meteorological parameters consisted of daily solar radiation (MJ/m?), maximum
and minimum temperature (°C), and precipitation (mm), together with the longitude and
latitude of the simulation site, all of which were obtained from the China Meteorological
Data Service Center (https://data.cma.cn/ accessed on 2 May 2025). Key soil parameters
included the lower limit (LL15), saturated water content (SAT), drained upper limit (DUL),
and soil bulk density (BD). Soil bulk density was measured directly in the field, whereas the
remaining soil parameters were obtained from published sources [31]. Crop management
information covered cultivar characteristics, phenology, yield, sowing date, row spacing,
and harvest details for the four crops, all of which were derived from field observations.
Table 1 presents the original parameter values used in the APSIM crop modules.
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Table 1. Calibrated APSIM parameters for four crops.

Crops Parameters * Values
y_tt_end_of_juvenile 180
y_tt_floral_initiation 400
Oat y_tt_flowering 120
y_height 1500
Rue 1.5-1.65
y_tt_emergence 160
tt_earlytuber 480
Potato tt_senescing 410
y_height 500
Rue 0.6-1.8
y_tt_end_of_juvenile 381
y_tt_floral_initiation 120
Faba bean y_tt_flowering 500
y_height 1500
Rue 0.95-1.15
y_tt_end_of_juvenile 418
y_tt_floral_initiation 250
Flax y_tt_flowering 150
y_height 1500
Rue 1.35

* y_tt_end_of_juvenile denotes thermal time required from end of juvenile stage to floral initiation (°C-d),
y_tt_floral_initiation denotes thermal time required from floral initiation stage to flowering (°C-d), y_tt_flowering
denotes thermal time required in flowering to start of grain filling (°C-d), y_height denotes maximum plant height
(mm), and rue denotes radiation use efficiency (g/M]J). y_tt_emergence denotes degree days from emergence to
vegetation (°C-d), tt_earlytuber denotes degree days from early tuber to senescing (°C-d), tt_senescing denotes
degree days from senescing to senesced (°C-d).

2.2.2. Model Calibration and Validation

Model calibration was performed using a trial-and-error approach and subsequently
validated against yield data from the five-year crop rotation experiment (Table A2). Grow-
ing degree days for key crop development stages were derived from observed phenological
records and daily air temperature data. The performance of the model simulations was
evaluated using the root mean squared error (RMSE), normalized root mean squared error
(NRMSE), and mean absolute error (MAE), which were calculated as follows:

1
RMSE = \/HZ?_l(Yobs - Ysim)z (1)
NRMSE = VA Vs = Yam)® )
o Ymean
MAE — M 3)

where Y s represents the observed crop yield, Y, represents the simulated crop yield,
Y'mean represents the mean of the observed crop yields, and # represents the sample size.
Lower values of RMSE and NRMSE correspond to smaller average differences between
simulated and observed crop yields, indicating higher simulation accuracy. Likewise, a
lower MAE reflects a smaller deviation of the simulated mean from the observed mean,
also indicating improved model accuracy.
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2.3. Design of Diversified Crop Rotation Patterns

This study generated systematic permutations of four crops (oat, potato, faba bean,
and flax) and fallow across a 10-year sequence from 2012 to 2021. To reflect local farming
practices, a constraint was applied that limited fallow to no more than two occurrences
within each decade, resulting in a total of 228 distinct rotation patterns. These patterns were
classified into five categories: two-crop rotations, three-crop rotations, four-crop rotations,
three-crop rotations with fallow, and four-crop rotations with fallow.

2.4. Regional Climate Change Trends

The Sixth Assessment Report of the IPCC projects that insufficient reductions in global
greenhouse gas emissions in the coming decades could result in a global temperature
increase of 2 °C to 4 °C during this century, with serious implications for global food pro-
duction. Based on this projection, a control treatment (CK) along with three warming treat-
ments were set up: T1, representing a plausible near-term of 2 °C increase; T2, correspond-
ing to a 4 °C increase under high-emission scenarios; and T3, denoting a 6 °C increment
as an extreme scenario. These elevated temperatures were maintained throughout the
year. Analysis of surface meteorological records from Zhangbei County, Hebei Province,
for the period 2012-2021 showed that average precipitation from July to September was
88.9 mm, with a maximum of 242.3 mm, a minimum of 22.0 mm, and a maximum single-
day rainfall of 57.6 mm. On this basis, two extreme precipitation treatments were de-
fined, with a monthly total of 300 mm and maximum single-event precipitation set as
E1 (150 mm) and E2 (300 mm), reflecting plausible future intensification of precipitation
extremes. Total precipitation was evenly distributed over 30 days with identical con-
trolled intervals. These extreme precipitation simulations were applied during July to
September each year, while precipitation in other months remained unchanged. Fur-
thermore, two combined treatments were formulated. The first, namely T1E1, entailed
a 2 °C warming in tandem with a maximum single-event precipitation of 150 mm, rep-
resenting a plausible near-term climate scenario. The second, named T1E2, involved a
2 °C warming coupled with a maximum single-event precipitation of 300 mm to assess
warming—precipitation interactions under more extreme precipitation conditions.

Based on the eight climate change scenarios described above, meteorological data
from Zhangbei County, from 2012 to 2021 were processed for model simulations. For each
of the 228 rotation patterns, a 10-year yield simulation was conducted from 2012 to 2021,
with the crop sequence in each rotation strictly following the order defined by its system
name until the full 10-year simulation period was completed.

2.5. Evaluation Method for Crop Rotation Patterns
2.5.1. Energy Equivalent Yield Calculation

Because different crops produce non-equivalent products (e.g., grains, tubers, and
oilseeds) with substantial differences in water content and edible fraction, crop yields
were converted into energy equivalent yield to improve comparability among diversified
rotation patterns, which were calculated as follows:

E = 1073Y-e 4)

where E represents the energy equivalent yield, Y represents the crop yield per unit
area, and e represents the energy content per unit mass, calculated as 15.9 KJ/g for oat,
4.2 K] /g for potato, 16.7 K] /g for faba bean, and 16.3 KJ /g for flax [32].
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2.5.2. Carbon Footprint Assessment

The life cycle assessment (LCA) approach was used to evaluate the carbon footprint
associated with agricultural inputs across different rotation patterns. The carbon footprint
was defined as the sum of carbon emissions resulting from various inputs in the agricultural
production process, such as fertilizers and pesticides, and was calculated as follows [33,34]:

CFa = Y.CFi= YL.Gj x ¢ ®)

where CF, represents the total carbon emissions from agricultural production, CF; repre-
sents the carbon emissions associated with individual agricultural inputs in the production
process, including pesticides, fertilizers, and machinery, G; represents the application rate
of each carbon source, and J; represents the corresponding carbon emission coefficient for
each source (Table 2).

Table 2. Carbon emission parameters of agricultural inputs in crop rotation.

Items Emission Parameters Units Sources

Nitrogen fertilizer 4.96 kg-CO,/kg Liu et al. [35]
Phosphate fertilizer 1.14 kg-CO,/kg Liu et al. [35]
Pesticide 6.58 kg-CO,/kg Liu et al. [35]
Diesel 3.32 kg-COy/kg Liu et al. [35]
Oat seeds * 1.16 kg-CO,/kg Liu et al. [35]

Potato seeds 0.58 kg-CO,/kg CLCD 0.7
Faba bean seeds * 1.18 kg-CO,/kg Liu et al. [35]
Flax seeds * 0.83 kg-CO,/kg Gan et al. [36]
Labor 0.86 kg-CO,/d-person Liu et al. [35]

* The carbon emission parameters for oat, faba bean, and flax seeds were estimated based on the values for wheat,
soybean, and rapeseed, respectively.

Soil N,O emissions, including both direct and indirect components, were mainly
attributed to nitrogen fertilizer application and were calculated as follows [37]:

CFN,0 = DCFn,0 + GCFN,0 + LCFN,0 (6)
DCFN,0 = N x F1x44/28 x 298 (7)
GCFn,0 = N X Fg x Fpx44/28 x 298 (8)
LCFN,0 = N x Fp, x F3x44/28 x 298 9)

where DCFnpo represents the direct N;O emissions from nitrogen fertilizer application,
GCFnpo represents the indirect emissions from nitrogen deposition, and LCFnp0 represents
the indirect emissions resulting from nitrogen leaching. Fj, F,, and F3 represent the
emission factors for the different N,O emission pathways, with values of 0.01, 0.01, and
0.0075, respectively. Fg and F, represent the fractions of applied fertilizer nitrogen lost
through NHj volatilization and soil leaching, with values of 0.1 kg/kg and 0.3 kg/kg,
respectively. The factor 44 /28 was used to convert N,O to N;O-N, and 298 was used to
convert N,O emissions to CO; equivalents. All emission factors were derived from the
2006 IPCC Guidelines for National Greenhouse Gas Inventories.

The carbon footprint per unit area of crop production was calculated as follows [37]:

CF = CF,+ CFny0 (10)

2.5.3. Calculation of Net Carbon Emissions

The soil organic carbon stock was calculated as follows:

SOCetock = SOCcontent X BD x H x 100 (11)
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ASOC = SOCstock-t = SOCstock-0 (12)

where SOCgck represents the soil organic carbon stock, BD represents the soil bulk density,
H represents the soil layer thickness, and 100 represents a unit conversion factor; SOCgiock-0.
SOCstock-t» and ASOC represent the initial soil organic carbon stock, the soil organic carbon
stock after 10 years of rotation, and the soil carbon sequestration, respectively.

The net carbon emissions were calculated as follows:

C=CF — ASOC (13)

2.5.4. Calculation of Ecological Economic Benefits

Total income was calculated based on the rotational yield and purchase price of each
crop. Total expenditure was determined according to the input expenses incurred during
agricultural production, including fertilizers, seeds, pesticides, and labor. The net income
was calculated as follows:

Inet = Itotal - Etotal (14)

where Inet, Lotal, and Eyoia) represent the net income, total income, and total expenditure for
each rotation pattern, respectively.

According to statistics from China Carbon Emission Trading Network (http://www.
tanpaifang.com accessed on 15 July 2023), the current average price in China’s domestic
carbon trading market is 51.66 CNY per metric ton of carbon. Based on this value, the
comprehensive benefit was calculated as follows:

E.=C x P, (15)
Bcom = Inet - Ec (16)

where E. represents the carbon emission cost for each rotation pattern, P. represents the
carbon trading price; and Beom represents the comprehensive benefit.

3. Results
3.1. APSIM Simulation Calibration

Opverall, the NRMSE values between simulated and measured yields for all four crops
within the rotation patterns remained below 20%, indicating good agreement between
simulations and observations (Table 3). For the oat yield simulation, the RMSE, NRMSE and
MAE values were 107.2 kg/hm?, 4.3%, and 78.1 kg/hm?, respectively. For the potato yield
simulation, these values were 947.3 kg /hm?, 15.4%, and 925.1 kg/hm?, respectively. For
faba bean yield simulation, RMSE was 336.1 kg/hm?, NRMSE being 11.8%, and the MAE
modeled to be 279.4 kg/ hm?. Finally, in the flax yield simulation, values of 101.8 kg/ hm?,
7.9%, and 89.7 kg /hm? were obtained.

Table 3. Comparison of simulated and observed yields for different crops.

Crops RMSE (kg/hm?) NRMSE MAE (kg/hm?)
Oat 107.2 4.3% 78.1
Potato 947.3 15.4% 925.1
Faba bean 336.1 11.8% 279.4
Flax 101.8 7.9% 89.7

3.2. Comprehensive Performance Evaluation of Different Rotation Patterns

Following the calibration and evaluation of the APSIM model, 10-year yields of
228 rotation patterns involving four crops were simulated using local meteorological
data from 2012 to 2021. A comparative analysis of energy equivalent yield, net carbon
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emissions, soil carbon sequestration, and comprehensive benefit is shown in Figure 1A. The
results indicated that the OB, BO, and OBF rotation patterns achieved relatively high total
10-year energy equivalent yields of 4.1 x 10°,4.0 x 10°, and 3.6 x 10° GJ/hm?, respectively.
Compared with FPXO, which showed the lowest yield, these values represent increases of
101.4%, 97.0%, and 74.1%, respectively.
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Figure 1. The energy equivalent yield (A), net carbon emissions (B), soil carbon sequestration
(C) and comprehensive income (D) of different crop rotation patterns. Because of the large number of
rotation patterns, only a subset of results is presented. For each evaluation factor, the 228 rotation
patterns were ranked according to their values, and the top five (Dark gray) and bottom five (Light
gray) patterns were selected for display. In the figure, O denotes oat, P denotes potato, B denotes
faba bean, F denotes flax, and X denotes fallow.

Based on agricultural inputs and associated N»O emissions within the crop rotation
patterns, the annual carbon footprints of oat, potato, faba bean, and flax were calculated
as 1451.7, 3095.3, 1025.1, and 1701.3 kg-CO, /hm?, respectively (Figure 2). Among these
crops, potato exhibited the highest annual carbon footprint, which was three times greater
than that of faba bean. This difference was mainly attributed to the higher application
rates of nitrogen and phosphorus fertilizers for potato production, reaching approximately
336 kg/hm?. The intensive use of nitrogen fertilizer led to substantial N,O emissions
from cropland, making this a major contributor to the relatively high 10-year total carbon
footprint of rotation patterns that included potato.
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Figure 2. Production inputs and annual carbon footprint of four crops. Line width represents the
amount of production input (kg/hm?) and the annual carbon footprint (kg-CO,/hm?).

Among the 228 rotation patterns, PB, PBFO, and OBP exhibited relatively low 10-year
net carbon emissions (Figure 1B), with values of 0.4, 0.5, and 0.6 t-C/ hm?, respectively.
Compared with POF, which showed the highest net carbon emission, these values corre-
spond to reductions of 85.3%, 83.9%, and 78.5%, respectively. The soil organic carbon stock
in the 0-10 cm soil layer varied markedly among the different rotation patterns. Among
all patterns, PB, BP, and PF achieved relatively high levels of carbon sequestration, with
values of 5.2, 4.8, and 4.8 t-C/hm?, respectively (Figure 1C). These values were 2.8, 2.5, and
2.5 times higher than that of OBFX, which exhibited the lowest soil organic carbon stock.

With respect to the composition of capital investment (Figure 3), the four crops dif-
fered markedly in the proportion of inputs allocated to seeds, pesticides, machinery, and
fertilizers. Potato had the highest total input cost, reaching 3225.0 CNY/hm?, whereas
the other three crops showed relatively similar total input costs. Among the 228 rotation
patterns, FB, OB, and FBO achieved relatively high 10-year total comprehensive incomes,
with values of 6.6, 6.5, and 6.3 CNY/hm?, respectively (Figure 1D).

3.3. Impact of Climate Change on the Average Comprehensive Benefit of 228 Rotation Patterns

In terms of energy equivalent yield (Figure 4A), compared with the CK, the average
10-year total energy equivalent yields across 228 rotation patterns decreased by 9.9%, 22.0%,
and 38.0% under the T1, T2, and T3 climate scenarios, respectively. In contrast, under the
E1 and E2 climate scenarios, the average 10-year total energy equivalent yields increased
by 9.4% and 9.2%, respectively. Among the eight climate change scenarios, E1 showed
the highest average 10-year total energy equivalent yield at 2.9 x 10° GJ/hm?, whereas
T3 showed the lowest average value at 1.6 x 10° GJ/hm?.

In terms of net carbon emissions (Figure 4B), compared with the CK, the average
10-year total net carbon emissions across 228 rotation patterns increased by 51.2%, 105.6%,
and 165.9% under the T1, T2, and T3 climate scenarios, respectively. In contrast, under the
E1 and E2 climate scenarios, the average 10-year total net carbon emissions decreased by
23.7% and 13.4%, respectively. Among the eight climate change scenarios, E1 showed the
lowest average 10-year total net carbon emission at 1.1 t-C/hm?, whereas T3 showed the
highest average value at 3.8 t-C/hm?.
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In terms of soil carbon sequestration (Figure 4C), compared with the CK, the average
soil carbon sequestration across 228 rotation patterns decreased by 26.3%, 54.2%, and
85.1% under the T1, T2, and T3 climate scenarios, respectively. In contrast, under the E1 and
E2 climate scenarios, the average soil carbon sequestration increased by 12.2% and 6.9%,
respectively. Among the eight climate change scenarios, E1 showed the highest average
soil carbon sequestration at 3.1 t-C/ hm?, whereas T3 showed the lowest average value
at 0.4 t-C/hm?.

In terms of comprehensive income (Figure 4D), compared with the CK, the average
10-year total comprehensive income across 228 rotation patterns decreased by 13.6%, 31.0%,
and 55.0% under the T1, T2, and T3 climate scenarios, respectively. In contrast, under the
E1 and E2 climate scenarios, the average 10-year total comprehensive incomes increased
by 16.4% and 16.0%, respectively. Among the eight climate change scenarios, E1 showed
the highest average 10-year total comprehensive income at 5.4 ten thousand CNY/hm?,
whereas T3 showed the lowest average value at 2.1 ten thousand CNY /hm?.

Faba bean (2377.5)
Machinery
Potato (3225.0)
I Workforce
Pesticide
Oat (2492.0)
Seed
Flax (2223.5)
Fertilizer

Figure 3. Proportions of capital investment for four crops within crop rotation patterns. Line width
represents the capital investment (CNY /hm?).
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Figure 4. Effects of eight climate change scenarios on the energy equivalent yield (A), net carbon
emissions (B), soil carbon sequestration (C) and comprehensive income (D) of 228 crop rotation
patterns. Different letters indicate significant differences among treatments (p < 0.05), bars repre-
sent standard error (n = 228). CK, real climate scenario; T1, +2 °C warming; T2, +4 °C warming;
T3, +6 °C warming; E1, maximum single-event precipitation of 150 mm; E2, maximum single-
event precipitation of 300 mm; T1E1, +2 °C warming combined with 150 mm precipitation; T1E2,
+2 °C warming combined with 300 mm precipitation.

3.4. Combined Effects of Warming and Extreme Precipitation on Different Rotation Patterns

Under the T1E1 climate scenario (Figure 5A), the faba bean—oat, oat-faba bean,
and faba bean—oat-potato rotation patterns showed relatively high 10-year total en-
ergy equivalent yields among the 228 patterns, with values of 3.8 x 10°, 3.8 x 10° and
3.5 x 10° GJ/hm?, respectively. The potato—faba bean, flax-oat-faba bean—potato—fallow,
and oat-flax—faba bean—potato—fallow rotation patterns showed relatively low 10-year total
net carbon emissions, with values of 0.5, 0.9, and 1.0 t-C/hm?, respectively. In terms of soil
carbon sequestration, the potato—faba bean, potato—flax, and potato—oat rotation patterns
ranked relatively high, with values of 5.1, 5.1, and 4.7 t-C/ hm?, respectively. The faba
bean-potato, potato—faba bean, and potato-faba bean-flax rotation patterns achieved rela-
tively high 10-year total comprehensive incomes, with values of 6.4 ten thousand CNY /hm?.
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Figure 5. Comprehensive benefits of 228 rotation patterns under the T1E1 (A) and T1E2 (B) climate
scenarios. Because of the large number of rotation patterns, only a subset of results is shown. For
each evaluation factor, the 228 rotation patterns were ranked by their values, and the top five and
bottom five patterns were selected for presentation. EEY denotes 10-year total energy equivalent
yield, NCE denotes 10-year total net carbon emissions, SCS denotes soil carbon sequestration, and CI
denotes 10-year total comprehensive income.

Under the T1E2 climate scenario (Figure 5B), the faba bean—oat, oat—-faba bean,
and faba bean-oat—flax rotation patterns showed relatively high 10-year total energy
equivalent yields among the 228 patterns, with values of 3.8 x 10%, 3.8 x 10° and
3.5 x 10° GJ/hm?, respectively. The potato—faba bean, flax-oat-faba bean—potato—fallow,
and oat—flax—faba bean—potato—fallow rotation patterns showed relatively low 10-year
total net carbon emissions, with values of 0.8, 1.1, and 1.2 t-C/hm?, respectively. In
terms of soil carbon sequestration, the potato—faba bean, potato—flax, and potato—oat
rotation patterns ranked relatively high, with values of 4.8, 4.8, and 4.4 t-C/hm?, respec-
tively. The faba bean—flax, flax—faba bean, and potato—faba bean—flax rotation patterns
achieved relatively high 10-year total comprehensive incomes, with values of 6.4, 6.3, and
6.2 ten thousand CNY /hm?, respectively.

4. Discussion
4.1. Model Performance

Our results showed that, for all four crops examined, the model achieved NRMSE
values below 20% when simulated yields were compared with observed data, indicating
good agreement. This suggests that the APSIM model can be effectively applied to simulate
diverse rotation patterns in the Northern Agro-pastoral Ecotone of China. This conclusion
is consistent with previous studies that have successfully applied APSIM to simulate
soybean, maize, and wheat yields across different locations, management practices, and
rotation systems [22]. Yield predictions for potato exhibited a slightly higher NRMSE,
which aligns with earlier findings indicating that the model may not fully represent the
complex interactions among different crop components within rotation systems [38]. In
addition, model input parameters are influenced by environmental conditions and thus
subject to uncertainty, which may affect the magnitude of simulated crop yields across
different rotation systems.

4.2. Comprehensive Benefit Assessment of 228 Rotation Patterns

Farmers in the Northern Agro-pastoral Ecotone of China currently mainly adopt crop
rotation systems that integrate potato with coarse cereals, legumes, and oil crops [39]. Using
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the APSIM model, we compared the superior rotation patterns identified in this study with
the dominant potato—oat and potato—flax rotation systems currently practiced in the region.
In terms of productivity, the oat—faba bean rotation pattern achieved the highest 10-year
total energy-equivalent yield in this study. Compared with the conventional potato—oat and
potato—flax rotation patterns, yields increased by 42.2% and 97.8%, respectively. Regarding
ecological performance, the potato-faba bean rotation pattern exhibited the lowest 10-year
net carbon emissions. Emission reductions of 74.0% and 76.3% were achieved relative
to the potato—oat and potato—flax patterns, respectively. Previous research comparing
three rotation patterns composed of four crops reported that a winter wheat-summer
maize-winter fallow-spring sweet potato rotation achieved the lowest average annual
carbon emissions [40]. Compared with this previously identified optimal pattern, the
potato—faba bean rotation pattern identified in this study achieved an approximate
72.4% reduction in average annual carbon emissions. In terms of economic performance,
the flax—faba bean rotation pattern produced the highest 10-year comprehensive income.
Income increased by 55.6% and 46.9% compared with the potato—-oat and potato—flax
patterns, respectively. Overall, relative to the rotation patterns currently practiced in the
region, the rotation strategies proposed in this study demonstrated improved performance
in productivity, ecological benefits, and economic incomes, providing useful references
for promoting appropriate crop rotation patterns in the Northern Agro-pastoral Ecotone
of China.

Our results showed that all five rotation patterns with the highest 10-year total energy
equivalent yields included faba bean. This outcome can be explained by the nitrogen
inputs associated with the legume, including biological nitrogen fixation and nitrogen-
rich crop residues, which improved soil nitrogen availability. In addition, faba bean
generally requires less soil water uptake than non-leguminous crops, leaving relatively
higher residual soil moisture for subsequent crops [16,41,42]. Moreover, previous studies
examining yield responses to crop rotation have shown that rotation systems can increase
crop yields by an average of about 20% compared with continuous monocropping [43].

In this study, the annual carbon footprint of the four crops followed a descending order
of potato, flax, oat, and faba bean. Among them, faba bean exhibited the lowest carbon
footprint, which can be largely attributed to the effective use of biological nitrogen fixation
when legumes are included in rotation systems. This process reduces carbon emissions
associated with the production and application of nitrogen fertilizers [44,45]. In contrast,
potato requires relatively large inputs of nitrogen, phosphorus, and potassium to maintain
normal growth, leading to substantial fertilizer use that contributes noticeably to its higher
carbon footprint [46,47]. Previous studies focusing on emission reduction through crop
rotation have similarly shown that combining crops with different resource requirements,
together with appropriate crop arrangement and field management, can effectively reduce
carbon emissions from cropping systems [48-50].

From the perspective of improving agricultural income, rotation patterns based on
faba bean achieved relatively higher 10-year total comprehensive income. This is mainly
because faba bean requires lower fertilizer inputs, resulting in a total production cost of only
2377.5 CNY/hm?. In contrast, potato production represents a high-input and low-return
option. Although potato yields are substantially higher than those of faba bean and flax, its
market price is relatively low, which leads to reduced comprehensive income in rotation
patterns that include potato. In addition, previous studies have shown that crop rotation
can effectively alleviate continuous cropping constraints and reduce the occurrence of pests
and diseases. It can also improve water use efficiency and decrease fertilizer demand.
These effects help lower expenditures on pesticides and fertilizers, thereby increasing
net income [13,51].
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4.3. Impact of Climate Change on 228 Rotation Patterns

Shaped by both geographic and climatic conditions, the Northern Agro-pastoral
Ecotone of China is characterized by complex and variable climate patterns, as well as a
high frequency of extreme weather events [52,53]. The simulation results showed that, with
increasing temperature and intensity of extreme precipitation, the average 10-year total
energy equivalent yield across the 228 rotation patterns exhibited a declining trend, which
is consistent with previous findings [54-56]. This response may be partly explained by
excessive soil moisture, such as waterlogging, ponding, and flooding, which can induce soil
oxygen stress and subsequently reduce crop yields [54]. In addition, rising temperatures
tend to increase yield variability and elevate the risk of yield loss. This is likely because
accelerated crop development under warmer conditions shortens the growth period and
limits biomass accumulation and final yield formation [57]. The yield increases observed
under the E1 and E2 scenarios reflect the water-limited nature of the Northern Agro-pastoral
Ecotone of China. In these scenarios, substantially higher precipitation (300 mm/month),
compared with the local growing-season average (88.9 mm/month), increased total water
supply and likely alleviated soil moisture constraints. Overall, the Northern Agro-pastoral
Ecotone of China represents a region that is highly sensitive to climate change, where
increases in temperature and extreme precipitation intensity can substantially influence
crop yields across different rotation patterns.

Climatic conditions influence crop growth, physiological processes, and soil micro-
bial activity, which together affect carbon emissions during crop production [58]. Our
results showed that, compared with the CK, the average 10-year total net carbon emissions
across the 228 rotation patterns increased significantly with rising mean annual tempera-
ture, which is consistent with previous findings [59]. Elevated temperatures may lead to
increased emissions of greenhouse gases such as carbon dioxide and nitrous oxide by accel-
erating both photosynthetic and respiratory processes in crops [60]. In addition, increasing
the intensity of extreme precipitation had a positive effect on the average 10-year total net
carbon emissions across the 228 rotation patterns, in line with earlier studies [61,62]. On
the one hand, higher precipitation levels may suppress soil respiration because anaerobic
conditions can limit microbial activity [62]. On the other hand, more intense precipitation
can increase water infiltration depth and prolong soil moisture retention, thereby enhancing
the availability of easily decomposed organic substrates, accelerating soil carbon mineral-
ization, and increasing carbon emissions [63,64]. Moreover, future increases in temperature
and extreme precipitation are likely to encourage farmers to adjust production inputs,
such as seeds, fertilizers, pesticides, and labor, to reduce the risks associated with climate
variability. These adjustments are expected to affect the carbon-related economic perfor-
mance of agricultural systems while simultaneously increasing production costs [65,66].
Consistent with this expectation, our results indicate an overall declining trend in 10-year
total comprehensive income under climate change scenarios.

In the Northern Agro-pastoral Ecotone, where water availability is limited, the adop-
tion of well-designed and diversified rotation patterns can effectively improve resource
use efficiency, reduce soil wind erosion, and enhance crop yields, thereby strengthening
resilience to climate change [20]. Previous research using the APSIM model evaluated
six rotation patterns composed of four crops under eleven climate scenarios with varying
precipitation and temperature conditions in this region and found that the corn-oat rotation
achieved relatively higher yields [23]. However, the adaptation of cropping patterns to
the combined pressures of rising temperatures and extreme precipitation events remains
insufficiently explored [67,68]. The results of this study clarify the response patterns of
228 rotation systems to future climate change and identify diversified cropping strategies
that are better suited to projected climatic conditions in the Northern Agro-pastoral Ecotone
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of China. These findings provide a theoretical basis for selecting appropriate rotation pat-
terns that meet regional objectives for productivity, ecological sustainability, and economic
performance. Furthermore, it should be noted that the climate scenarios in this study did
not incorporate changes in atmospheric CO, concentration. This decision was based on the
consideration that temperature and precipitation were the dominant drivers of differential
crop responses, while CO, fertilization effects are generally uniform and insufficiently
validated in the APSIM for several crops included in the rotations [69].

5. Conclusions

The APSIM model showed reliable performance in simulating the yields of oat, potato,
faba bean, and flax in the Northern Agro-pastoral Ecotone of China. We found that rota-
tion patterns that included faba bean generally achieved higher comprehensive benefits.
Changes in temperature and precipitation patterns had a significant negative influence on
the yields of all four crops. Across the 228 rotation patterns, energy equivalent yield, com-
prehensive benefit, and soil carbon sequestration declined with increasing temperature and
extreme precipitation intensity, while net carbon emissions showed an overall increasing
trend. Furthermore, an integrated assessment of the 228 rotation patterns under combined
warming and extreme precipitation scenarios identified the faba bean-oat and oat—faba
bean rotations as achieving relatively high energy equivalent yields, the potato—faba bean
and flax—oat—faba bean—potato—fallow rotations as exhibiting relatively low net carbon
emissions, and the faba bean—potato and faba bean—flax rotations as demonstrating higher
comprehensive incomes. These six rotation patterns therefore represent promising options
for promoting suitable cropping systems in the future Northern Agro-pastoral Ecotone.

In addition, this study integrates a process-based crop model with carbon footprint
and economic assessments to support multi-objective evaluation of rotation patterns under
climate change. The results may inform farmers and policy makers seeking to improve
productivity, reduce carbon emissions, and promote sustainable agriculture. Future work
could further examine parameter uncertainty, assessment under scenarios with changes
in atmospheric CO, concentration, and incorporate climate model-based scenarios to
strengthen scenario-based assessments.
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Appendix A

Table Al. Crop management practices for different crops.

Crops Sowing Date Harvest Date Seeding Rate per Hectare Seeding Row Spacing (cm)
Oat Mid-May Early September 150 kg 25
Potato Mid-May Early September 6000 seedlings 67
Faba bean Mid-May Early September 24 kg 40
Flax Mid-May Early September 45kg 40

Table A2. Crop varieties and experimental years used for model calibration and validation.

Crops Species Calibration Year Verification Year
Oat Baxiao No. 1 2017 2019
Potato Jizhangshu No. 8 Original Seed 2018 2020
Faba bean Ba fababean No. 1 2019 2021
Flax Baxuan No. 3 2018 2020
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