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A B S T R A C T

As China’s cornerstone lucerne production region, Gansu Province plays a pivotal role in sustaining national 
forage security and livestock systems, yet the climate resilience of this strategic crop remains critically unas
sessed. Here we present a multi-objective optimization framework integrating process-based modeling and 
climate change projections under SSP245 and SSP585 scenarios to reconcile lucerne biomass and protein pro
duction, irrigation water productivity, and global warming potential from field (GWP-field) trade-offs. We 
project that lucerne biomass and protein production in Gansu will increase 5.7 %-25.3 % by the 2090 s, but with 
a 6.0 %-10.1 % decrease in protein concentration, primarily as temperature-affected biomass increases mask the 
declines in protein concentration. Strategic spatial restructuring of cultivation could achieve synergistic benefits - 
elevating biomass and protein yield by 1.4 %-2.0 % while simultaneously diminishing irrigation and GWP-field 
by 1.4 %-3.9 %. The new planting patterns identified 4238–5521 ha of priority expansion in Longzhong and 
Longdong, where phased cultivar deployment could maximize benefits of production (1.4–2.0 % increase), 
resource use (3.4–3.9 % decrease), and environmental impact (1.4–1.9 % decrease). However, increasing lucerne 
production to expand cattle and sheep feeding would result in an additional 17.9–20.0 thousand CO2-eq of 
emissions due to enteric fermentation and manure management, even taking into account the benefits of 
restructuring lucerne planting and irrigation saving on GWP. Our findings underscore the imperative of multi
dimensional optimization in balancing agronomic gains against environmental impacts in cropping systems of 
arid regions.

1. Introduction

The continuous improvement of living standards has led to a growing 
demand for livestock products, and the scale of development of livestock 
industries depends on the supply of sufficient and high-quality forage. 
Lucerne (Medicago sativa L.), is a crucial and high-quality forage crop, 
which provides essential fiber and protein to livestock (Sanz-Sáez et al., 
2012; Feng et al., 2022; Varol et al., 2024). China has increased its al
falfa import, from 19601 metric tons in 2008–1.38 million metric tons in 
2018 (Wang and Yang, 2020), demonstrating a large increase in de
mand. Addressing regional lucerne production to achieve a simulta
neous improvement in yield and reduction in GHG emissions and water 
use remains an urgent scientific issue requiring resolution, especially in 
the current context of international trade disputes and the pressing need 
to reduce dependence on imported forage.

The intensity of agricultural practices such as irrigation, fertilization 
and land use significantly impacts lucerne production, yet it can also 
lead to excessive resource inputs, inefficient utilization, and increased 
greenhouse gas emissions (GHGs) (Zhang et al., 2024). Optimizing 
irrigation and fertilization can enhance lucerne yield, quality, and water 
use efficiency. However, the quantity and timing of water and fertilizer 
applications should be adjusted in response to changing climatic factors 
throughout the growing season (Jia et al., 2024; Zhang et al., 2020). 
Intensification of agronomic inputs, including irrigation (Varol et al., 
2024), fertilization (Macolino et al., 2013), and land management 
practices (Feng et al., 2022) may induce moderate yield increases; 
however, those approaches entail significant trade-offs through resource 
depletion, suboptimal input-use efficiency, and elevated GHG. The 
resulting long-term and regional variations in production with interan
nual differences need to be addressed.
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Spatially optimized restructuring of cultivation has been demon
strated as an effective strategy to enhance the yield potential of crops 
across diverse agroecological zones in China (Zhang et al., 2018). 
Planting areas, types, and patterns of crops can be optimized. This can 
maximize crop yields and bring them closer to their physiological po
tential which is an effective way to further improve regional production 
and environmental benefits. This approach allows crops to be cultivated 
in suitable areas and facilitates the efficient use of key resources such as 
light, water, and nutrients (Hu et al., 2025; Liu et al., 2023). However, 
previous planting structure optimization has predominantly targeted 
ecological restoration (Sun et al., 2024), and grain and vegetable crops 
(Wen and Chen, 2023), with limited attention to forage crops.

Gansu is one of China’s major production areas for lucerne, ac
counting for a significant proportion of the country’s total output (Yin 
et al., 2022). The abundant sunlight and large diurnal temperature 
variation provide ideal natural conditions for lucerne growth. However, 
water resource scarcity has constrained the scale of production and 
planting (Gu et al., 2018; Yin et al., 2022; Zhou et al., 2024). Previous 
studies only performed regional-scale simulations of lucerne yield 
(Azadbakht et al., 2022; Qin et al., 2023; Wang et al., 2021), without 
addressing protein content or global warming potential, and certainly 
without conducting crop optimization for specific regions. Making 
lucerne production more climate resilient in Gansu directly affects 
regional and even China′s livestock security, and restructuring its 
cultivation is a potentially viable option.

In this study, a calibrated mechanistic model (APSIM) was used to 
simulate the yield, protein, actual water consumption (ETa), irrigation 
water requirement (IWR), and global warming potential (GWP) of 
lucerne in Gansu Province. The spatial and temporal variability of key 
variables, trade-off inputs (land and irrigation water), outputs (yield and 
protein), and costs (GWP) were assessed in response to restructuring of 
cultivation. The aim was to improve production, conserve irrigation 
water, improve resource use efficiency, and reduce carbon emissions. 
We sought to identify dynamic climate adaptation strategies proposed 
without expanding cultivation to balance the inputs, production, and 
costs of lucerne.

2. Materials and methods

2.1. Study area

Gansu Province (32◦31′-42◦57′N, 92◦13′-108◦46′ E), located in 
Northwest China, spans an area of 42.58 × 104 km2 (Fig. 1a) and sus
tains a permanent resident population of 24.58 million. It encompasses 
the primary ecological types of the Northwest China, including the Loess 

Plateau region (e.g., Qingyang, Pingliang), the Hexi Corridor irrigated 
agricultural region (e.g., Wuwei, Zhangye, Jiuquan), the northeastern 
edge of the Qinghai-Tibet Plateau (e.g., Gannan), and the desert and 
semi-desert region (bordering Inner Mongolia and Ningxia). This arid- 
to-semiarid region serves as a major cultivation hub for lucerne (Medi
cago sativa L.), producing approximately 33 % of China’s total yield, 
while concurrently maintaining its status as a pivotal animal husbandry 
base. Provincial livestock inventories rank third and ninth nationally in 
sheep and cattle populations, respectively, underscoring their strategic 
importance in China’s agricultural ecosystem. The average annual pre
cipitation is 399 mm (spatial range of 50–750 mm), and the average 
annual temperature is 9.5℃ (spatial range of 0–15℃) based on 30 years 
of municipal meteorological observations (http://data.cma.cn). Based 
on hydrological and geographic factors, Gansu Province is divided into 
six sub-regions at the city level, namely Shule River Basin, Heihe River 
Basin, Shiyang River Basin, Longzhong, Longnan, and Longdong 
(Fig. 1b).

2.2. Flow chart of this study

The flowchart for this study is shown in Figure S1, divided into three 
parts: APSIM Simulation, Planting reconstruction, and analysis and 
evaluation. APSIM was calibrated and validated using collected data for 
grided simulation, with the simulations serving as inputs for lucerne 
planting reconstruction. The new pattern of lucerne cultivation in Gansu 
Province was derived, and regional biomass production, protein pro
duction, irrigation water requirement (IWR), and global warming po
tential (GWP, including from field, cattle and sheep breeding, and 
irrigation-saving) were further calculated, clarifying the livestock po
tential supported by lucerne production surpluses and its environmental 
costs.

2.2.1. APSIM simulation
APSIM is a process-based crop model that includes plant, soil, and 

management modules (Keating et al., 2003). APSIM was used to simu
late lucerne biomass yield, protein yield, actual water consumption 
(ETa), global warming potential of agro-field soil respiration from field 
(GWP-field), and consequently to calculate protein concentration, IWR, 
irrigation water productivity (IWP), and greenhouse gas intensity 
(GHGI): 

Proteinconcentration = (Proteinyield/Biomassyield) × 100 (1) 

IWR = ETa − Pgs (2) 

IWP = Biomassyield/IWR/10 (3) 

Fig. 1. Location, Digital Elevation Model (DEM), subregions, and lucerne planting area of Gansu Province. Subregions include Shule River Basin, Heihe River Basin, 
Shiyang River Basin, Longzhong, Longnan, and Longdong.
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GWP − field = CO2 +273 × N2O+27 × CH4 (4) 

GHGI = GWP − field/Biomassyield (5) 

where IWR, ETa, and Pgs are irrigation water requirement, actual crop 
water consumption, and total precipitation during the growing season in 
each harvest, mm; IWP is irrigation water productivity, kg/m³ , and 10 is 
the conversion coefficient; GWP-field is the global warming potential 
from field, kg CO2 eq/ha; GHGI is greenhouse gas intensity, kg CO2 eq/ 
kg biomass. Irrigation water productivity was calculated based on non- 
deficit irrigation conditions, i.e., IWR. For GWP-field calculations, CO2, 
CH4, and N2O were considered in APSIM, including Carbon_tot, C_atm 
(consisting of fom, bom, hum and residue), and N2O_atm (top 30-cm soil 
depth). GWP-field was calculated based on the molecular weight ratio 
and conversion factor, as detailed information in Hochman et al. (2017)
and Zhou et al. (2025).

The parameters of lucerne in APSIM were calibrated based on 
measured data from 11 field experiments conducted in Gansu Province 
(Table S1) by using the CroptimizR package (Buis et al., 2021). The 
experiments were conducted from 2013 to 2019 in Jiuquan, Wuwei, and 
Jiayuguan of Gansu Province, incorporating different irrigation and 
fertilization treatments (Table S1). Coefficient of determination (R2) and 
normalized root mean square error (nRMSE) were used to evaluate 
model performance. The nRMSE is classified as good (nRMSE ≤ 15 %), 
moderate (15 % < nRMSE ≤ 30 %), and poor agreement (nRMSE >
30 %), respectively, and R2 is classified as unsatisfactory (R2 ≤ 0.6), 
satisfactory (0.6 < R2 ≤ 0.7), good (0.7 < R2 ≤ 0.8), and very good (R2 >

0.8). The calibrated crop parameters are shown in Table S2, which 
determine crop growth and leaf development processes, radiation use 
efficiency, and photosynthetic product allocation under changing envi
ronment. The performance of calibrated APSIM is shown in Figure S2.

For APSIM modelling, auto-irrigation (Irrigation on sw deficit func
tion) and auto-fertilizer (FerOnSoilNCriteria function) options were 
used in each grid cell, which meant there was no deficit. Lucerne is a 
perennial crop that was set up in the model to be resown every 4 years, 
on May 5th. Harvests were simulated when lucerne growth reached the 
flowering stage, and harvest times were variable during the years. 
Biomass yield, ETa, protein yield and concentration, IWR, IWP, GWP- 
field, and GHGI were recorded throughout each year.

2.2.2. Planting optimization
A genetic algorithm was used to restructure lucerne cultivation in 

Gansu Province. The objective functions were maximizing biomass 
production, maximizing protein production, minimizing IWR and 
minimizing GWP-field: 

max Production − biomasssum =
∑n

i=1
(Y − biomassi⋅Ai) (6) 

max Production − proteinsum =
∑n

i=1
(Y − proteini⋅Ai) (7) 

min IWRsum =
∑n

i=1
(IWRi⋅Ai) (8) 

min GWP − fieldsum =
∑n

i=1
(GWP − fieldi⋅Ai) (9) 

where i is the number of grids (i = 1, 2, ……, n); Y-biomassi and Y-proteini 
are the biomass yield and protein yield in ith grid, respectively, kg/ha; Ai 
is the planting area of lucerne in the ith grid, ha; IWRi is the IWR of 
lucerne in the ith grid, mm; GWP-filedi is the GWP from lucerne field in 
the ith grid, kg CO2 eq/ha; production-biomasssum, production-proteinsum, 
IWRsum, and GWP-fieldsum are the total biomass production, protein 
production, IWR, and GWP from field of lucerne in the Gansu Province, 

respectively. Biomass production, protein production, IWR, and GWP- 
filed were considered equally important. Research demonstrating agri
cultural and ecological optimization had shown that strategies derived 
from equally weighted settings were valuable for practical management 
(Deléglise et al., 2024; Wang et al., 2019). Therefore, the weight for each 
of the four objectives was set at 0.25 based on the normalized results as 
weight scenario I in this study. Simultaneously, the analytic hierarchy 
process (AHP) method established weighting scenarios II and III by 
setting biomass production as relatively more important than the other 
three objectives and as equally important to protein production while 
being relatively more important than the other two objectives, respec
tively. This was performed to characterize the impact of varying 
objective weights on the optimization results.

The genetic was implemented using the scikit-opt package (Head 
et al., 2020) in Python v 3.9, and the key settings were: the population 
size was 600, the maximum number of generations was 1000, the pro
portional selection and single-point crossover were selected, the cross
over probability was 0.75, and the probability of variance was 0.01. The 
convergence curve showed that the algorithm reached stable perfor
mance at the 755th generation (Figure S3).

Maintaining the planted area unchanged was the main constraint: 

∑n

j=1
Ai ≤ Asum (10) 

Ai ≤ A − gridi (11) 

where Asum is the total lucerne planting area in Gansu Province, ha; A- 
gridi is the area of grid, ha. The genetic algorithm was implemented by 
using the ga function in the R package ‘GA’ (Scrucca, 2013). The main 
parameters of the genetic algorithm in this study were set as follows: the 
size of population was 2000, the maximum number of generations was 
1000, the crossover method was single-point, the probability of cross
over was 0.8, and the probability of variation was 0.01.

2.2.3. Analysis and evaluation
In this study, we hypothesized that lucerne surplus was used for 

cattle and sheep breeding, with the resulting GWP from enteric 
fermentation and manure management (GWP-livestock) and the from 
irrigation-saving (GWP-irrigation) considered alongside GWP-field to 
calculate carbon reduction potential. When calculating GWP-livestock 
and GWP-irrigation, factors related to electricity consumption for irri
gation wells and enteric fermentation and manure management in cattle 
and sheep breeding were considered and the corresponding emission 
factors were refereed to IPCC (2023), Gansu Province Statistical Year
book (https://tjj.gansu.gov.cn/), and Database of National Greenhouse 
Gas Emission Factor (https://data.ncsc.org.cn/factoryes/index) 
(Table S3). A life-cycle assessment was not employed because the dis
tribution of lucerne feed and supply changes after increased production, 
and carbon emissions from energy consumption, transportation, and 
additional resource inputs for new livestock farms are highly uncertain.

2.3. Data sources

Given that raster data on lucerne planting area is not currently 
available, we generated data based on land use and land cover change 
(LUCC) (https://www.resdc.cn/Default.aspx) (1-km spatial resolution) 
and Gansu Province Statistical Yearbook (https://tjj.gansu.gov.cn/). 
Lucerne is part of an agricultural system, and most of the current 
plantings in Northwest China are located in areas with well-established 
irrigation, (http://nync.gansu.gov.cn/). We hypothesized that lucerne 
planting areas only occur where arable land area is aggregated. There
fore, a new blank raster with 5′ resolution was generated to count the 
planting land in LUCC, and then the area in the raster with the planting 
area in the top 50 % of the whole area was filtered out at first, and then 
multiplied by 0.3 based on statistical lucerne planting data in Gansu 
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Province (0.179–0.192 million ha during 2015–2020 ha) to get the 
raster data of lucerne planting in Gansu Province, which was used as a 
baseline for the calculation of the production, consumption, and 
emission.

Soil properties data (bulk density, field capacity, wilting point, 
saturated water content, saturated hydraulic conductivity, alkali- 
hydrolysable N, and soil organic matter) were obtained from the Soil 
Database of China for Land Surface Modeling (30″ spatial resolution) 
(Shangguan et al., 2013) and the China Dataset of Soil Hydraulic Pa
rameters Using Pedotransfer Functions for Land Surface Modeling (30″ 
spatial resolution) (Dai et al., 2013; Shangguan and Dai, 2013). His
torical (1981–2020) and future (2021–2100) climate data were obtained 
from the China Meteorological Forcing Dataset (0.1◦ spatial resolution) 
(Yang et al., 2019) and the Impact Model Intercomparison Project (0.5◦

spatial resolution) (ISIMIP, https://data.isimip.org/), respectively, 
including daily precipitation, minimum and maximum air temperature, 
specific humidity, wind speed, and downwelling shortwave radiation. 
Two typical Shared Socioeconomic Pathways, SSP245 (low-emission 
socioeconomic pathway) and SSP585 (high-emission socioeconomic 
pathway), and three typical global circulation models (GCMs), Can
ESM5, CNRM-CM6–1, and CNRM-ESM2–1, were used in the APSIM 
simulation. Simulation results under the three GCMs from the three 
GCMs were averaged at each grid point annually for analysis and eval
uation. Uncertainties from different GCMs are illustrated in Figure S4. A 
first-order conservative remapping procedure was used to resample the 
APSIM input data to maintain a uniform 5′ spatial resolution.

3. Results

3.1. Spatial and temporal variability of lucerne production

The calibrated APSIM performed well (R2 = 0.95, nRMSE = 20.2 %) 
when compared to the collected real-world experimental data 
(Figure S2), which consequently we used for simulation in each grid cell. 
Variables related to lucerne production (biomass, protein yield, and 
protein concentration), inputs (IWR), resource use efficiency (IWP), and 
cost (GWP-field and GHGI) were characterized by strong temporal and 
spatial variability (Fig. 2–4 and S5-S6). We averaged the annual simu
lations in 10-year steps at each raster to show trends of all variables over 
time, with a focus on the spatial distribution at the mid- (2050 s) and 
late-century (2090 s). Lucerne biomass in Gansu Province ranged from 
5422 to 15075 kg/ha (median 9480 kg/ha) during 1980s-2010s, with 
changes between − 21.1–38.8 % and − 7.5–41.4 % during 2020s-2090s 
under SSP245 and SSP585, respectively (Fig. 2 and Figure S5). Protein 
yield ranged from 1424 to 2837 kg/ha during the historical period 
(median 2012 kg/ha), with greater variation under SSP585 (between 
− 32.2 % and 34.1 %) than under SSP245 (between − 9.4–21.4 %). 
Protein concentration ranged from 18.3 % to 37.1 % during the histor
ical period (median 20.9 %), with greater variation under SSP585 
(-41.7–0.9 %) than under SSP245 (between − 21.7 % and 27.8 %).

Over time, the biomass yield generally increased – up from 9480 kg/ 
ha (median) during the historical span of the 1980s to 2010s, to 
10512 kg/ha (+10.9 %) and 11874 kg/ha (+25.3 %) by the late century 
under SSP245 and SSP585, respectively. Protein yield increased from 
2012 kg/ha in 1980s-2010s to 2127 kg/ha (+5.7 %) and 2209 kg/ha 
(+9.8 %) by the late century under SSP245 and SSP585, respectively. 
Notably, the protein concentration showed a declining trend in the 

Fig. 2. Temporal variability of lucerne yield, protein yield, and protein concentration and the spatial distribution maps of relative changes in the 2090 s under 
SSP245 and SSP585.
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future, decreasing from 20.9 % in 1980s-2010s to 19.6 % (-6.0 %) and 
18.8 % (-10.1 %) by the 2090 s under SSP245 and SSP585, respectively 
(Fig. 2 and Figure S5).

For IWR and GWP-field, although there were increasing trends over 
time, the increases were greater under SSP585 than SSP245, with strong 
spatial variability (Fig. 3 and Figure S6). During the 1980s–2010s, IWR 
fluctuated between 231 and 490 mm, with a median of 321 mm. Pro
jections for the 2020s–2090 s indicated a range of 227–529 mm under 
SSP245 and 246–550 mm under SSP585. Compared to the historical 
period, regional IWR variations were estimated at –19.7–18.3 % under 
SSP245 and –22.0–33.3 % under SSP585. GWP-field changed from 
832 kg CO2 eq/ha (median, ranged 1531–3260 kg CO2 eq/ha) during 
the 1980s-2010s to 1490–3481 kg CO2 eq/ha and 1441–3527 kg CO2 
eq/ha during 2020s-2090s under SSP245 and SSP585, respectively, with 
the regional variations ranging from − 9.9–22.3 % and − 19.5–36.1 %, 
respectively, compared to the historical period (Fig. 3 and Figure S6). 
The IWR of lucerne in Gansu Province increased especially under 
SSP585 where it increased by 8.6 % (3.3 % under SSP245) compared to 
the historical period. GWP-field showed a slight increase – 9.3 % and 
7.2 % by the end of the century (2090 s) under SSP245 and SSP585, 
respectively.

We focused on IWP and GHGI in terms of resource use efficiency, 

which can also be described as production intensity (Fig. 4 and 
Figure S6). Spatially, the historical IWP ranged from 1.35 to 4.39 kg/m3 

(median 2.93) and changed to 1.44–5.03 kg/m3 (changed from 
− 30.9–51.6 %) and 1.27–5.64 kg/m3 (varied from − 11.3–83.6 %) in 
the 2020s-2090s under SSP245 and SSP585, respectively. GHGI fluctu
ated between 0.15 and 0.40 kg CO2 eq/kg biomass (median 0.21 kg CO2 
eq/kg biomass) during 1980s-2010s and changed to 0.14–0.49 kg CO2 
eq/kg biomass (changed from − 30.4–42.0 %) and 0.14–0.30 kg CO2 eq/ 
kg biomass (changed from − 42.0–12.2 %) during 2020s-2090s under 
SSP245 and SSP585, respectively (Fig. 4 and Figure S6). Temporally, 
IWP peaked during the 2070 s under SSP245 (median 3.20 kg/m3, range 
1.61–4.41 kg/m3), while under SSP585 the maximum IWP emerged 
later in the 2090 s with elevated variability (median 3.26 kg/m3, range 
2.01–5.61 kg/m3). Concurrently, GHGI showed a decreasing trend, with 
decreases of 7.2 % and 16.1 % overall in the 2090 s under SSP245 and 
SSP585 compared to the historical period, respectively.

3.2. Restructuring lucerne planting and the production, inputs and costs 
thereof

Given that we posited that the total lucerne planting area in Gansu 
would undergo restructuring without any expansion or contraction, it 

Fig. 3. Temporal variability of lucerne irrigation water requirement (IWR) and global warming potential from field (GWP-field) and the spatial distribution maps of 
relative changes in the 2090 s under SSP245 and SSP585.
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follows that the total area remained relatively stable across all years and 
climate change scenarios. However, regional changes were evident: 
compared to the historical period, the planting area in Longzhong 
(832–1740 ha, 3.1 %-6.4 %) and Longdong (2776–4071 ha, 6.7 %- 
9.8 %) would increase by 3.1 %-9.8 %, the Shule, Heihe, and Shiyang 
river basins would decrease by 3.7 %-11.8 % (338–3345 ha,), and 
Longnan would be stable, fluctuating in the range of − 1–1 % during 
2020s-2090s for equal-weight scenario (weight scenario I) under 
SSP245 and SSP585 (Fig. 5). Although the area changes in sub-regions 
were not consistent, the major planting sub-region were still Longnan 
(34.1 % of Gansu Province, same below) and Longdong (24.2 %), fol
lowed by Longzhong (15.3 %), Shiyang River Basin (13.6 %), Heihe 
River Basin (8.3 %), and Shule River Basin (4.5 %) (Figure S7). Opti
mized planting areas changed over time and climate change scenarios in 
different grid cells. Planting area in each grid cell ranged from 178.3 to 
396.8 ha (median 218.5 ha) during the historical period, and 
21.3–324.9 ha (changed between − 78.5 % and 435.7 %) and 
23.0–321.4 ha (changed between − 92.3 % and 538.0 %) under SSP245 
and SSP585, respectively. Focusing on the two critical periods of the 
2050 s and 2090 s, the planting area was obviously clustered within 
Longzhong and Longdong. For weight scenario II and III, the restruc
tured area changes ranged from − 16.7–19.5 % compared to the weight 

scenario I in each sub-region (Figure S7). Given the uncertainty sur
rounding future actual policy interventions, the equal-weight scenario 
holds greater referential value. Therefore, the subsequent analysis and 
evaluation will focus on weighted scenario I.

The variables related to lucerne production (biomass and protein 
production), inputs (irrigation) and costs (GWP-field) changed across 
regions by restructuring the planting area (Figs. 5 and 6). Biomass 
production in Longzhong and Longdong increased by 14.2–56.8 million 
tons (4.8 %-11.1 % increase) compared to the same period without 
restructuring under SSP245 and SSP585, while protein production 
increased by 1.3–8.5 million tons (2.1 %-9.6 %), which were both 
associated with cultivation restructuring and area expansion. Notably, 
biomass and protein production in Longnan increased by 3.2 and 2.8 
(mean values for SSP245 and SSP585) million tons, respectively, even 
though the planting area was fluctuating during 2020s-2090s. Biomass 
production and protein production in the Shule, Heihe and Shiyang river 
basins decreased by 4.4–26.6 million tons and 0.1–3.9 million tons, 
respectively, a decrease of 0.1 %-10.9 % compared to the same period 
without planting restructuring. As lucerne planting area and production 
concentrated in Longzhong and Longdong, IWR and GWP-field 
increased by 0.9 %-6.1 % during 2020s-2090s under SSP245 and 
SSP585. In Longzhong, IWR and GWP-field increased by 1.0–4.0 million 

Fig. 4. Temporal variability of lucerne irrigation water productivity (IWP) and greenhouse gas intensity (GHGI) and the spatial distribution maps of relative changes 
in the 2090 s under SSP245 and SSP585.
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m3 and 0.6–2.4 thousand tons CO2-eq, respectively, while in Longdong, 
they increased by 1.0–5.0 million m3 and 2.4–4.7 thousand tons CO2-eq, 
respectively. In the Shule, Heihe and Shiyang River basins, IWR and 
GWP-field decreased by 3.8–16.5 % (2.3–17.8 million m3 and 1.0–8.2 
thousand tons CO2-eq), while in Longnan were fluctuating between 
− 2.8 % and 1.2 %.

Compared to the baseline scenario, restructuring of lucerne cultiva
tion led to an increase in biomass production of 30.6–38.5 million tons 
(1.4 %-2.0 % increase) and an increase in protein production of 6.5–7.4 
million tons (an increase of 1.7 %-1.9 %), while the total planting area 
remaining essentially unchanged. During the same period IWR 
decreased by 21.0–24.5 million m3 (3.4 %-3.9 % decrease) and GWP- 
field thousand tons CO2-eq (1.4 %-1.9 % decrease) during 2020s- 
2090s under SSP245 and SSP585 (Fig. 6), respectively.

3.3. Potential contribution of lucerne production to livestock and the 
impacts on environment

Future lucerne production (2020s-2090s) had a notable surplus 
compared to historical periods (Fig. 2 and Fig. 6). Thus, we attempted to 
quantify the potential additional benefits and costs of utilizing it as 
feedstock for livestock, focusing mainly on cattle and sheep (Fig. 7). The 
diets of cattle and sheep typically contain 15 %-20 % lucerne. Based on 
the 10-year statistical data from the Department of Agriculture and 

Rural Affairs of Gansu Province (2010–2019), we set the lucerne pro
portion in cattle and sheep feed to be 18 % and 15 %, respectively. Based 
on the current ratio, we set the ratio of cattle to sheep to 1:5. The 
biomass production surplus of lucerne could supply feed to an additional 
11.7–14.7 million cattle and 58.3–73.5 million sheep under SSP245 and 
11.8–12.9 million cattle and 58.7–64.4 million sheep under SSP585 
during the 2020s-2090s, assuming sufficiency of other feed components. 
Cattle and sheep feeding are a significant source of GHG, so we esti
mated the GWP due to additional feeding. In our analysis, we integrated 
multiple factors to calculate the GWP: electricity savings from IWR re
ductions (GWP-irrigation), GHG emissions from enteric fermentation 
and manure management of cattle and sheep farming (GWP-livestock, 
with coefficients in Table S3), and the GWP from fields (GWP-field) 
modeled using APSIM. Our GWP assessment focused on lucerne pro
duction and its consumption to raise additional livestock, while 
excluding other potential CO₂ - emitting processes like transportation 
and manufacturing. Results showed that cattle and sheep feeding pro
duced 44.5–56.1 thousand tons and 44.9–49.2 thousand tons CO2-eq 
under SSP245 and SSP585, respectively, which far exceeded the 
17.9–20.0 thousand tons CO2-eq reduction due to planting restructuring 
and irrigation water savings. Overall, the expanded livestock operations 
appear to result in an additional 24.9–37.5 thousand tons and 25.6–30.3 
thousand tons CO2-eq under SSP245 and SSP585, respectively.

Fig. 5. Spatial and temporal variability of lucerne redistribution under SSP245 and SSP585.
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4. Discussion

4.1. Lucerne production under climate change

The impacts of climate change on crop production show strong 
spatial variability. The main factors driving these impacts differ glob
ally, depending on crop type, regional climate, and the projected extent 
of climate change (Chen et al., 2023; Ray et al., 2015; Cunniff et al., 
2017). Rising temperatures may accelerate spring regrowth, increase the 
number of harvests, and enhance photosynthetically active radiation 
reception, thereby boosting lucerne yields in Iran (Pourshirazi et al., 
2022). Meanwhile, fluctuations in irrigation water requirements were 
affected by a combination of temperature, precipitation, and CO2. Feng 
et al. (2022) showed the average dry matter yield of lucerne was 11.18 

± 6.69 t/ha based on 7166 observations across China, in particular, 
lucerne yield was significantly and positively correlated with tempera
ture but not significantly correlated with precipitation, which was 
probably because of the amount of irrigation. The improvement of 
lucerne yield was also found to varying degrees under elevated tem
perature conditions (Sanz-Sáez et al., 2012), and reported in other crops 
under future climate change such as tomato (Zhou et al., 2023), 
grapevine (Mosedale et al., 2016) and soybean (Guilpart et al., 2022). In 
a temperate climate, lucerne shoot production increased linearly with 
total intercepted radiation and temperature. In addition, the seasonal 
temperature variation changed shoot production efficiency from 0.47 g 
dry mass/MJ to 1.01 g dry mass/MJ, which was partly due to biomass 
partitioning changes between shoots and perennial biomass (roots and 
crowns) (Brown et al., 2006).

Fig. 6. Changes in lucerne biomass production, protein production, global warming potential from field (GWP-field) and irrigation water requirement (IWR) in 
different sub-regions before and after restructuring cultivation.
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The multi-scenario simulation of the model could provide more 
effective adaptive management and planting strategies for lucerne pro
duction than field experiments. Process-based crop models such as 
APSIM (Pembleton et al., 2016; Watt et al., 2022), STICS (Strullu et al., 
2020) and CSM-CROPGRO (Jing et al., 2020) provide useful tools to 
explore the potential impacts of climate change on forage production. 
The increase in cutting time due to warmer temperatures may increase 
the annual yield, whereas little change was observed with increased 
precipitation in eastern Canada, as a result of already sufficient pre
cipitation in this region (Jing et al., 2020). Simulation in southeastern 
Australia found a larger range (26 %-932 %) of increased lucerne yield 
under future climate change scenarios using APSIM (Pembleton et al., 
2016).

Protein, a key forage quality indicator, has a more intricate response 
to climate change than yield. This is due to the complex process of ni
trogen transformation in plants as they adapt to environmental changes 
(Asseng et al., 2019). The average protein concentration of alfalfa in 
China was 19.05 ± 2.87 % based on the observed data (Feng et al., 
2022), and research on its response to climate change (e.g., warming, 
elevated CO2, and changes in precipitation patterns) is lacking. Drought 
had a negative effect on protein concentration and was found to be 
inconsistent across seasons (Liu et al., 2018). In our study, the rise in 
protein yield came mainly from yield benefit rather than higher protein 
concentration (Fig. 2), possibly due to drought events brought by 
warming (Liu et al., 2018). Climate change compromises lucerne protein 
synthesis through rising CO₂, temperatures, and drought. Although CO₂ 
was not considered in this study, lucerne biomass and protein yield in 
Gansu Province showed significant positive correlations with tempera
ture and significant negative correlations with precipitation. This indi
cated that regional warming remained within the tolerance range for 
lucerne growth. Notably, protein concentration exhibited a significant 
negative correlation with temperature and a significant positive corre
lation with precipitation, contrasting with biomass and protein yield 
(Figure S8). The decline in future lucerne protein concentration was 
primarily attributed to the inhibitory effect of elevated temperatures on 
nitrogen fixation (Sanz-Sáez et al., 2012), which further reduced total 
amino acid content and available nitrogen (Aranjuelo et al., 2011). High 
temperature reduced chlorophyll content and the chlorophyll 

fluorescence parameter (Fv/Fm), while downregulating key 
photosynthesis-related proteins. Concurrently, increased malondialde
hyde content and electrolyte leakage indicate membrane damage in 
lucerne under thermal stress (Li et al., 2021). Further Gene Ontology and 
Kyoto Encyclopedia of Genes and Genomes analyses identified key 
differentially expressed proteins—such as ATP-dependent zinc metal
loprotease FTSH, vitamin K epoxide reductase family protein, and 
ClpB3—that played crucial roles in the heat stress response. However, a 
meta-analysis in China revealed a positive correlation between fiber 
content and mean annual temperature and precipitation, but no signif
icant relationship was found between crude protein content and tem
perature (Li and Liu, 2024), suggesting that climate impacts on lucerne 
nutritional quality may involve more complex regulatory pathways.

To mitigate these climate-driven nutritional losses, strategic in
terventions are necessary. For instance, targeted nutrient management 
(e.g. selenium or other micronutrients application) could enhance lu
cerne’s stress resilience and protein synthesis under abiotic stress con
ditions (Abdullah et al., 2025). Exploiting microbial symbiosis 
(particularly arbuscular mycorrhizal fungi and stress-tolerant rhizobia 
strains) could improve plant water and nutrient uptake, thereby sup
porting protein production during drought and heat stress (Liao et al., 
2023). Adaptive harvesting strategies, such as adjusting cutting sched
ules based on heat accumulation to avoid peak stress periods, could help 
preserve forage quality by capturing the crop at the optimal protein 
content (Li et al., 2023). As a critical forage species, lucerne demands 
integrated strategies balancing yield, protein content, and ecological 
sustainability under climate change.

4.2. Potential of restructuring cultivation to improve production and 
environmental co-benefits

Restructuring crop cultivation establishes an optimal relationship 
between resource inputs and agricultural production by reasonably 
optimizing and adjusting the planting area and spatial distribution, 
while maximizing regional benefits (Li et al., 2016). Optimizing planting 
structure is an important way to ensure stable increases in crop pro
duction (Yang et al., 2022). The restructuring and even shifting of 
regional crop cultivation allows for trade-offs between yields, irrigation 

Fig. 7. Scale of the livestock supportable by increased lucerne production and the associated global warming potential (GWP).
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water inputs and GHG, offering the possibility of increased production 
and environmental benefits (Wu et al., 2025). Guilpart et al. (2022)
demonstrated that Europe, despite facing similar challenges of soybean 
import dependency, has significant potential to enhance supply resil
ience under climate change through strategic expansion of cultivation 
areas. However, the explicit quantification of agro-ecological trade-offs 
is lacking, as well as the environmental externalities and land-use 
change dynamics associated with the expansion of soya bean cultiva
tion. On the other hand, climate change may lead to further shortage of 
agricultural water resources, and water conservation through restruc
turing of agricultural cultivation is a viable option. Yu et al. (2021) re
ported that a 15 % water-saving plan was the best scenario in north 
China, through a combined approach of reducing irrigated land reduc
tion, controlling crop scale and using water-saving irrigation methods.

Current studies on acreage reconstruction mainly focus on cereals, 
pulses, and vegetables (Fan et al., 2025; Wu et al., 2025), with limited 
research on forages such as lucerne. We restructured lucerne cultivation 
in Gansu - an important region for forage cultivation in China - on the 
basis of simulating spatial and temporal variability of biomass, protein, 
and GWP-field under climate change (Figs. 2–4), and found that 
expanding 4238–5521 ha of cultivation in the Longzhong and Longdong 
regions (Fig. 5) would lead to higher benefits in production, water use, 
and the environment for the whole region (Fig. 6). This reconstitution 
could be interpreted as transferring the cultivation area from the Hexi 
Corridor (Shule, Heihe, and Shiyang River basins) to Longzhong and 
Longdong - that is, as we set the total area to remain unchanged. This 
relocation essentially involved shifting lucerne cultivation to regions 
with more suitable climate and soil conditions, as Longdong and Long
zhong owned temperatures 5.3–44.9 % higher, radiation 1.3–19.6 % 
lower, saturated hydraulic conductivity 4.9–49.6 % lower, and silt 
content 3.8–36.6 % higher than other subregions (Figure S9), consistent 
with the results of the Spearman correlation (Figure S8). However, the 
additional GWP from additional production of lucerne, if used directly 
for livestock expansion, would outweigh the GWP reductions from 
restructuring lucerne cultivation and water conservation (Fig. 7). 
Reducing direct and indirect carbon emissions from livestock farming 
can be achieved through feed additives (e.g., antibiotic, phyto
compounds, etc) (Gutierrez-Chavez et al., 2025), biological solutions (e. 
g., vaccine, rumen microbiome, etc) (Waters et al., 2025), breeding and 
productivity improvements (e.g., selective breeding, health manage
ment, etc) (Zanon et al., 2025), and management optimizing (e.g., 
improving manure treatment technology can reduce ammonia and 
methane emissions by more than 33 %.) (Yan et al., 2024). Therefore, 
livestock should focus on these dimensions to advance low-carbon 
development through technological innovation to achieve sustainable 
development of agricultural systems in response to increasing demands 
for animal products.

4.3. Limitations and future research

Although we quantified the spatial and temporal variability char
acterizing lucerne yield, protein, water consumption, and GWP in Gansu 
Province, elevated CO2 was not considered in this study as it would 
require further development of the CO2 effect on the crop model based 
on extensive experimental data collected from controlled environment 
(e.g., FACE and OTC). In addition, the main planting areas of lucerne 
include Inner Mongolia and Hebei, making it crucial to consider broader 
regional climate and soil heterogeneity when developing regionally 
distributed lucerne production strategies. Lucerne, as a moderately salt- 
tolerant crop, should also be quantified and evaluated for its produc
tivity and benefits on marginal lands. However, this also placed higher 
demands on crop model performance under stress conditions (e.g., 
salinity and drought stress). Acquiring extensive experimental data to 
enhance the representation of soil and climate stress effects on crops in 
model was a crucial pathway to achieving this. The economic analysis of 
lucerne cultivation and application is a matter of practical concern, 

relating to feasibility of the cultivation project. Sprouts, extracts, pow
ders, and dietary supplements are all applications of lucerne beyond its 
use as feed (Tlahig and Elfalleh, 2025). The labor, equipment, trans
portation costs, and environmental pressures associated with these ap
plications form a complex industrial chain that requires consideration 
and calculation from an industry-wide perspective.

5. Conclusion

In this study, we used APSIM to simulate the spatial and temporal 
variability characteristics of biomass, protein, water consumption, and 
carbon emissions of lucerne in Gansu Province, and restructured the 
planting to enhance production, efficiency, and environmental benefits. 
Results showed that biomass yield, protein yield, IWR, IWP, and GWP- 
field of lucerne were increased by 17.6 %, 10.0 %, 3.9 %, 12.0 %, and 
6.2 % respectively by the end of the century, while protein concentra
tion and GHGI decreased by 6.7 % and 10.5 %, respectively. With the 
total area unchanged and considering the spatial and temporal vari
ability characteristics of the variables, total biomass and protein were 
improved by 1.2–2.0 %, irrigation water was reduced by 3.4–3.9 %, and 
GWP-field was decreased by 1.4–1.9 % by transferring 4238–5521 ha of 
planting area from the Hexi Corridor to Longzhong and Longdong 
compared to no change in the lucerne cropping pattern. The surplus 
lucerne production could support additional feeding of 11.7–14.7 
million cattle and 58.3–73.5 million sheep. However, this would result 
in an extra 44.5–56.1 thousand tons CO2-eq emissions, which far out
weighs GWP benefits of soil respiration and irrigation savings from 
restructured cultivation (reducing 17.9–20.0 million tons of CO2-eq 
emissions) and generating 24.9–37.5 million tons of CO2-eq emissions. 
The development patterns of grassland and livestock in Gansu Province, 
along with the water resource constraints and carbon emission pressures 
faced, exhibited high homogeneity with other northwestern regions 
such as Shaanxi, Ningxia, Inner Mongolia, and Xinjiang. Further, the 
core driving parameters of the simulation and optimization framework 
proposed in this paper—climate factors, soil attributes, and manage
ment practices—were universally applicable. Therefore, the program 
and methodology for lucerne restructuring proposed in this study not 
only offered potential solutions for sustainable agricultural development 
and food security but also established paradigm-setting for soil-water 
adaptation strategies in arid regions of Northwest China and the world.
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