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Fallow priority areas for spatial trade-offs between
cost and efficiency in China
Siyan Zeng 1,2,3, Fu Chen 4✉, Gang-Jun Liu5, Estelle Raveloaritiana 2,3 &

Thomas Cherico Wanger 2,3,6,7✉

Fallow pilot policies exist in China but fallow priority areas have yet to be identified based on

eco-environmental stressors and spatial cost-benefit analyses. Here we use a multi-criteria

optimization algorithm to determine fallow priority areas based on soil pollution, groundwater

overexploitation, land quality, and ecological protection redlines delineation data and with

high-cost effectiveness. By considering five spatial scenarios on three objective functions, we

find most notably that fallowing the top 20% of priority areas, the benefit of pollution control

and environmental protection can be achieved by up to 98.7% and 64.7%, respectively. Our

results show that effective fallow prioritization on cultivated land may reduce implementation

costs by up to 509.3 billion USD, corresponding to 13.6% of China’s budget in 2021. Thus,

effective fallow prioritization will promote sustainable land use by pursuing goals between

benefits and cost synergistically and allow budget allocation to other sustainable agricultural

targets based on agricultural diversification.
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The global agricultural system needs to guarantee sufficient
and sustainable food production for a growing population
while curbing the environmental deterioration of cultivated

land caused by industrial agricultural practices1. In addition, food
safety is essential to human health2, while over five million soil
sites worldwide are contaminated with toxic elements3. Different
strategies have been suggested for major policy initiatives to
mitigate soil erosion, severe groundwater overdraft, soil degra-
dation, and reducing soil pollution for instance through agri-
cultural diversification, phytoremediation, and fallow4–6. Fallow
cultivated land is an agricultural technique involving the ecolo-
gical process whereby farmers stop farming for a period and it is
practiced globally7.

Fallow systems have long been used to reduce negative
externalities such as excessive water use during production, and
to increase yields by recovering soil nutrients8–10. In China, fal-
low cultivated land encompasses multiple series of measures such
as engineering treatment, phytoremediation, or soil restoration to
enhance soil fertility, remediate pollution, and improve cultivated
land environments (MARA of China, 2019). And recently, the
Chinese government advocates the use of fallow as an effective
strategy to solve ecological degradation in cultivated land11, and
to promote sustainable agricultural development. Indeed, within
Chinese agricultural policy, fallow has been identified as a key
measure for a cost-effective strategy to protect cultivated land12

and to reduce soil pollution for ensuring food safety13,14, while at
the same time aiming to increase grain production and ensuring
national food security15. However, the Chinese policy does not
yet include any guidance to implement fallow with win-win
scenarios between ecological and economic leverage points16.
More specifically, it is not yet known where fallow implementa-
tion in food production or ecological benefits may be achieved
with the least cost.

Spatial trade-offs are recognized globally as an effective
approach in spatial decision-making of land use17. Currently,
most published studies focused on either statistical analysis of
trade-off relationships or optimized representative trade-offs
related to ecosystem services, biodiversity conservation, restora-
tion priorities, and protected zones18–20. However, no research
shows the benefits of prioritizing fallow zones at the national scale
and evaluating the spatial cost-benefit trade-offs. Previous studies
of the fallow implementation scale in China mainly focused on
predicting the recommended fallow ratio based on food demand
considerations21–24 or quantifying fallow at the regional scale
based on a single aspect of cultivated land due to the data lim-
itation at the national scale7. For example, from the perspective of
land use change from 1990 to 2017, Lu et al.21 estimated the grain
production potential of existing and unexcavated cultivated land
to get the theoretical fallow scale under the regionally differ-
entiated per capita grain consumption levels in China. Liang
et al.23 considered arable land holdings volume and the minimum
food security bottom line constraints of China in 2035, 2050, and
2100 to set fallow thresholds, with an annual fallow ratio up to
13.57%, 10.65%, and 31.51%, respectively. However, these pre-
ceding studies had limitations as they only determined the fallow
scale but without spatial analysis7,25,26. Furthermore, the Chinese
government has adopted the voluntary declaration and total scale
control approach to implementing fallow from the bottom up15.
The fallow programs piloted so far have clarified neither the
fallow urgency of eco-environmental stressors nor the spatial
trade-off analyses between environmental and economic costs
and benefits.

Here, we applied a multi-criteria optimization algorithm and
combined multisource data to fill these gaps by evaluating the
trade-offs between environmental and economic costs and ben-
efits of the fallow system in China. Based on this approach, we

answered where to fallow could lead to the most cost-efficient
management decisions. Based on the four main eco-
environmental stressors of fallow cultivated land (1) soil
pollution6,27,28, (2) groundwater overexploitation7, (3) quality of
cultivated land6,7, and (4) ecological protection redlines (EPR)
areas29, we optimized the spatial trade-offs of fallow across five
scenarios, focusing on three objective functions on environmental
and economic costs and benefits. To give realistic fallow recom-
mendations, we determined a 20% upper limit of fallowing the
total cultivated area (see the section “(2) Fallow scale constraints”
below). Our study shows that multi-objective decision-making
methods are advisable if trade-offs between benefits and costs of
fallow implementation are to be enhanced. We call for further
fallow programs in China to be oriented towards overarching
cost-benefit efficiency to guide cultivated land degeneration pre-
vention programs and promote sustainable cultivated land use.

Results
Spatial distribution of eco-environmental stressors on culti-
vated land. Across China, 77.9% of cultivated land is unpolluted,
18.6% is slightly polluted, and 3.5% suffers moderate to severe soil
pollution (Fig. 1a). Soil pollution in southern China is serious,
displaying a large dispersed distribution pattern, unlike the point
distribution in the north. Almost all the moderate and severe
polluted areas are distributed to the east of the “Hu Huanyong
line”, such as cultivated land located in Jiangsu, Hunan, and
Jiangxi provinces (names and locations of the provinces are
shown in Supplementary Fig. 2).

Only 29.5% of arable land is rated good or excellent based on
the quality grading of cultivated land. The good or excellent
arable land is located mainly in the eastern region with relatively
flat terrain, high-quality water for irrigation, and adequate rainfall
(Fig. 1b). By contrast, about 17.7% of arable land is rated poor or
inferior and is distributed mainly in the northwest region
characterized by poor quality irrigation water, inadequate rainfall,
and hilly topography.

In 91.8% of all cultivated land, groundwater use is balanced
(Fig. 1c). Only 4.5% of cultivated land suffers moderate to severe
groundwater exploitation, scattered across the arid regions of
Xinjiang, Gansu, Shaanxi, and Hebei. The biggest area of
overexploited groundwater was found in Hebei and Henan,
covering ~4670 km2, and 3950 km2, respectively.

Two classes of EPR were distinguished based on the Guidelines
for the Delineation of Ecological Protection Redlines30. Across
China, 85.5% of cultivated land was located outside of the
delineation of EPR, and 14.5% was located within the first- or
second-class EPR, respectively (Fig. 1d). The cultivated land
found within the first-class EPR, where the ecosystem services are
extremely important, and the environmental sensitivity is
extremely sensitive, was largely clustered in the hilly and gully
areas near the Loess Plateau. The cultivated land in the second-
class EPR was mainly clustered in the Changbai Mountain
Ecological Function Reserve at the border of Heilongjiang and
Jilin.

Priority areas for fallow. We found differences in spatial dis-
tributions of priority fallow areas especially in scenarios, where
the focus was solely on achieving pollution control benefit
(Fig. 2a), or environmental protection benefit (Fig. 2b), or redu-
cing the cost associated with implementing fallow (Fig. 2c). The
differences highlight the importance of both comprehensive
trade-off analyses and multi-objective optimization, with ration-
ally selected priority fallow areas and different objective strategies
(Fig. 2d, e).
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When focused on maximizing the percentage of the pollution
control benefit in the priority to risk mitigation scenario (PMS),
fallow priority areas were mainly concentrated in the south-
eastern part of China (Fig. 2a). The distribution of the top 3.4%
fallow priority areas in PMS was homologous to the spatial
pattern of cultivated land’s moderate and severe pollution degree,
as these areas corresponding to the high concentration for
carcinogenic heavy metals, including Cr, Cd, and Pb (Supple-
mentary Fig. 9). When focused on maximizing the percentage of
environmental protection benefit in the priority to ecological
civilization scenario (PES), the top 4.3% fallow priority areas were
mostly concentrated in the northern and central regions of China
(Fig. 2b). When focused on minimizing the cost associated with
implementing fallow in the cost reduction scenario (CRS), large-
scale fallow priority areas were concentrated in the northern and
western area of China (Fig. 2c).

When we considered the combination of the pollution control
and environmental protection benefit in the multiple benefits
scenario (MBS), the spatial distribution of the top 4.2% fallow
priority areas was mainly concentrated in the hilly and gully areas
close to the Loess Plateau in Gansu, the junction of Henan and
Hebei, southeastern InnerMongolia, and southern Anhui (Fig. 2d).
When all three criteria (including maximizing pollution control
benefit (RIi), maximizing environmental protection benefit (EPi),
and minimizing fallow implementation cost (CTi)) were simulta-
neously considered in the comprehensive fallow scenario (CFS,
Fig. 2e), the top 8% fallow priority areas had a similar spatial
distribution to that shown in the cost reduction scenario (CRS,

Fig. 2c). The priority fallow areas in these two scenarios (Fig. 2c, e)
are more scattered than the other three scenarios (Fig. 2a, b, d),
while the top 20% fallow priority areas in the northeast area of the
comprehensive fallow scenario (CFS) is much higher than the cost
reduction scenario (CRS).

Outcome evaluation. Cost-benefit differences exist between the
five spatial scenarios of priority fallow areas (Fig. 3). When the
top 2.1% of fallow areas are considered, benefits for the max-
imized percentage of pollution control, vary 95.0 times for the
same fallow percentage (α= 23.5%, ranging between 0.3% in the
cost reduction scenario (CRS) and 23.8% in the priority to risk
mitigation scenario (PMS)) (Fig. 3a). Benefits for the maximum
percentage of realized environmental protection vary over
eightfold and β=9.9%, vary from 1.3% in the cost reduction
scenario (CRS) to 11.2% in the priority to ecological civilization
scenario (PES)) (Fig. 3b). The minimum total cost of fallow
implementation of 2.1% area differed by 192.8 billion USD on
average, and the corresponding costs range of scenarios 1–5 is
152.2–242.7 billion USD, 29.4–41.3 billion USD, 3.9–8.7 billion
USD, 138.2–256.9 billion USD, and 8.5–20.7 billion USD,
respectively (Fig. 3c).

When 20% of priority fallow areas are considered, the maximum
percentage of the pollution control differed by 85.9%, ranging
between 12.8% in the cost reduction scenario (CRS) and 98.7% in
the priority to risk mitigation scenario (PMS) (Fig. 3a). However,
the maximum percentage of realized environmental protection
benefit is 64.7% in the priority to ecological civilization scenario

Fig. 1 Spatial distribution of eco-environmental stressors on cultivated land in China (note: EPR represents the ecological protection redlines). a Soil
pollution. b Arable land quality. c Groundwater overexploitation. d Delineation of EPR.
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(PES), showing 42.4%, 48.1%, 32.5%, and 38.11% higher than in the
PMS, CRS, MBS, and CFS, respectively (Fig. 3b). The total cost of
fallow implementation differed by 6.7 times at the minimum cost,
while differed by 7.4 times at the maximum cost, ranging 56.6–79.4
billion USD in the CRS and 380.4 –588.7 billion USD in the PMS
(Fig. 3c). Overall, priority fallow of 20% of the cultivated land in the
comprehensive fallow scenario (CFS) could achieve up to 28.8% of
pollution control benefit (Fig. 3a) and realize at most 26.6 % of
environmental protection benefit (Fig. 3b), with only cost 65.5–95.6
billion USD (Fig. 3c). When compared with the cost reduction

scenario (CRS), priority fallow of 20% of the cultivated land in
China can minimum reduce 323.8 billion USD, or maximum
reduce 509.3 billion USD (Fig. 3c).

Discussion
We quantify the benefits for, and costs of, multiple targets to use
fallow for pollution control on human health risk mitigation and
environmental protection such as by cleaning up severely pol-
luted, poor or inferior quality, and severe groundwater

Fig. 2 Spatial trade-off analysis to identify priority fallow cultivated land areas in China. a Priority to risk mitigation scenario (PMS). b Priority to
ecological civilization scenario (PES). c Cost reduction scenario (CRS). d Multiple benefits scenario (MBS). e Comprehensive fallow scenario (CFS).
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exploitation cultivated land. We find that by implementing a 20%
priority fallow strategy on the total cultivated land, 98.7% of
pollution control benefit can be achieved under the priority to
risk mitigation scenario (PMS). When compared to the priority to
risk mitigation scenario (PMS), fallow implementation costs can
be reduced by up to 509.3 billion USD under the cost reduction
scenario (CRS), which is accounting for 13.6% of China’s public
budget expenditure in 2021. It means that effective fallow
prioritization will allow national budget allocation to other sus-
tainable agricultural targets based on agricultural diversification4.
Our scenario-based analysis suggests that fallow implementation
requires a spatial differentiation pattern with a multi-objective
decision-making method. The spatial differentiation pattern
highlights that area alone is an ineffective metric for balancing the
benefits and costs of fallow implementation at a national scale,
with up to 95.0 times and over eightfold variation in outcomes for
the same fallow percentage of the pollution control benefit and
environmental protection benefit, respectively. These results show
that location-specific fallow implementation should instead be
oriented towards overarching cost-benefit efficiency to guide soil
pollution and cultivated land degeneration prevention programs
in China.

The large population and limited cultivated land resources in
China makes identifying an appropriate fallow scale a critical
issue without affecting national food security and in paral-
lel leading to the most cost-efficient management decisions under
resources and environmental constraints. To address this urgent
issue, the majority of current studies only focused on theoretical
analyses to explore the implementation framework but lack
precise data for systematic computations15,31. Some studies focus
on the fallow scale at the national level and provide the appro-
priate fallow scale in relation to the population carrying capacity
of land32, national food security22–24, or land use change21.
Location-specific information is critical because it can help to
avoid the mismatch between voluntary fallow land declaration by
farmers and the areas that require fallow implementation. Our
study provides specific answers of where to fallow but followed
the recommended upper scale limit of 20%33,34; in contrast the
existing literature only gives fallow ratios35,36. In addition, the
selection of four co-environmental stressors is consistent with
previous studies and the specific requirements of fallow policy in
China, which enhanced the reliability of our research findings on
fallow priority areas. Our priority fallow areas are consistent with

the current fallow pilots’ location3,7,27,37,38, such as heavy metal
contaminated zones of Hunan province in our priority to risk
mitigation scenario (PMS) and the groundwater overdraft zone of
Henan province in our priority to ecological civilization
scenario (PES).

We acknowledge two caveats with our study related to the soil
pollution data sources and the social implications. The used soil
pollution data is necessarily suffering from carry-over effects of
limited resolution and outliers of the sample distribution in the
sourcing studies, which may affect our pollution control benefit
evaluation and the restoration priority areas for fallow. We
accounted for this caveat by using the [x/4, 4x] method to verify
that outliers do not affect the actual fallow priority results
(sensu39,40; for more details see Supplementary Note 6). Fur-
thermore, the mapping resolution of 1 km2 in our study meets the
requirement of the Chinese national fallow policy, which is much
smaller than the most basic administrative statistical unit of a
village in China, while the fallow pilot program is implemented
with the smallest unit generally no smaller than a village6.
Moreover, social factors such as the willingness of farmers to
fallow will affect the practical implementation of our results.
While this is an important issue, to our knowledge the relevant
data with appropriate resolution was not available at the time of
writing and we considered this aspect to be beyond the scope of
this study.

Current fallow pilot programs in China can be divided into two
types: crop rotation and full fallow, consisting of different mea-
sures on soil restoration6, which means that the definition of
fallow is not limited to land “rest” (MARA of China, 2019). For
instance, the “managed fallow mode” focuses on improving soil
physicochemical properties and decreasing pollutants content by
combining long-term remediation measures27. The “fertilizer
enrichment mode” includes tillage and sunning, growing winter
green manure crops, intercropping with bean crops, and focuses
on removing continuous cropping obstacles in low arable land
quality areas20. However, the voluntary declaration and total scale
control approach make the spatial characteristics of cultivated
land resources among different pilot areas insufficiently con-
sidered, but these characteristics determine broad-scale fallow
implementation priorities. Besides this, as the Chinese policy
definition of fallow is admittingly far-reaching and broad20,21,27,
we discuss the question of where to fallow in China without
specifying how to fallow (e.g fallow mode, time allocation, etc.).

Fig. 3 Different outcomes of the five spatial scenarios of priority fallow areas (note: 100 USD= 660 CNY). a Maximizing pollution control benefit.
b Maximizing environmental protection benefit. c Minimizing fallow implementation cost.
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Thus, our study considers the spatial distribution of the four most
urgent eco-environmental stressors and costs influencing fallow
programs implementation on cultivated land in China. The fallow
targets should be oriented towards multiple outcomes, including
pollution control, environmental protection, and cost reduction,
which can enhance the fallow implementation efficiency and
maximize benefits at minimum cost.

Previous studies on the national level of fallowing focused on
the fallow scale calculation from the food demand perspective but
without spatial analysis. We fill this research gap by identifying
the trade-offs among maximizing the pollution control and
environmental protection benefits while minimizing fallow
implementation cost, and then identifying priority fallow areas
under different scenarios. Our study is different from previous
work when comparing the consideration of indicators in our
multi-objective function. Besides considering four eco-
environmental stressors of fallow cultivated land, we calculate
fallow implementation cost comprehensively for the first time at
the national scale. The trade-off decision-making tools can be
applied to support fallow planning practices and optimize the
spatial-temporal allocation of fallow areas at the national, regio-
nal, and local levels. Such a trade-off assessment could be done by
investigating cost-benefit efficiency to decrease unsustainable land
use, similar to ecosystem restoration or consolidation of agri-
cultural land studies16,41. Spatial distribution of eco-
environmental stressors on cultivated land provides the basis
for identifying the fallow priority areas, and then for tracking
fallow implementation towards soil pollution control and envir-
onmental protection, as well as applying cultivated land condition
monitoring to support decision-making. By mapping the priority
fallow areas of different scenarios and quantifying the efficiency
on benefits and cost, our findings underscore that - if well-
planned, fallow prioritization can make substantial headway on
enhancing implementation efficiency towards addressing the
most urgent issues under limited funds. This study provides a
comprehensive overview of fallow priority areas and offers spe-
cific data to decision-makers to achieve the goal of eco-
environment protection in China and the global food systems
transformation through enhanced soil conservation efforts.

Methods
Data collection and processing. Soil pollution data were obtained from our
previous research results40 and are based on 553 peer-reviewed articles that report
soil pollution data for 1781 soil sample locations, including 5597 samples with
average concentrations of eight pollutants (see Supplementary Note 2). Data on the
quality grades of cultivated land were derived from China’s cultivated land quality
grade evaluation released by the MLR in 201542. The data on groundwater over-
exploitation was extracted from the 1979 and 2011 Shallow Groundwater Level
Contours and Burial Depth Atlas published by the hydrogeological Survey Center
of China Geological Survey (CGS)43. The groundwater overexploitation data was
derived according to the Guidelines for the Assessment of Groundwater Over-
exploitation Zones (GBT34968-2017)44 and modified with the Distribution of
China’s Major Groundwater Overexploitation Areas (2004)45 and the Atlas of
Groundwater Resources and Environment in China (2006)46 released by the
Department of Water Resources of the Ministry of Water Resources and the
Nanjing Hydraulic Research Institute. The delineation of ecological protection
redlines (EPR) was delineated according to the Guidelines for the Delineation of
Ecological Protection Redlines issued by the Ministry of Environmental Protection
(MEP) and the National Development and Reform Commission (NDRC) of China.
The importance of ecosystem service and the environmental sensitivity were
evaluated (see Supplementary Note 3) to generate a spatial distribution map of the
EPR in China by complementing with datasets from various sources, as listed in
Supplementary Table 2. The delineated EPR was then also compared with the
released EPR of 20 Chinese provinces47 to make the correction of the spatial
distribution map of the EPR by using the overlay analysis on ArcGIS 10.6 (ESRI,
Sacramento, CA, USA).

Analysis of eco-environmental stressors for cultivated land. We identified the
four main eco-environmental stressors of fallow cultivated land (1) soil pollution27,
(2) groundwater overexploitation, (3) quality of cultivated land, and (4) ecological
protection redlines (EPR) areas. We chose the former two, because they are

prioritized in the national fallow policy6,28. The latter two, are used in previous
studies to select barren land7 and to alleviate the conflict between arable land use
and environmental protection29, respectively. For more details on eco-
environmental stressors selection, see Supplementary Note 1.

Assessment of soil pollution. Soil pollution is mostly composite pollution and single-
element pollution rarely occurs39. Therefore, the single factor index and the
Nemerow integrated pollution index were used in this study to analyze the degree
of soil pollution (Supplementary Note 4). Due to the various types of pollutants in
Chinese cultivated land, those collected eight pollutants for the soil pollution
assessment, including heavy metals (Cr, Cu, Cd, Pb, and Zn), organic pollutants
(HCHs, DDTs), and PAHs, which are the most important soil contamination in
China and the main pollutants required to be monitored by the Chinese soil
environmental quality standards, Soil environmental quality risk control standard
for soil contamination of agricultural land (GB15618-2018)48. The assessment
standard value Sj of pollutant j was obtained from the Soil environmental quality
risk control standard for soil contamination of agricultural land (GB15618-2018)48.
The pollution standard of total PAHs content is the categorized standard threshold
value (<200 µg kg−1)49 (Supplementary Table 4). The soil quality standards listed
in the technical requirements for regional ecosystem geochemistry assessment
(DD2005-02)50 were used to classify the soil composite pollution index PI of
cultivated land, which was classified into five categories (Supplementary Table 5).

Quality grading of cultivated land. Arable land quality in China is rapidly declining
due to the increasing occurrence of natural disasters, the overuse of fertilizers and
pesticides, and emerging threats such as plastic pollution51. Although the pro-
mulgated Land Administration Law stated a balanced system of arable land
occupation and compensation, the issue of compensated arable land quality is
usually much worse than the occupied land (inferior land compensated for
excellent land occupied) remains difficult to solve52. Therefore, China’s cultivated
land area of 1,350,974 km2 was quality grade based on 15 levels (1st grade the best
and 15th grade the worst) in 2015 to promote arable land conservation42. In this
study, China’s cultivated land was divided into five categories according to the
further classification by the MLR, rated as excellent quality land (Grade 1–4), good
quality land (Grade 5–8), medium quality land (Grade 9–12), poor quality grade
(Grade 13–14) and inferior quality land (Grade 15). Furthermore, we used ArcGIS
10.6 to extract the Chinese arable land 30 × 30 m raster data in 2020, with an
overall classification accuracy of 88.90 ± 0.68%53. We then assigned grade values to
new arable land from 2016 to 2020 according to the principle of a similar quality
degree of neighboring units54.

Evaluation of groundwater overexploitation. In this study, groundwater over-
exploitation of selected areas in China was delineated using the water level
amplitude method38 by comparing the Shallow Groundwater Level Contours and
the Burial Depth Atlas of China of 1979 to that of 2011. The water level amplitude
method refers to the evaluation of the groundwater exploitation of the mining area
based on the survey data of the groundwater level in the initial year and the current
year following the delineation standards in the Guidelines for the Assessment of
Groundwater Overexploitation Zones (GBT34968-2017)42. The groundwater
exploitation zoning was performed according to the following equation:

K ¼ H1 � H2

� �
=T ð1Þ

where K is the average annual rate of groundwater level change (m a−1), H1 is the
groundwater burial depth of the initial year (1979) (m), H2 is the groundwater
burial depth of the current year (2011) (m), and T ¼ 33, is the period (a).
According to the groundwater overexploitation zoning criteria, the areas where the
average annual decrease rate of groundwater level change of K < 0.3 m a−1

represented the groundwater use is non-overexploitation (if 0 > K, represented
there was recharging of groundwater; if 0 < K < 0.3 m a−1, represented the
groundwater use is in a balanced status of exploitation and recharge). For
0.3 < K < 0.5 m a−1, 0.5 < K < 0.8 m a−1, and K > 0.8 m a−1 were used as the mining
and replenishment specified as “slight”, “moderate”, and “severe” overexploitation
zone, respectively.

Delineation of ecological protection redlines (EPR). As of December 30, 2019, only
20 provinces (Supplementary Fig. 8) have announced ecological protection red
lines (EPR), which cannot be directly overlapped to get the national EPR map.
According to the Guidelines for the Delineation of Ecological Protection Red Lines30,
the Ministry of Ecology and Environment of China has been delineated according
to the evaluation of ecosystem services (www.ecosystem.csdb.cn) and the envir-
onmental sensitivity55 (Supplementary Note 3). More specifically, we considered
water retention, soil conservation, and biodiversity maintenance based on the
guideline when evaluating the importance of ecosystem services. Environmental
sensitivity was evaluated based on the three indicators: land desertification, soil
erosion, and rocky desertification (Supplementary Table 3). Where the value of one
of these indicators exceeded the threshold, the whole ecosystem would face
environmental problems56.

The overlay analysis function of ArcGIS 10.6 was used to modify the spatial
layout of the delineation of EPR with the published results of the current 20
provinces. In this study, the delineation of EPR was divided into three categories by

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00850-1

6 COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:183 | https://doi.org/10.1038/s43247-023-00850-1 | www.nature.com/commsenv

http://www.ecosystem.csdb.cn
www.nature.com/commsenv


using the “con” statement from the grid calculation tool in ArcGIS 10.6: (1) the
first-class EPR, where ecosystem services are extremely important and the
environmental sensitivity is extremely high, was determined through the “AND
operations”; (2) the other areas of the cultivated land within the delineation of EPR
were taken as the second-class EPR, was determined through the “OR operations”;
and (3) the whole remaining cultivated land in China was considered as outside the
delineation of EPR.

Constructing the spatial trade-offs model for fallow
Objective functions
(1) Maximizing pollution control benefit (RIi): Controlling pollution and restoring
cultivated land is important for promoting the sustainable use of cultivated land
resources. Therefore, spatial trade-offs aim to maximize the benefits of cultivated
land pollution control after implementing fallow. We use the human health risk
evaluation model57 which is comprised of a toxic response coefficient and the
pollutant content in the soil to take regional pollution background, migration, and
transformation of pollutants toxicity in the soil into account. Considering relative
to adults, children exhibit increased susceptibility to some chemical exposures, the
exposure parameters and doses were calculated focusing solely on children, which
resulted in a systematic characterization of the non-carcinogenic or carcinogenic
risk of farmland pollution to children58,59. Compare to carcinogenic risk, the
human health effects of non-carcinogenic substances are not death, but a decrease
in body function57. Therefore, our study uses the determined children’s carcino-
genic risk to represent the most urgent area needed to be fallowed to mitigate the
pollution degree for ensuring human health and assumed that the concentrations
of pollutants in the soil after fallow could be effectively reduced to the same with no
carcinogenic risk area. The average daily exposure doses of the three pathways of
ingestion (ADDing ), inhalation (ADDinh), and dermal adsorption (ADDderm) were
calculated (Supplementary Note 5). The carcinogenic risks of the three exposure
pathways were calculated by equations as follows:

CR ¼ ADD ´ SF ð2Þ

CRT;i ¼ ∑ðCRing;i þ CRinh;i þ CRderm;iÞ ð3Þ
where ADD is the average daily exposure dose (mg kg−1—day); CR is the car-
cinogenic risk quotient; SF is the carcinogenic slope factor of the carcinogenic
pollutant and the SF values for pollutants are provided in Supplementary
Table 7; and CRT;i is the total carcinogenic risk quotient in cultivated land grid
unit i. Among the 16 kinds of PAHs, three organic pollutants: benzo(a)pyrene
(BaP), fluoranthene, and pyrene, are included in the Priority Pollutant List by
the U.S. Environmental Protection Agency (USEPA). Among them, BaP is a
strong carcinogenic agent49. Therefore, BaP was selected as the representative
toxic organic pollutant and is used to assess the health risk of PAHs. Con-
sidering the bioavailability in the human body, the acceptable threshold of CRT;i

was then defined as 1 ´ 10�5 based on the International Commission on Radi-
ological Protection60. The larger value of CRT;i , the more urgent is needed to
implement fallow.

(2) Maximizing environmental protection benefit (EPi): The primary objective of
fallow land is to regulate grain production, and it has evolved into an important
means to solve the food surplus problem and improve the agricultural
environment28. The main purpose of fallow in China at the current stage should
focus on relieving ecological pressure, promoting natural ecological restoration,
and identifying the fragility of the cultivated land ecosystem. Therefore, another
model goal of optimization is to determine the highest protection efficiency of
ecosystem services in cultivated land. We assumed that after fallow, the quality
grade of cultivated land could be restored to grade 8 sensu the MLR42, which meets
the lowest requirement for good quality (Grade 5–8) (as further explained above in
the section “Quality grading of cultivated land”). Groundwater overexploitation
could be restored to a balanced zone for mining and replenishment. Lastly, the
cultivated land within EPR ranges could be restored to the land conditions the
same as those outside the EPR ranges. The objective function can be represented
by:

EPi ¼ ∑ðQx;i þ Gx;i þ Ex;iÞ ð4Þ
where, EPi is the benefit of environmental protection in cultivated land grid unit i,
with values ranging from 0 to 29. The higher the value of EPi , the more efficient the
environmental protection benefit. Based on the Environmental Protection Law of
China, EPR is regarded as the “lifeline” which must be protected in a strict and
compulsorily way and the cultivated land within the delineation of EPR need to be
“retired” directly or designated as “urgent-fallow zone”61,62. In addition, ground-
water depletion is primarily due to water withdrawals for agricultural irrigation,
which easily resulted in groundwater funnel areas and caused irreversible damage
to the ecosystem55. Therefore, the weighing of Qx;i , Gx;i and Ex;i is implicitly
different in calculating the benefit for environmental protection when imple-
menting fallow in these areas.

Specifically, Qx;i is the quality grade of cultivated land, with values ranging from
0-8, ranked as excellent quality land (0) <good quality land (2) <medium quality
land (4) <poor quality grade (6) <inferior quality land (8);Gx;i is the groundwater

overexploitation value, with a value range from 0 to 9, ranked as the groundwater
in a balanced status of exploitation and recharge (0) <slight overexploitation (3)
<moderate overexploitation (6) <severe overexploitation (9); and Ex;i is the level of
EPR delineation using the natural classification method, with a value range from 0
to 12, ranked as outside the delineation of EPR (0) <the second-class EPR (6) <the
first-class EPR (12). Here, we used the function of “Re-classification” on ArcGIS
10.6 to assign values to these raster layers of Qx;i , Gx;i and Ex;i for taking the
implicit weight into account, and then to map the spatial distribution of EP by
using the “Raster Calculator”.

(3) Minimizing fallow implementation cost (CTi): The implementation of fallow
system inevitably causes part of the cultivated land to be temporarily withdrawn
from cultivation, resulting in a short-term reduction in grain production. At the
same time, fallow has an impact on the livelihoods of participating farmers. Par-
ticipating farmers must receive reasonable economic subsidies to compensate for
economic losses and to boost the willingness to participate in fallow. The total cost
associated with fallow implementation included mainly four parts: the amount of
crop production capacity lost (Pi), financial subsidies to farmers (Si), fallow
matching funds (Fi), and management costs on cultivated land (Mi), which refers
to the soil treatment fee during the period of fallow cultivated land, such as soil
pollution remediation or ecological restoration of groundwater exploitation. The
objective function can be expressed as:

CTi ¼ Pi þ Si þ Fi þMi ð5Þ

Pi ¼ yi � xi ð6Þ

Fi ¼ F1 þ F2 þ F3 þ F4 þ F5 ð7Þ

Mi ! PIjQjG Ej jh i ð8Þ

where Pi is the amount of crop production capacity lost per unit area, yi is the
grain yield per unit area, xi is the crop planting income. Based on China’s
cultivated land distribution, crops planted in each region, and taking into
account the various empirical methods in China (including double cropping,
three cropping in two years, and triple cropping), the grain yield per unit area
(yi) were represented by spatial data on China’s cultivated land production
potential63. The average cash incomes from China’s major grains (rice, wheat,
and corn) in 2015–2020 were 0.195, 0.167, 0.177, 0.159, 0.167, and 0.195
USD kg−1 (100 USD= 660 CNY), respectively, as latest reported in the Com-
pilation of National Agricultural Product Cost-Benefit (2021)64. The average
income of these recent 6 years was taken as the crop planting income, xi ¼ 0.177
USD kg−1.

An underpaid fallow subsidy would undoubtedly greatly impact the income
of farmers and reduce the willingness of farmers to participate in fallow
cultivated land. Assuming that farmers are rational economic agents, and given
the principle of voluntary fallow implementation policy in China, farmers will
prefer to let their arable lands fallow when the financial subsidy for fallowing is
equal to or higher than the transfer rent of cultivated land. To incentive farmers’
willingness to fallow, our study adopted the price regionalization of cultivated
land transfer (Supplementary Fig. 11) in China as the financial subsidy to
farmers (Si), which fully considered the differences in both socioeconomic
development levels of each county and the quality grading of cultivated land65.
During the fallow process, the fallow matching funds are needed for working
expenses and increasing the fertility of soil. Based on the survey data from the
national fallow pilot area, Shilin County, Yunnan Province66, we identified the
fallow matching funds, Fi ¼ 382.5 USD hm−2, consisting of five parts: technical
training fees (F1 ¼34.1 USD hm−2), the amount of information and data
services (F2 ¼ 10.9 USD hm−2), the grant fee for green manure and seed
(F3 ¼ 51.1 USD hm−2), the fee for mechanical shredding and field return of
green manure (F4 ¼ 204.5 USD hm−2), and microbiological applications
(F5 ¼81.8 USD hm−2). For the management costs on cultivated land (Mi),
our study proposes differentiated costs and corresponding fallow modes
(Supplementary Table 8) based on the degrees of four eco-environmental
stressors for cultivated land, which is fully aligned with national requirements
specified in the Pilot Program on Exploring Implementation of Cultivated land
Crop Rotation and Fallow System in 2019 was released6. Specifically, for soil
pollution remediation, we collected common hyperaccumulator plants’ costs for
remediation of soil heavy metals pollution in China, which included the detailed
labor cost and expenses on production materials such as compound fertilizer,
urea, and pesticide use (Supplementary Table 9).

Multi-criteria optimization algorithm. A multi-criteria optimization algorithm
based on the objective functions was used to determine the priority area of fallow in
China16. This allowed for defining the areas of cultivated land to be fallowed in
each planning unit, aiming to minimize cost (the total cost of fallow imple-
mentation) and/or maximize benefit (the pollution control benefit and/or the
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environmental protection benefit):

max ormin
wrRIs;i þ weEPs;i

CTs;i

 !
ð9Þ

subject to
∑
np

i
xi

Stotal
≤ 100%

ð10Þ

RIs;i ¼ ðCRT;i � CRT;minÞ=ðCRT;max � CRT;minÞ ð11Þ

CRT;min ¼ 1 ´ 10�5 ð12Þ

EPs;i ¼ ðEPi � EPminÞ=ðEPmax � EPminÞ ð13Þ

CTs;i ¼ ðCTi � CTminÞ=ðRImax � CTminÞ ð14Þ
where x is the decision variable representing the proportion of a controlling factor’s
type to be fallowed within each cultivated land grid unit i. and np is the total number of
cultivated land grid units being fallowed. If there is no fallow scale constraint, the
maximum fallow area could be up to 100% of the total cultivated area in China (Stotal)
and fallow “problematic cultivated land” as much as possible. CTs;i is the total cost of
fallow implementation for the cultivated land grid unit i after standardization. The
other two components of the objective function, RIs;i and EPs;i represent, respectively,
the pollution control benefit and the environmental protection benefit of cultivated
land grid unit i after standardization. Here, RIs;i is calculated based on the total
carcinogenic risk quotient (CRT;i). We set CRT;min as 1 ´ 10�5 based on the acceptable
threshold and bioavailability in a human body60. The user-defined parameters wr and
we, weigh the relative contributions of the pollution control and environmental pro-
tection components, respectively, to the objective function. They are required because
the equivalence of objectives with different units is a subjective decision that must be
made by decision-makers. In addition, alternative scenarios simulation required com-
ponents removal of this model’s objective function, such as removing the total cost of
fallow implementation (CTi) to maximize fallow benefits without considering the cost.

(1) Fallow scale constraints: There is a need to determine the demand for cultivated
land in China under the constraint of food security aimed at maximizing the fallow
period at the national level without negative impacts on the threshold of national
food security. Although it is not possible to avoid upsetting the balance of China’s
grain supply and demand in the long term67, it is important to ensure moderate
food self-sufficiency as the upper limit of China’s fallow period. China is currently
advancing towards intensive and environmentally friendly agriculture and there-
fore, high-tech agricultural products such as cultured meat and vertical agriculture
are pursued vigorously. Meanwhile, China could rely on the favorable conditions of
the global market and the strategic advantages of the Belt and Road Initiative to
deepen trade cooperation of agricultural products which would alleviate the
pressure on domestic cultivated land resources and the agricultural production
environment. Furthermore, the definition of fallow in the current pilot program is
not limited to land “rest” without land productivity in a long fallow (10–15 years
fallow). In this study, 20% of the total cultivated area in China (Stotal) was cate-
gorized as the upper limit of flexible and ideally fallow areas in China (4CL).

subject to
∑
np

i
xi

Stotal
¼ A

i

≤4CL
ð15Þ

4CL ! 20% ! ε1j ε2 j � � � jεnj
� � ð16Þ

where Ai is the total area of cultivated land to be fallowed and the constraint makes
the proportion of the cultivated land fallowed limits to a maximum value of
4CL= 20%. To ensure national food security and successful implementation of
fallow, the value of 4CL is consistent with the recommendations of previous
studies33,34, which considered multi-factors of ε, such as urbanization rate and
grain yield per unit cultivated area. According to Jun Han, deputy director of the
Central Leading Group for Financial and Economic Affairs, “a lower limit of 79.0%
(107.2 × 104 km2) of total cultivated land is required to maintain a self-sufficiency
rate of 85%, and a lower limit of 83.9% (113.9 × 104 km2) is required to maintain a
self-sufficiency rate of 90%”33. By conducting a national survey on the impact of
urbanization on food consumption, Jun Han’s assumption mainly considered the
growing urbanization rate, population growth, and changing food consumption
structure. Furthermore, Yu et al.34 constructed a prediction model, which con-
sidered population, grain consumption per capita, and grain yield per unit culti-
vated area. Based on the moderate self-sufficiency bottom line of “100% demand of
rations and 90% of other food consumption”, Yu et al.34 showed that China’s
cultivated land demand would drop from 84.4% (114.5 × 104 km2) to 76.4%
(103.7 × 104 km2) from 2025 to 2035.

(2) Scenario simulation: Five fallow scenarios have been set up nationwide:
Scenario 1, priority to risk mitigation scenario (hereafter “PMS”), solely focuses

on the objective function of maximizing pollution control benefit (RIi). PMS targets

serious pollution of the topsoil of cultivated land in China, which is a threat to
human health, especially in the severely polluted area caused by heavy metals,
organic pollutants, and PAHs due to the abuse of chemical fertilizers.

Scenario 2, priority to ecological civilization scenario (hereafter “PES”), solely
focuses on the objective function of maximizing environmental protection benefit
(EPi). PES targets to alleviate the conflict between cultivated land use and ecological
conservation, as the practice of continuous land cultivation could cause a sharp
decline in the quality of cultivated land and ecosystem due to overexploitation of
groundwater.

Scenario 3, cost reduction scenario (hereafter “CRS”), solely focuses on the
objective function of minimizing fallow implementation cost (CTi). CRS was
designed to minimize the reduction in food production due to fallow implementation
and relieve pressure off state financial expenditures, such as the compensation fee to
farmers and remediation cost on soils contaminated with pollutants.

Scenario 4, multiple benefits scenario (hereafter “MBS”), both focus on the
objective function of maximizing pollution control benefit (RIi) and maximizing
environmental protection benefit (EPi), but without considering the fallow
implementation cost. These two objective functions can be solved over a range of
relative weights to understand how the two components trade-off in MBS. Here, as
this scenario focuses on the scale and layout of fallow priority on a macro scale, a
uniform weight, wr = we= 0.5, was designed in scenario 4 and scenario 5 to
address the fallow benefits trade-off between RIi and EPi.

Scenario 5, comprehensive fallow scenario (hereafter “CFS”), deals with three
objectives altogether, expected to achieve the objective function of maximizing
pollution control benefit (RIi) and maximizing environmental protection benefit
(EPi), while minimizing fallow implementation cost (CTi) to decrease fiscal
expenditure.

Data availability
The authors declare that the data supporting the findings of this study are available
within the article and its Supplementary Information (see also “Methods”). The data of
5597 samples from 1781 soil sites in cultivated land for the soil pollution assessment are
referred to Zeng et al. (2019) (https://doi.org/10.1016/j.scitotenv.2019.05.291). The
current Chinese cultivated land cover is from Resource and Environment Science and
Data Center (https://www.resdc.cn/). The raw data of the Shallow Groundwater Level
Contours and the Burial Depth Atlas of China of 1979 to that of 2011 are available in the
China Geological Survey (https://www.cgs.gov.cn/) and the Groundwater Information
Application Service System (https://jcgc.cigem.cn/dataShare/). The original data sources
used for delineating the ecological protection redlines (EPR) and fallow implementation
cost calculation are summarized and available in https://github.com/Camellia-Ch/NCEE.
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