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ABSTRACT
Cropland redistribution to marginal land has been reported worldwide; however, the resulting impacts on
environmental sustainability have not been investigated sufficiently. Here we investigated the
environmental impacts of cropland redistribution in China. As a result of urbanization-induced loss of
high-quality croplands in south China (∼8.5 t ha–1), croplands expanded to marginal lands in northeast
(∼4.5 t ha–1) and northwest China (∼2.9 t ha–1) during 1990–2015 to pursue food security. However, the
reclamation in these low-yield and ecologically vulnerable zones considerably undermined local
environmental sustainability, for example increasing wind erosion (+3.47%), irrigation water consumption
(+34.42%), fertilizer use (+20.02%) and decreasing natural habitats (−3.11%). Forecasts show that
further reclamation in marginal lands per current policies would exacerbate environmental costs by 2050.
The future cropland security risk will be remarkably intensified because of the conflict between food
production and environmental sustainability. Our research suggests that globally emerging reclamation of
marginal lands should be restricted and crop yield boost should be encouraged for both food security and
environmental benefits.

Keywords: cropland redistribution, environmental sustainability, marginal lands, wind erosion, irrigation
water consumption

INTRODUCTION
The cultivated planet is withstanding record-
breaking pressure to ensure food security. To
meet the rising demand for food, energy and
fiber, a 70–100% increase in crop commodities
will be needed by 2050 [1–4]. However, food
production is facing multiple challenges from
urbanization, climate change and land degradation
[5–8]. Urbanization alone, mainly in Asia and
Africa, caused a 15.92 × 104 km2 reduction of
high-quality croplands during 1992–2016, which
were 1.77 times more productive than the global
average [5,9]. To boost crop production, two main
pathways, cropland intensification and expansion,
were adopted [2]. For example, at the global scale,

land reclamation has been widely documented,
particularly at the edges of the Amazon forest,
Eurasian steppe and Sahara Desert, mostly from
grassland and forest land [10]. Noticeably, the
marginal lands have exhibited a large potential for
increasing grain production as the pivotal mothball
land resource [11,12]. The current estimate of
marginal lands accounts for 36% of cultivated lands
(1.3 × 109 ha), which may provide food for 1/3 of
the global population [12,13].

Marginal lands have intrinsically little potential
value or profit in agricultural or industrial produc-
tion because of their limited natural conditions
and/or accessibility, that is poor soil, insufficient
water supply, and prohibitive distances from roads
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and other means of transportation. Marginal lands
are characteristically associated with low crop
productivity, severe land degradation and high
environmental risk [12,14]. Therefore, cropland
redistribution to
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marginal lands has widely been
concerned with optimizing land management and
intensifying environmental protection [12]. In
China, the marginal lands are becoming the pivotal
pathway for supplementing the limited cultivated
resource [15]. Here, marginal land is referred to as
the new reclamation lands converted from grass-
land, wetland or other lands in the past 25 years,
which are mostly distributed in northwest (NW),
northeast (NE) and north (N) China.

Previous studies [16–18] show that high-quality
croplands are usually related to high inputs like
fertilizer and irrigation water. However, the en-
vironmental costs of cropland redistribution to
low-quality or marginal land may be higher in the
long term. These costs are multiple, such as land
cost, water consumption, soil erosion and fertility
decline. To describe the gain and loss of cropland
redistribution, we developed a framework to repre-
sent the trade-off among crop yield, production and
environmental cost (Fig. 1A). The principle of mul-
tiple disciplines from land economics, land resource
and environmental sustainability was utilized as the
theoretical basis in the current framework. Land
competition is a core principle for varied human
demands, that is settlement, food and ecology,
because of the scarcity of the resource. According
to the theory of agricultural location, croplands
are replaced with settlements for housing with a
high profit as the outcome of land competition.
However, croplands with a relatively low profit
were increasingly redistributed to marginal lands to
ensure food security in certain areas or countries.
From the perspective of potential productivity of
radiation-temperature-water, those crops from
the reclaimed lands might be subject to low yield
or high environmental cost because of restrictive
factors (Fig. 1B). Therefore, the consequence of
land competition with the supplement of marginal
lands may undermine national food security and
environmental sustainability for the long term.

In this framework, three smooth curves are used
to denote the rising environmental cost (red) and
the decline in crop yield (green) in line with the in-
crease of croplands on marginal lands (x axis). The
gross crop production (yellow) shows an ascending
trend. Correspondingly, environmental costs may
also increase but at a relatively slow rate. At Point 1
(P1), crop production realizes growth at low envi-
ronmental costs and decline of crop yield. At Point 2
(P2), crop yield further decreases but environmen-
tal costs start accelerating because of intensified land

Figure 1. Framework for trade-off between food security and
environmental costs as cropland redistributes to low-quality
or marginal lands. (A) The impact of crop yield or production,
and environmental costs resulting from crop redistribution to
low-quality or marginal lands driven by urbanization and land
management policies. (B) Large differences in crop yields in
croplands of different quality levels in China.

and management costs. When cropland expansion
cannot compensate the crop yield loss, crop produc-
tion will start to decrease. At Point 3 (P3), crop pro-
duction will decrease rapidly as a result of exacer-
bated soil degradation, crop yield loss and cropland
abandonment, and then show a decreasing trajec-
tory induced by low yield and high environmental
costs in specific regions (Fig. 1A). This means that
high-quality croplands can have higher yields (e.g.
9.59 t ha–1 at Level ‘excellent’ and 7.11 t ha–1 at Level
‘good’ shown in Fig. 1B)with a lower environmental
cost.The trade-offbetween grain production and en-
vironmental sustainability is pivotal at local, regional
and global scales [19,20]. As a result of low per unit
yield from marginal lands, which are mostly located
in areas qualified as moderate or poor with average
yields of 3.67 t ha–1 and 2.38 t ha–1, respectively
(Fig. 1B), the reclaimed areas of marginal lands
need to be expanded to offset crop production from
high-quality cropland loss in specific areas. When
the ascending proportion of marginal land reclama-
tion in specific areas or countries exceeds a certain
threshold for supplementing the crop production
loss (Fig. 1A), the decline of crop yield slows down
while the growth rate of environmental costs acceler-
ates.Consequently, theproportionofmarginal lands
in specific areas or countries should be controlled
through formal legislation to improve land policy
and achieve environmental sustainability goals.
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The environmental costs of reclamation of
marginal land include different aspects, for example
water resource protection, soil conservation, biodi-
versity and greenhouse gas emissions [21–24]. In
this study, we focused on irrigation water consump-
tion, soil erosion, fertilizer use and natural habitat
loss (Supplementary Table S1).

China has a limited arable land resource and var-
ied planting conditions, that is climatic, soil and wa-
ter. It is challenging for China to feed more than
22% of the world’s population with only 7% of the
global croplands and 5% of globally utilizable fresh-
water [7,25]. In past decades, China has experi-
enced rapid urbanization from 26.4% in 1990 [26]
to 56.1% in 2015 (data available at http://www.
stats.gov.cn/tjsj/ndsj/2015/indexeh.htm), with re-
markable socioeconomic development (gross do-
mestic product increased from $0.27 × 1012 to
$9.75 × 1012). To protect cropland resources, na-
tional land-use policies have been successively pro-
mulgated [20,27], such as the policy for Culti-
vated Land Requisition-compensation Balance in
1998 (Supplementary Table S2). However, an un-
expected outcome of these policies is the cropland
redistribution to low-qualitymarginal lands [27,28],
which causedmultiple challenges from soil degrada-
tion, increase of irrigationwater andoverfertilization
inChina [20,25,29,30]. In light of the importance of
pursuing food security, a comprehensive assessment
of the impacts of these policies on China’s cropland
resources and environmental sustainability is essen-
tial. We use China as an example to validate our
framework by assessing the associated food benefits
and environmental costs from large-scale cropland
redistribution driven by economic development and
policy implementation.

RESULTS
Patterns of cropland redistribution
to marginal lands across China
The results show that the cropland area in China
was 138.04 × 106 ha in 1990 and peaked in 2000
with a total area of 141.41 × 106 ha (Fig. 2A
and B; Supplementary Table S3). From 2000, the
total cropland area experienced minor variations
and was 139.47 × 106 ha in 2015 (Supplementary
Table S3). Underlying the relatively stable total area
of croplands, however, are profound changes in spa-
tial patterns of both cropland quantity and qual-
ity. During 1990–2015, 11.21 × 106 ha of cropland
was transformed, located mainly in southeast (SE),
southwest (SW) andNChina, while 12.64× 106 ha
of cropland was reclaimed, mostly in NE and NW
China (Supplementary Fig. S1 and Tables S3 and

S4). A total of 79.1% cropland loss happened in the
regionswith high-quality croplands orwith excellent
farming conditions. In comparison, 73.6% of 12.64
× 106 ha of newly reclaimed lands were moderate
or poor cropland, as derived from the cropland qual-
ity investigation, mainly constrained by water short-
ages, soil degradation, topographic factors or frag-
ile ecosystems (Fig. 2C). Conventional high-quality
croplands, for example, those in the middle and
lower Yangtze River plains and North China Plain
(Fig. 2C; Supplementary Fig. S2), were encroached
by urban and industrial expansion, resulting in de-
creases in cropland area by 3.24 × 106 ha, 0.87 ×
106 ha and 1.46× 106 ha in SE, SWandNChina, re-
spectively (Fig. 2D; Supplementary Table S3).Thus
only 82.7% of croplands which were present in 1990
are still preserved. Therefore, the cropland redistri-
bution caused an increase of moderate and poor
croplands from 42.3% to 48.9% across China (Sup-
plementary Table S3).

NE China gained the largest increase of crop-
land area by 4.47 × 106 ha during 1990–2015,
mainly from grasslands (49.5%) and wetlands in-
cluding swamp and water body (33.0%), of which
1.93 × 106 ha were transformed to paddy fields
(Fig. 2D; Supplementary Table S3).The concurrent
total croplandarea inNWChina increasedby2.48×
106 ha,mainly through the reclamation of grasslands
(74.9%) (Fig. 2D; SupplementaryTable S3). Before
2000, reclamation in NE China dominated the in-
crease in the national total cropland area. Since then,
reclamation has occurred primarily in NW China, a
large part of which traditionally had not been suit-
able for crop production because of the dry climate
(Supplementary Fig. S1 and Table S3).

The new land reclamation in NW and NE China
could be related to the policy of dynamic equilib-
rium of the total croplands in the country (Fig. 2D;
Supplementary Table S2) and accordingly more
benefits for agricultural companies, farmers and lo-
cal governments, as well as exemption from agri-
cultural tax since 2006. Note that there was con-
siderable reclamation in oasis regions of Xinjiang
before and after 2000 (Supplementary Fig. S1),
where large areas of water-consuming cash crops
(e.g. cotton and vegetables) are planted. The warm-
ing and wetting trends in the oasis areas [7] and re-
cent improvements in groundwater irrigation tech-
nologies provide more suitable farming conditions
than ever. Rapid demand for food through the in-
crease in the local population has also facilitated the
rapid expansion of large-scale oases in arid regions
since 2000 [31–33].Although ecological restoration
projects converted an extra 2.34 × 106 ha of crop-
lands to forests or grasslands, mainly distributed in
NW, SW and N China during 2000–2015 (Fig. 2B;
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Figure 2. National cropland redistribution and change in cropland area in different zones, 1990–2015. (A) and (B) The spatial distributions of cropland
gains and losses in 1990–2000 and 2000–2015. (C) The spatial distribution of croplands of different quality levels in 2015. (D) The net change of
cropland area in different zones. NE, northeast China; NW, northwest China; N, north China; SE, southeast China; SW, southwest China; QTP, Qinghai-
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Supplementary Fig. S1), the overall quality of crop-
lands indicated a general decreasing trend across
China in the last 25 years.

Potential food production reduction
because of cropland redistribution
The cropland redistribution yielded an increase in
grain production in NE and NW China but a de-
crease in SE, SW andNChina (Fig. 3A; Supplemen-
tary Table S5). In SE and SW China, which have
relatively high yield (on average 8.53 t ha–1 yr–1)
and twoor three crop rotations (SupplementaryFigs
S3 and S4), the cropland loss of 3.74 × 106 ha
and 1.25 × 106 ha, respectively, resulted in a de-
crease in grain production by 31.92× 106 t yr–1 and
6.77 × 106 t yr–1, respectively (Fig. 2; Supplemen-
tary Fig. S3 and Tables S3 and S5). In N China, the
cropland loss of 2.26×106 ha reduced grain produc-
tion by 12.96× 106 t yr–1, while NW andNEChina

have relatively low yields (on average 2.89 t ha–1 yr–1

and 4.50 t ha–1 yr–1, respectively) and one crop rota-
tion, the reclaimed cropland of 10.89× 106 ha led to
an increase in crop production by 10.42× 106 t yr–1

and 20.11 × 106 t yr–1, respectively (Fig. 3B; Sup-
plementary Tables S3 and S5). However, the pro-
duction increase in these regions could not compen-
sate for the grain production losses in SW, SE andN
China (Supplementary Table S5).

On average, production of 1 ton of grain needs
only 0.10 ha, 0.19 ha or 0.18 ha of croplands in SE,
SW or N China, respectively, whereas 0.35 ha in
NW China or 0.22 ha in NE China is needed to
produce the same amount. Consequently, at the
country level, the crop redistribution contributed
to 4.5% reduction in grain production (equivalent
to feeding 57 × 106 people), although the total
cropland area remained steady under the super-
vision of various aforementioned policies [28]
(Supplementary Table S2). We also examined
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Figure 3. Impact of the national cropland redistribution on grain production, 1990–2015. (A) Spatial distribution of grain production change caused by
cropland redistribution at county level. (B) Net changes, gains and losses of grain production caused by cropland redistribution, and the mean yield of
cropland in each zone.

China’s grain imports from other countries during
the study period, which persistently escalated from
13.72 × 106 t yr–1 in 1990 to 124.77 × 106 t yr–1

in 2015 to provide enough food for the country.
Meanwhile, the grain import dependency ratio rose
substantially from 2.98% to 16.72% (http://www.
stats.gov.cn/english/Statisticaldata/AnnualData/).
Therefore, the cropland redistribution also brought
an increase in food insecurity in China.

Environmental costs of cropland
redistribution
According to the trade-off theory between food se-
curity and environmental costs, the increase of crop-
land area by relatively high-quality land reclama-
tion can enhance grain productivity and therefore
improve food supply with low environmental cost
in the initial stage, which is represented by P1 in
Fig. 1A. Because of the limited land resource in
a given country or region, a large amount of low-
quality ormarginal landswill be reclaimed accompa-
nied by increasing environmental costs and declin-
ing crop yield. Their equilibrium point is situated at
P2 in Fig. 1A.

Besides crop production loss, environmental
ramifications induced by cropland redistribution
are also emerging, particularly in the ecologically
fragile zones of NW China [32]. Based on the
above theory, land degradation was exacerbated by
agriculture-induced water resource scarcity and in-
tensified wind erosion in line with large-scale land
reclamation. The croplands (4.85 × 106 ha) con-
verted from grasslands or oases in NW China are
primarily located in arid and semi-arid areas with
mean annual precipitation less than 200 mm yr–1

(Fig. 4A; Supplementary Table S4). The precipita-
tion can meet only 18.7% to ∼54.0% of crop water
demand in NWChina, resulting in an increase in ir-
rigation water use by 278.65× 108 m3 yr–1 (37.92%
of irrigation water use in 2015) because of cropland
expansion during 1990–2015 (Fig. 4B; Supplemen-
tary Table S6). Asmore than half of the croplands in
NW China (55.4%) were located in water demand
deficit areas after redistribution, extracting ground-
water for irrigation caused continuous groundwater
depletion [33] (Fig. 4A and B; Supplementary Ta-
ble S6 and Fig. S5). For example, a sharp drop of
the groundwater table at a rate of 4.2 m decade–1

has been reported in Minqin oasis [34]. Cropland
expansion in grasslands also has seriously aggra-
vated soil erosion by wind, increasing the erosion
modulus from 5.68 t ha–1 yr–1 to 29.79 t ha–1 yr–1

(Fig. 4C and D; Supplementary Table S7 and Fig.
S6). Notably, the total wind erosion from croplands
around the Gobi Desert and sand areas increased by
7.64× 106 t yr–1, which has seriously offset the effec-
tiveness of the ecological restoration projects such as
‘Grain for green’ since 2000 [35,36] (Fig. 4C; Sup-
plementary Table S7).The efficiency of fertilizer use
in NW China is the lowest among all zones, repre-
senting amaximum fertilizer use (0.15 t) to produce
1 ton of crop production across China. As a result,
the land reclamation has caused an extra increase of
1.22× 106 t fertilizer use in this zone (Fig. 4E and F;
Supplementary Table S8 and Fig. S7).

In NE China, dryland reclamation and
paddy fields expansion from 1990 to 2015 in-
creased the volume of irrigation water use by
100.40 × 108 m3 yr–1, because approximately 53%
of the reclaimed cropland was located in water
demand deficit areas (Fig. 4A and B; Supplementary
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Figure 4. Environmental effects of national cropland redistribution on irrigation water use and soil erosion by wind. (A) Spatial distribution of water
demand deficit. (B) Cropland area and proportion of different water demand deficit levels, and the irrigation water use increase resulting from cropland
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Table S6) while local precipitation (∼800mmyr–1)
meets only∼60.3% of crop water demand in paddy
fields (Fig. 4A). The reclamation in NE China also
exacerbated soil organic matter loss, especially in
black soil areas, which severely accelerated land

degradation [37]. Despite the high efficiency of
fertilizer use in NEChina, themassive land reclama-
tion resulted in an increasing amount of fertilizer use
to 1.10 × 106 t yr–1 (Fig. 4E and F; Supplementary
Table S8). Additionally, crop expansion encroaches
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natural habitats of various plants and animals, un-
dermining ecosystem services, and environmental
sustainability [2,38].

In summary, the croplands inNE andNWChina
are characterized with relatively low quality and low
productivity, and 80.2% of land reclamation origi-
nated on moderate and poor lands. The grain pro-
duction of 1 ton from reclaimed lands caused ap-
proximately an extra 1.69 × 103 m3 yr–1 in irriga-
tion water consumption (compared to the national
average of 1.12 × 103 m3 yr–1), 0.73 t yr–1 in soil
erosion from wind (national average: 0.11 t yr–1)
and 0.15 t yr–1 in fertilizer use (national average:
0.10 t yr–1) in NW China, which shows the high-
est environmental costs among all zones. As a result,
land reclamation in NE China and NW China cre-
ated the 10.75 × 106 t yr–1 increase in wind ero-
sion, which accounts for 3.47% across all croplands;
it also increased the consumption of irrigation wa-
ter by 379.05 × 108 m3 yr–1 and fertilizer use by
2.32× 106 t yr–1, which contributed to 34.42%, and
20.02% increases across all croplands, respectively
(Supplementary Tables S6, S7 and S8). The envi-
ronmental costs in water use and black soil degrada-
tion were also high in NE China. We computed the
62.58% of reclamation which was converted from
swampsandgrasslands inNEChina, and themassive
grasslands (74.90%) which were reclaimed as eco-
logical barriers in semi-arid and aridNWChina.Our
investigation estimated that 3.11% of natural habi-
tat disappeared between 1990 and 2015 because of
cropland reclamation, which will accelerate biodi-
versity loss in those fragile ecosystem zones [23,39].
Therefore, the cropland redistribution to marginal
lands has diminished ecosystem services and caused
environmental deterioration in both NE and NW
China, which has transgressed the situation at P2 in
Fig. 1A, creating an unsustainable status of food se-
curity and environment.

Impacts of cropland redistribution on
environmental sustainability in the future
We also projected crop redistribution by 2050
under various population and urbanization sce-
narios with fixed cropland protection policies. The
results showed that, in a medium scenario, China’s
population will reach 1.53 × 109 in 2030 and
decrease to 1.45× 109 in 2050, with corresponding
grain demand at 764.50× 106 t and 726.14× 106 t,
respectively (Fig. 5A; Supplementary Tables S9 and
S10). Compared to 2015, an additional 0.34 × 109

people will move to cities by 2050, resulting in
further cropland loss of 3.22 × 106 ha, mostly from
high-quality farmland (Fig. 5B; Supplementary
Table S9 and Fig. S8). Consequently, the projected
national food demand will surpass the current an-

nual grain production (572.28 × 106 t) by 33.59%
in 2030 (Fig. 5C; Supplementary Table S10).

According to our estimation, if the trajectory of
cropland redistribution continues in the future, the
quantity of croplands will successively decrease to
135.66–136.81 × 106 ha in 2050. The high-quality
cropland areas will continue to be encroached by
urbanization based on the spatially explicated map
of cropland change prediction (Supplementary
Fig. S8). As a result, those high-yield croplands will
be occupied by swelling cities across the nation,
replaced by marginal lands that will not be able to
meet the rising food demand. Land degradation will
accelerate in the following decades (Fig. 2D), the ir-
rigation water use will increase by 177.68–254.68×
108 m3 yr–1, soil erosion by wind will increase
by 3.08–4.41 × 106 t yr–1 and fertilizer use on re-
claimed landswill increase by 0.83–1.19× 106 t yr–1

between 2015 and 2050 (Fig. 5D; Supplementary
Table S10). According to the trade-off frame-
work, the divergence between crop production
and environmental cost will become larger in the
future, driven by marginal land expansion, which is
confirmed by the projections (Fig. 5C and D; Sup-
plementary Table S10). Therefore, projected future
cropland redistribution will severely exacerbate the
conflicts between human beings and the environ-
ment and potentially undermine environmental
sustainability.

DISCUSSION
These environmental costs, either emerging or
potential, from cropland redistribution to marginal
lands in China are a straightforward reflection
of a series of land-management policies [20,28],
revealing that consideration of food-environment
tensions is warranted in policy decisions. The
purpose of these cropland protection policies is to
ensure food security without dampening economic
development. From this view, these policies suc-
ceeded in guaranteeing∼140× 106 ha of croplands
for food demand [27,39]. However, cropland redis-
tribution associated with these policies has resulted
in high environmental costs [20]. According to a
novel assessment, global urban expansion has been
accelerating since the beginning of the twenty-first
century [40]. Because of high proximity between
high-quality farmland and cities, global urban ex-
pansion mainly encroaches the croplands with high
productivity [5,41]. To fill the food gap, the large-
scale reclamation happened in some marginal lands
in NE and NW China, and other areas in the world
such as the edge of the Amazon forest, Eurasian
Steppe and Sahara Desert [10,27]. Therefore,
cropland redistribution to marginal lands is becom-
ing a global phenomenon. This study indicates that
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Figure 5. The predicted total population, urbanization rate, cropland area, grain de-
mand and supply, and environmental costs of cropland reclamation under high, medium
and low scenarios from 2020 to 2050 in China. (A) The urbanization rate will ascend
continuously from 2020 to 2050, and the predicted total population will reach a peak
in 2030. (B) The total cropland area will successively decrease because of future rapid
urbanization and reach the lowest level in 2050. (C) The national cereal demand will
first increase until 2030 and then decrease in 2030–2050, which will result in serious
cereal supply and demand contradictions and will reach the maximum for national food
insecurity in 2030. (D) If cropland redistribution patterns continue under the condition
of unimproved cropland management, environmental sustainability will be persistently
undermined in view of the massive increases in wind erosion, and irrigation water and
fertilizer uses.

cropland redistribution is not sustainable for either
food security or environmental sustainability in the
long term. According to the trade-off theory, other
developing countries, especially those in Africa and
Asia, could experience similar trajectories of crop-
land changes and the accompanied environmental
issues (Fig. 1). From this perspective, China’s land
management policies can give a profound lesson and
enlightenments for these countries in combating
hunger and malnutrition [20,41].

Theprediction indicated that global urbanization
will continue to drive cropland redistribution in the
future [5]. Global urban expansion will encroach
1.8–2.4% of high-yield croplands with a decrease of
3–4% of crop production by 2030, and 80% of the
cropland loss will happen in Asia and Africa [5]. As
a result, the urbanization-induced cropland redistri-
bution will continue globally into the next decade.
Therefore, large-scale cropland redistribution could
globally aggravate the spatial mismatch between the
food demand and crop production, and cause more
severe starvation. The world’s undernourished and
hungry population live in Asia and Sub-Saharan
Africa with more than 3.81 × 108 and 2.50 × 108,
respectively. By 2030, the number of people affected
by hunger would surpass 8.40 × 108 [42]. Because
of the low potential of crop production in those

countries, a large amount of land reclamation will
happen in marginal lands, including hotspot areas
of biodiversity, soil degradation and water scarcity
[6,16,24,43]. With a higher soil erosion modulus in
croplands of those countries, land degradation will
be enhanced in those areas with land reclamation
[36], which will especially aggravate desertification
in some semi-arid and arid areas in the future. We
also found that the efficiency of fertilizer and irriga-
tion water uses is especially low in arid areas, and
cropland reclamation will accelerate land degrada-
tion, including groundwater depletion, land saliniza-
tion and desertification. Meanwhile, we found that
land reclamation induced a 2.32 × 106 t yr–1 in-
crease in fertilizer use inNEandNWChina (Supple-
mentary Table S8). With concurrent water resource
scarcity, the pollution of ponds, lakes and rivers is
aggravated by increased fertilizer use in agriculture,
which certainly will undermine the quality of the
water environment [44]. This process of cropland
redistribution to marginal lands implicates a subse-
quent shift in amounts of fertile soil, irrigation wa-
ter and fertilizer use in the vulnerable areas of agri-
cultural production. Thus, global grain production
will stagnate or decease while devastating environ-
mental consequences will be increasingly serious in
the future, threatening the livelihoods of local peo-
ple [22]. We also conclude that the global equilib-
rium point may move to P3 in Fig.1A in the future,
in which global food safety and environmental sus-
tainabilitywill be at high risk [16,45].Consequently,
cropland redistribution to marginal lands may un-
dermine global environmental sustainability [22].

To address those issues, we thus appeal for
improvements in current cropland management
policies to control both cropland loss and reclama-
tion by taking the environmental ramifications into
account. First, the existing high-quality croplands
should be given a priority to prevent the encroach-
ment from urbanization [20,46]. Second, attention
should be given to avoid future land reclamation
from ecologically fragile hotspots [47,48]. Third,
water-saving measures, such as using sprinkler
and drip irrigation systems [23,24,49], allowing
cropland fallow, and cropping rotations in marginal
lands should be adopted to enhance environmental
sustainability [20].

However, cropland redistribution under global
warming will positively impact agricultural produc-
tion. For example, the increase of available wa-
ter resources including warming-induced glacier
melt and water diversion from inland rivers would
be especially important in improving the water
scarcity for crops in NW China in the future. Some
arid and semi-arid regions might become wetter,
while drier conditions are projected for other areas.
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Therefore, the negative impacts of cropland redistri-
bution to marginal lands on environmental sustain-
ability might be mitigated under wetter conditions.

Our simulation indicated that China’s grain pro-
vision will not meet the country’s food demand by
2050 at the current agriculture technical level. How-
ever, technological improvements will positively en-
hance food provision for the future growing popu-
lation. For example, the integrated soil-crop system
management practices increase average yields for
rice,wheat andmaize, andmightproducemoregrain
with lower environmental costs [50]. Also, the con-
tinuous increase of import and export trade accom-
panying economic development will amplify food
provision for direct human consumption and animal
feed in the future.

The land governance strategies for the areas of
large-scale cropland redistribution should pay more
attention to the potential effects of marginal land
reclamation. Scientific and rational policies should
be addressed to safeguard the potential land-use
shift to achieve the win-win goals of food security
and environmental sustainability under the 2030
United Nations (UN) Sustainable Development
Goals (SDGs) [51].

METHODS
Agro–Big data in China
We developed spatially explicit datasets including
cropland dynamics, grain production, irrigation wa-
ter use, wind erosion and fertilizer use with pixel and
county scales across China (Supplementary Figs S1,
S3, S5, S6 andS7).Thedatasets onnational cropland
quality levels and cropping systems were also col-
lected (Supplementary Figs S2 and S4). We also ac-
quired 1629 questionnaires and surveyed 236 sam-
ple plots of cropland (Supplementary Table S1 and
Fig. S9).

Cropland dynamic analysis
Cropland is defined as cultivated land for produc-
ing grain and vegetables, including paddyland with
irrigation facilities and dry farmland for three-year-
planted crops [27] (SupplementaryTable S11).The
national cropland datasets with 30-m resolution and
vector dynamicpatches at 5-year intervals from1990
to 2015 were extracted from the 1 : 100 000 China
LandUse/coverDataset (CLUD)based onLandsat
TM/ETM+, HJ-1A/1B, and Landsat 8 OLI images
(SupplementaryFig. S1).Thesedatasetswere gener-
ated using a uniform classification method with arti-
ficially visual interpretation aided by geo-knowledge
[27,52–55].Here a systematic sampling schemewas

developed to calculate the net area of cropland by
considering the proportion of small non-cropland
objects frommosaicked farmland in different zones,
which may efficaciously remove unidentified fea-
tures in remotely sensed images, that is field roads,
canals, ditch facilities for irrigation anddispersed set-
tlements [27] (Supplementary Fig. S10). The over-
all accuracy of first-level land types was 91.95% in
2015. The accuracies of cropland classification were
more than90.36% from1990 to2015 [27,28,52–55]
(Supplementary Table S12). We also compiled the
implemented policies for land use and cropland pro-
tection in this period (Supplementary Table S2).

The overall impacts of cropland changes
Here we quantified the contributions of cropland
gain (reclamation) and loss (encroachment) on sta-
ple crops production under present technological
levels. The average yield per unit of cropland as a
baseline in 2011–2015 was accurately retrieved to
eliminate the uncertainties associated with interan-
nual climate variation or statistical data.

Wecalculated thenet areaof croplandgainor loss
of each county multiplied by its average yield (Sup-
plementaryTable S3) usingGIS-based spatial analy-
sis.Thecontributionof croplandgainor loss ongrain
production at national scale is computed as follows:

Pz =
n∑

i=1

Ai × Yi ,

where Pz is the total grain production gain or loss
across the country; i and n are the ith county and to-
tal number of counties, respectively; Ai is the area
of cropland change in ith county in a specific period;
Yi is the average yield per unit in this period, which
was calculated using total grain production and net
cropland area of the ith county.

To quantify and evaluate the impact of cropland
reclamation on regional irrigation water, two key in-
dexes were used: irrigation water use and water de-
mand deficit for crops. The available water resource
for crop planting was calculated by starting with the
total water capacity at county level inChina and sub-
tracting water use for industries, residents and ecol-
ogy as detailed in the ChinaWater Resources Bulletin
of theMinistry ofWater Resources (Supplementary
Fig. S5). Then the irrigation water use (Supplemen-
tary Fig. S5) was retrieved by multiplying the area
of newly reclaimed cropland, percentage of irrigated
area and water consumption per unit area:

Wz =
n∑

i=1

Ai × Ii × Ci,i r r i g ati on ,
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whereWz is irrigation water use for a specific zone;
Ai is the area of cropland gain in ith county in a spe-
cific period; Ii is the percentage of irrigation area
occupying total cropland area; Ci,i r r i g ati on is water
consumption per unit area for irrigation, which is
calculated as the average level in 2011–2015. The
estimated irrigation water use was validated using
the field investigation from the State Agriculture
Comprehensive Development Office (Supplemen-
tary Fig. S11).

Thus, we define thewater demand deficit for crop
planting as the difference between actual irrigation
water use and total available water volume for plant-
ing crops (Supplementary Fig. S5) in a specific zone,
expressed as:

Dz = Wz − Wa

Wa
× 100%,

where Dz is the water demand deficit ratio for crops
andWa is the available water volume for crops.

Based on our previous studies, we parameterized
the revisedwind erosion equation (RWEQ) and cal-
ibrated the model [56].The spatially explicit dataset
of average wind erosion modulus with 1 km× 1 km
resolution was retrieved for 1991–2015 (Supple-
mentary Fig. S6) and validated using 137Csmeasures
[57]. We calculated increases of wind erosion trig-
gered by cropland redistribution in each county as
follows:

Sz =
n∑

i=1

Ai × (Ri,a f ter − Ri,be f or e ),

where Sz is the net change in total soil wind erosion
in a specific zone; i and n are the ith county and to-
tal number of countieswithin a specific zone, respec-
tively; Ai is the area of cropland change in ith county
in a specific period; Ri,a f ter and Ri,be f or e are each
county’s averagewind erosionmodulus after and be-
fore cropland shifts, respectively, from1991 to 2015.

We acquired the fertilizer use per cropland area
of each county in 2011–2015 (Supplementary
Fig. S7). Then we calculated the average fertilizer
use per yield in this period as the fertilizer use
efficiency in present conditions. The fertilizer
use increase resulting from cropland reclamation
in the period of 1991–2015 was assessed at the
county scale through spatial analysis. We calculated
the increases of fertilizer use caused by cropland
reclamation (gain) in each zone as follows:

Tz =
n∑

i=1

Ai × Fi ,

where Tz is the increase in fertilizer use in a specific
zone; i and n are the ith county and total number of
counties within a specific zone, respectively; Ai is
the area of cropland gain in ith county in a specific

period; Fi is each county’s average fertilizer use per
cropland area in present conditions.

Projection of future cropland change
and its impacts on food security
and environment
Weprojected the future fooddemanddrivenbypop-
ulation growth, a new wave of urbanization and im-
proved livelihood towards no hunger, food security
and sustainable cities,which are closely related to the
UN SDGs [42].The UN adopted the high, medium
and low variants of world population prospects to
project the total population of each country [58].
We forecast the total population from 2020 to 2050
based on the growth rate of population, incorporat-
ing China’s two-child policy [59] (Supplementary
Table S9):

Pop f (t) = Pop f,un(t)+�2016,t (C ) ,

where Pop f (t) is the predicted total population
under high, medium and low scenarios in future t
period; Pop f,un(t) is the UN’s predicted population
with high, medium and low scenarios;�2016,t(C ) is
the estimated increase in population since the imple-
mentation of China’s two-child policy.

Future national grain demand was estimated
based on the projected total population and per
capita use of calories and protein with a baseline in
2015 under high, medium and low scenarios (Sup-
plementary Table S10). In the high, medium or
low scenarios with a 2015 baseline of 400 kg, the
grain demand will reach 450 kg per capita by 2030
[29,58]:

Food f (t) = Pop f (t) × DF(t) ,

where Food f (t) is thepredicted graindemandunder
high, medium and low scenarios in future t period;
DF(t) is the grain demand per capita in a different
future period.

We estimated the future urbanization rate of
China based on the UN’s projection of world ur-
banization prospects in 2017 [58]. The future ur-
ban land demand was projected based on a logis-
tic regression equation between urban area and ur-
ban population for 1990–2015. In parallel, spatially
explicit probability was mapped based on Purdue
University’s Land Transformation Model (http://
ltm.agriculture.purdue.edu/ltm/default.htm) [60].

AL f,c r op↔other s(t)

= P (Aur ban(Pop f (t), Rur bani zati on(t)),

L(Dc , Drai l , Dh , Dr i , Ds , E , S)),

where AL f,c r op↔other s(t) is the predicted
shift between cropland and other land types
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under high, medium and low scenarios in future
t period; Aur ban(Pop f (t), Rur bani zati on(t))
is the predicted occupation resulting from ur-
ban expansion, which is related to predicted
total population (Pop f (t)) and the pre-
dicted urbanization rate (Rur bani zati on(t));
L(Dc , Drai l , Dh , Dr i , Ds , E , S) is the spatial
weight coefficient related to distance from city
center, railway, highway, river, shoreline, relative
elevation and slope factors, which were calculated
through neural network learning [60]. Finally,
we depicted spatially explicit probability maps of
future urban expansion with 1 km × 1 km spatial
resolution under high, medium and low scenarios in
2030 and 2050 (Supplementary Fig. S8).

We also assessed the effects of future cropland
change in the current redistribution pattern on grain
production, irrigation water use, soil erosion from
wind and fertilizer use across the country from 2020
to 2030 and 2050 (Supplementary Table S10). The
spatially statistical analysis was adopted to assess
these effects using the aforementioned formulas in
a GIS environment.

P f (t) =
m∑

j=1

A j (t) × Y j ,

Wf (t) =
m∑

j=1

A j (t) × I j × C j,i r r i g ati on ,

S f (t) =
m∑

j=1

A j (t) × (R j,a f ter − R j,be f or e ),

Tf (t) =
m∑

j=1

A j (t) × F j ,

where P f (t), W f (t), S f (t), Tf (t) are the changes
in grain production, irrigation water use, soil ero-
sion from wind, and fertilizer use, respectively, un-
der high, medium and low scenarios from 1990 to
future t period. The j and m are the jth zone and to-
tal number of zones, respectively. A j (t) is the total
changing area of cropland gain in jth zone from 2015
to t period. Y j , I j , C j,i r r i g ati on are the average yield
per unit, percentage of irrigation area occupying the
total cropland area and water use per unit area for
irrigation, respectively. R j,be f or e , R j,a f ter are each
county’s average wind erosion modulus before and
after cropland shifts, and F j is the average fertilizer
use per cropland area in jth zone.

Sources of uncertainty and quality
control
Series of quality-control measures were conducted
in the status analysis and future projections. We
analyzed national cropland area changes using

vector dynamic patches to ensure statistical accu-
racy with consistent time-series datasets available
from CLUD. The net cropland area was obtained
by eliminating unidentified objects from remotely
sensed images with less than two pixels (or 60-m
resolution). We validated the net cropland area of
980 random samples with a 1 km× 1 km grid across
China in 2015 (Supplementary Table S12.2 and
Fig. S10). The grain productivity was assessed by
cross-validation with remotely sensed data, statisti-
cal cereal yield per unit by county, and inventories
of farmers and managers (Supplementary Fig. S10).
The 1629 questionnaires from agricultural manage-
ment were applied to validate irrigation water and
fertilizer uses (Supplementary Fig. S9).The spatially
explicit dataset on the wind erosion modulus was
validated using 137Cs measures. Future projections
of population, urbanization rate, urban expansion
and grain demand indexes were estimated based
on UN and FAO estimates and taking into account
China’s macropolicies.
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