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A B S T R A C T   

Cropland expansion often occurs on grasslands and partial forests. However, there is little quantified under
standing of how cropland expansion affected the agricultural productivity and water resource consumption 
globally. In this study, we used spatially explicit satellite-based data, including land use maps, net primary 
productivity and evapotranspiration from 2001 to 2018, and the space-for-time substitution technique to 
investigate the relationships between cropland expansion and agricultural productivity and water resource 
consumption. Results showed that global cropland area presented a significant net increasing trend with 1.9 ×
104 km2/a (p < 0.01) since 2000. Net increased cropland area over the Northern Hemisphere and the Southern 
Hemisphere occupied 27.1% and 72.9% of global total net increase, respectively. Large-area cropland expansion 
mainly focused on Eastern Asia, Southern Asia, Eastern Europe, Southern America, and Northern America. 
Particularly, cropland expansion in the Southern America deserved the greatest attention. At the global scale, 
new expanded croplands caused average NPP decrease and average ET decrease compared to original ecosys
tems, but performances were evident differences in subregions. Cropland expansion in the Southern America 
evidently decreased NPP and ET compared to other places. In contrast, new expanded croplands in most sub
regions of Asia and Northern America performed higher the agriculture productivity, while the increases were 
done at the expense of more water resource consumption. Although cropland expansion only slightly decreased 
NPP compared to original ecosystems globally, new expanded croplands often occurred in water-limited or 
temperature-limited areas according to precipitation and temperature gradations. This study suggests that 
cropland expansion should more consider sustainable land use and development, and reduce the risks of cropland 
expansion on natural ecosystems as much as possible.   

1. Introduction 

Croplands are expanded to compensate for the food-energy-fiber 
requirements of increasing population and to offset the cropland 
decrease due to urban expansion accounting for peri-urban croplands 
(d’Amour et al., 2017; Foley et al., 2011). Globally, cropland expansion 
has led to the transformation of many landscapes from natural ecosys
tems to agricultural ecosystems, and further modified habitat, land 
cover and carbon-water-energy balance (Ewers et al., 2009; Folberth 
et al., 2020; Foley et al., 2005; Li et al., 2020a). Previous studies 
documented that land reclamation largely occurred on grasslands and 
partial forests, e.g., Amazon Forest region, Eurasian grassland region 

and sub-Sahara Africa (Tan and Li, 2019; Zaveri et al., 2020). While 
cropland expansion status and its driving factors have been widely 
studied, there is little quantified understanding of how global cropland 
expansion affected the agricultural productivity and water resource 
consumption. 

Net primary productivity (NPP) and evapotranspiration (ET) are two 
important indicators for representing vegetation productivity and water 
resource consumption. Process-based ecosystem/land-surface models 
and in-situ measurement experiments, providing estimated NPP and ET 
fluxes, are often employed to forecast the impacts of land use changes on 
vegetation productivity and water resource consumption (Tao et al., 
2003; Yan et al., 2009). However, there are two respective limitations 
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for above approaches. First, cropland expansion often occurs on small 
patches and could take a long time to reach a relatively large area. 
Coarse-resolution climate data-based models are, thus, often difficult to 
capture the effects of cropland expansion in view of uncertainty impacts 
of the input data on estimated NPP and ET fluxes (Gu et al., 2017; Mo 
et al., 2009). By contrast, in-situ measurement experiments can capture 
the refined variations of carbon and water fluxes induced by land 
reclamation, but sparse spatial samplings make its ability poor at a 
large-area scale (Niu et al., 2021). 

Some spatially explicit global NPP and ET products have been 
derived (Gu et al., 2017; Jiang and Ryu, 2016; Matsushita et al., 2004; 
Running et al., 2004). Compared to coarse resolution products derived 
from process-based models and in-situ measurement experiments, 
remote sensing products can provide relatively finer spatial NPP and ET 
information. In remote sensing products, MODIS NPP and ET products 
were widely used owning to features with good spatial resolution, open 
access and good timeliness (Mu et al., 2012; Running et al., 2004; Zhao 
et al., 2005). However, note that remote sensing products gave expres
sion to the actual NPP and ET, that is, not only reflecting the impacts of 
the human activities, but also including the effects of climatic factors 
and CO2 fertilization (Liu et al., 2020). Therefore, how to separate the 
impacts of cropland expansion on agricultural productivity and water 
resource consumption is challenging. To answer this question, we first 

need to find where are potential cropland expansion located? Some 
previous studies investigated global cropland change and its causes (Tan 
and Li, 2019; Zaveri et al., 2020). For example, a recent study from Tan 
and Li (2019) used European Space Agency (ESA) Climate Change 
Initiative (CCI) land cover products with United Nations (UN) classifi
cation to analyze annual trends and spatiotemporal variations in crop
land area globally during 1992–2015. Based on ESA CCI land cover 
products as well as MODIS land cover products (MCD12Q1), Zaveri et al. 
(2020) indicated that rainfall anomalies were a significant driver of 
cropland expansion. Still, cropland expansion patterns are less well 
understood, and are yet to be quantified at the global and continental 
scales. Second, when we quantify the contributions of cropland expan
sion on agricultural productivity and water resource consumption, 
simulation based on process-based model with scenario experiments 
could be the usual approach. Yet this approach could suffer from a big 
challenge due to its coarse spatial resolution as the above mentioned. 
Fortunately, the space-for-time substitution technique could be the 
alternative approach. The space-for-time substitution technique as
sumes that spatial and temporal variations are equivalent (Pickett, 
1989). Specifically, assuming two spatial adjacent regions A and B with 
similar water-soil-temperature environments have the same land use 
type, i.e., grasslands, ten years ago. The land use type in region A was 
converted into croplands before five years. At present, by comparing the 

Fig. 1. Global 18 subregions (a), land use/cover data and climate data used in this study. Sub-figures (b) and (c) denote land use patterns based on five-year majority 
cell grid statistics in 2001–2005 and in 2014–2018; sub-figures (d) and (e) denote multi-year average patterns of total precipitation (P.) and air temperature (T.) from 
2001 to 2018. 
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certain indicator changes of regions A and B, we can easily measure the 
environmental effects of conversion from grasslands to croplands. Be
sides, after we understand the contributions of cropland expansion on 
agricultural productivity and water resource consumption, what are the 
significances of these findings in different geospatial regions or conti
nents that are urgently clarified. These questions play very crucial roles 
in regional agriculture-water management and sustainable 
human-land-environment development. 

Therefore, the study tries to fill the above-mentioned knowledge 
gaps by addressing the following questions: (1) Where are the most rapid 
cropland expansion areas at the past two decades? (2) What are the 
responses of agricultural productivity and water resource consumption 
to cropland expansion? and (3) discuss the significances of these find
ings for sustainable land use and regional agriculture development? 

2. Data and methods 

2.1. Data collections 

Annual satellite-based MODIS NPP, ET and land cover data with 
spatial resolution of 500-m were used in this study. We collected these 
data from the website of Application for Extracting and Exploring 
Analysis Ready Samples (AρρEEARS, https://lpdaacsvc.cr.usgs.gov/app 
eears/). This study acquired the data in the geographic coordinate 
projection system (WGS-84). The ERA5 precipitation and temperature 
data were collected from European Centre for Medium-range Weather 
Forecasts (ECMWF, https://www.ecmwf.int/en/forecasts/datasets/rea 
nalysis-datasets/era5). The boundaries of global and 18 subregions 
were collected from natural Earth vectors datasets of ENVI software 
(Fig. 1). 

Yearly global land cover types in 2001–2018 were acquired from 
MCD12Q1 version 6 data product. It was derived from six different 
classification schemes, covering International Geosphere-Biosphere 
Programme (IGBP) classification, University of Maryland (UMD) clas
sification, Leaf Area Index (LAI) classification, BIOME-Biogeochemical 
Cycles (BGC) classification, Plant Functional Types classification, and 
FAO-Land Cover Classification System 1 land cover layer. The classifi
cation products are derived by using supervised classification approach 
as well as MODIS Terra and Aqua reflectance information (Friedl et al., 
2002). Besides, additional post-processing, including prior knowledge 
and ancillary information, was used to further refine specific classes. We 
extracted the cropland distribution data form IGBP layer of the 
MCD12Q1 version 6 product in view of wide use of the IGBP classifi
cation system. The original IGBP layer includes 17 land cover classes. To 
make it easier to graphics display, The IGBP land cover classes were 
generalized by aggregating the 17 classes into 7 major land cover types, 
i.e., forests, shrublands, grasslands, croplands, urban area, bare land, 
and water body. 

Yearly NPP data in 2001–2018 were acquired from the MOD17
A3HGF Version 6.1 product. Annual NPP is derived from the sum of all 
8-day net photosynthesis products (MOD17A2H) from the given year. 
The net photosynthesis value is the difference of the gross primary 
productivity and the maintenance respiration (Running et al., 2004; 
Zhao et al., 2005). The gap-filled MOD17A3HGF is an improved MOD17 
product compared to those of previous versions, because it has cleaned 
the poor-quality inputs, e.g., good-quality leaf area index and fraction of 
photosynthetically active radiation (Liu et al., 2015). 

Yearly ET data in 2001–2018 were acquired from MOD16A2GF 
Version 6.1 Evapotranspiration/Latent Heat Flux (ET/LE) product. This 
product is the sum of all gap-filled 8-day dataset within the composite 
period. Each 8-day data is derived from the logic of the Penman- 
Monteith equation (Mu et al., 2011). Input data of the algorithm 
include daily meteorological reanalysis data, MODIS remotely sensed 
vegetation property dynamics, albedo, and land cover. Like MOD17
A3HGF, the gap-filled MOD16A2GF is the improved MOD16 product. 

The ERA5 precipitation and air temperature data are spatial 

resolution of 0.1◦. In order to investigate the impacts of cropland 
expansion on agricultural productivity and water source consumption in 
different precipitation and temperature gradients, this study computed 
the multi-year averages of annual total precipitation and annual mean 
air temperature in 2001–2018. 

2.2. Processing and statistical analyses 

To reduce the uncertainties of cropland distribution data, this study 
derived two new composite cropland data based on MODIS IGBP crop
land datasets. Namely, we used the two five-year land cover data (i.e., 
2001–2005 and 2014–2018) to derive cropland data in the two periods 
(Y2001–2005 and Y2014–2018), respectively. Specifically, for each 
pixel, if its land cover types in five years are all croplands, the corre
sponding pixel of the new composite dataset is assigned croplands, 
otherwise non-croplands. Like cropland composite, this study also 
derived other six land cover map in the Y2014–2018 period. This 
assumption thus ignored short-term land use changes. The aim of this 
study is to monitor the impacts of cropland expansion on agricultural 
productivity and water source consumption, which is, after all, a rela
tively long-run effect. Subsequently, we aggregated the two ~500-m 
cropland maps into percent cropland maps with spatial resolution of 0.1 
latitude and longitude cell grid. We obtained the changes of 
Y2001–2005 croplands and Y2014–2018 croplands. 

Cropland expansion areas in this study were defined as regions with 
cropland increased area being greater than 10% for each 0.1 latitude and 
longitude cell grid. We expected that the given 0.1 cell grid had more 
500-m cropland expansion pixels in order to reduce the uncertainty of 
data statistics. The net cropland increase denotes the residue than 
cropland gain (or expansion) minus cropland loss in the given region. To 
investigate the impacts of cropland expansion on agricultural produc
tivity and water resource consumption and to reduce the impacts from 
other factors (e.g., climate change), the following steps were done. 

Step1: This study calculated the averaged values of each pixel in 
2014–2018 for ~500-m NPP and ET data. The aim is to obtain the 
normal NPP and ET status of vegetation and to reduce the impacts of 
extreme events as much as possible. 

Step2: Based on locations of cropland increased area being greater 
than 10% for each 0.1 latitude and longitude cell grid (regarded as 
cropland expansion areas in this study), we counted changes, numbers, 
and values on~500-m land use type, NPP and ET in each 0.1-degree cell 
grid. In this step, some changed information were collected for each 0.1- 
degree cell grid, including what being the original land use type before 
conversion into croplands, which land use type being the best major 
conversion into croplands, and related information. Take the major land 
use type being grasslands in the given 0.1-dgree cell grid as an example. 
Collected information covered the numbers and locations of the inflex
ible grasslands in the ~500-m Y2014–2018 map, corresponding aver
aged grassland NPP and ET values (NPPgrasslands, Y2014–2018 and 
ETgrasslands, Y2014–2018), the numbers and locations of new croplands in 
the ~500-m Y2014–2018 map but being grasslands in the ~500-m 
Y2001–2005 map, corresponding averaged new cropland NPP and ET 
values (NPPnew-croplands, Y2014–2018 and ETnew-croplands, Y2014–2018). 

Step3: We computed the difference of NPPnew-croplands, Y2014–2018 and 
NPPgrasslands, Y2014–2018 (taking grasslands as an example again), and the 
difference of ETnew-croplands, Y2014–2018 and ETgrasslands, Y2014–2018, 
respectively. 

ΔNPP = NPPnew− cropland,Y2014− 2018 − NPPi,Y2014− 2018 (1)  

ΔET = ETnew− cropland,Y2014− 2018 − ETi,Y2014− 2018 (2) 

where, NPPnew-croplands, Y2014–2018 and ETnew-croplands, Y2014–2018 are 
averaged new cropland NPP and ET values in the Y2014–2018 map for 
the given 0.1-degree cell grid.; the subscript i represents the given 
original land use type, e.g., grasslands in the above-mentioned example; 
NPPi, Y2014–2018 and ETi, Y2014–2018 are averaged NPP and ET values of 
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the inflexible land use type i in the Y2014–2018 map for the given 0.1- 
degree cell grid. Note that ΔNPP and ΔET were regarded as the impact of 
cropland expansion on agricultural productivity and water source con
sumption in the given 0.1-degree cell grid within the conceptual 
framework of the space-for-time substitution technique (Pickett, 1989). 
By using the approach, this study computed ΔNPP and ΔET of all 

0.1-degree cell grids with cropland increased area being greater than 
10%. In particular, the space-for-time substitution technique largely 
reduced the time effects of climate change and atmospheric CO2 fertil
ization on NPP and ET as the Introduction section explored. Besides, 
patterns of cropland expansion, ΔNPP and ΔET along with precipitation 
and temperature were also investigated. Multi-year mean precipitation 

Fig. 2. Distributions of cropland gain and loss based on five-year majority land use type maps from 2001 to 2005 and 2014–2018.  

Fig. 3. Cropland gain, loss and net areal change in different subregions (a), and cropland expansion area along with (b) total precipitation gradients (mm) and (c) 
mean air temperature gradients (◦C). 
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was classified five gradients, i.e., P1: < 200 mm, P2: 200–400 mm, P3: 
400–600 mm, P4: 600–800 mm and P5: ≥ 800 mm. Also, multi-year 
mean air temperature was classified five gradients, i.e., T1: < 5 ◦C, T2: 
5–10 ◦C, T3: 10–15 ◦C, T4: 15–20 ◦C and T5: ≥ 20 ◦C. 

3. Results 

3.1. Characteristics of global cropland expansion 

Global cropland area presented a significant net increasing trend 
with 1.9 × 104 km2/a (p < 0.01) over the past two decades, increasing 
from 12.8 × 106 of average in 2001–2005–13.1 × 106 km2 of average in 
2014–2018 according to statistics of the MODIS IGBP land use and land 
cover maps (Fig. 2). Net increased cropland area over the Northern 
Hemisphere and the Southern Hemisphere accounted for 27.1% and 
72.9% of global total net increase, respectively. At the continental and 
corresponding subregion scale, South America (11.2 ×104 km2), 
Northern America (5.8 ×104 km2), Southern Asia (5.0 ×104 km2) and 
Oceania (2.9 ×104 km2) had the largest net cropland increase (Fig. 3a). 
Brazil, India, United States of America, Argentina, Australia, Canada, 
China, Pakistan, Turkey and Ukraine were the top ten net increased 
countries, and their net cropland increased area all overpassed 7 × 103 

km2. 
Different from a single mode of cropland expansion in the Southern 

Hemisphere, modes of cropland change over the Northern Hemisphere 

were more complex. Cropland area in some regions showed net decrease 
due to much cropland loss, especially in 7–13◦N and 50–55◦N. By 
contrast, cropland area in some regions (e.g., 55–57◦N, 37–50◦N, 
35–30◦N, 13–18◦N, and 0–7◦N) also presented evidently net increase 
because of much greater cropland expansion. Although the Northern 
Hemisphere only had relatively low net cropland increase amount, its 
cropland expansion accounted for 74.3% of total cropland expansion. At 
the continental and corresponding subregion scale, South America 
(13.7 ×104 km2), Eastern Asia (11.9 ×104 km2), Northern America 
(10.4 ×104 km2), Southern Asia (10.5 ×104 km2), Eastern Europe 
(7.6 ×104 km2) and Western Africa (5.8 ×104 km2) performed evident 
cropland expansion phenomenon. China, India, United States of Amer
ica, Brazil, Russia, Argentina, Australia, Canada, Nigeria and Turkey 
were the top ten cropland expansion countries, and their expansion area 
all overpassed 1.5 × 104 km2. 

Meanwhile, this study observed that 85.9% of global cropland 
expansion were largely located in regions with annual total precipitation 
being greater than 400 mm (i.e., semi-humid and humid regions). 
Particularly, for subregions with evidently cropland expansion, South
ern America, Eastern Asia, Southern Asia, Northern America, Eastern 
Europe, Western Africa and Eastern Africa separately had 99.3% 
(13.3 × 104 km2), 76.8% (11.9 × 104 km2), 66.1% (10.5 × 104 km2), 
95.0% (10.4 × 104 km2), 99.4% (7.6 × 104 km2), 82.8% (5.8 × 104 

km2) and 99.0% (4.4 × 104 km2) areas locating in the semi-humid and 
humid regions (Fig. 3b). Of course, this study also found that there were 

Fig. 4. Percentage of natural ecosystems conversion into croplands in the globe and each subregion (a), and percentage of each natural ecosystem conversion into 
croplands in subregions (b). F2C, S2C, G2C, B2C and W2C note forests (F), shrubland (S), grasslands (G), bare land (B) and water body (W) conversion into croplands, 
respectively. 
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the water-limited areas having abundant cropland expansion in some 
subregions. For example, Eastern Asia, Southern Asia and Western Af
rica separately had 23.2% (2.8 × 104 km2), 33.9% (3.5 × 104 km2) and 
17.2% (1.0 × 104 km2) areas locating in the semi-arid and arid regions. 
Cropland expansion regions with annual mean temperature being lower 
than 10 ◦C covered 51% (6.1 × 104 km2), 67.6% (7.0 × 104 km2) and 
83% (6.3 × 104 km2) of total cropland expansion in Eastern Asia, 
Northern America and Eastern Europe (Fig. 3c), respectively. 

Global cropland expansion mainly occupied grasslands (~92.5% of 
newly croplands), followed by shrublands (6.19%), forests (0.91%), 
bare land (0.29%) and water body (0.13%). Regions with shrublands 
being converted into croplands mainly concentrated into Southern Asia, 
especially in northwestern India. Regions with forests being converted 
into croplands mainly concentrated Southern America, especially in 
Argentina, Bolivia and Brazil. Regions with bare land being converted 
into croplands mainly focused upon Eastern Asia and Southern Asia, 
especially in northwestern China (Fig. 4). 

3.2. Responses of agricultural productivity and water resource 
consumption to cropland expansion at global and regional scales 

Cropland expansion slightly caused global average NPP decrease 
(− 12.8gC/m2) and average ET decrease (− 4.0 mm) of new cultivated 
land pixels, but difference performances were evidently observed in 
subregions (Fig. 5). Cropland expansion tended to increase regional 
average NPP and ET in Central America and Caribbean, Northern Africa, 
Southern Africa, Western Asia, Southern Asia and Eastern Asia. Partic
ularly, Central America and Caribbean performed the strongest NPP 
increase with 38.2 ± 62.0 gC/m2, and Eastern Asia performed the 
strongest ET increase with 34.0 ± 62.5 mm. In contrast, cropland 
expansion was inclined to decrease regional average NPP and ET in 
Southern America, Western Africa, Eastern Africa, Northern Europe, 
Western Europe, Eastern Europe and Southeastern Asia. Note that 
Southern America showed the strongest NPP decrease with 
− 85.9 ± 83.7 gC/m2, and Southern America and Southeastern Asia both 

gave the strongest ET decreases with − 54.9 ± 86.6 mm and 
− 53.0 ± 86.7 mm, respectively. Besides, there were some subregions 
displaying diverse signals in average NPP and ET. Cropland expansion in 
Southern Europe increased NPP but decreased ET. However, cropland 
expansion in Northern America, Middle Africa, Southern Europe, Cen
tral Asia and Oceania slightly decreased NPP but increased ET. 

Cropland expansion usually decreased NPP and ET in most areas 
with high annual total precipitation and high annual mean temperature 
in Southern America (Fig. 6). Visibly decreased ET phenomenon in areas 
with high annual total precipitation and high annual mean temperature 
were also found in Southeastern Asia. In Eastern Asia, water-limited and 
temperature-limited cropland expansion areas with annual total pre
cipitation being lower than 600 mm and annual mean temperature 
being lower than 15 ◦C presented observably increased ET (Figs. S1h 
and S2h), although only slightly increased NPP compared to original 
land use types (Figs. S3h and S4h). By contrast, NPP and ET change 
induced by cropland expansion in the rest of subregions were not 
evident, that is, cropland expansion did not observably alter carbon 
storage and water consumption amounts at any precipitation and tem
perature gradients compared to original land use types. 

4. Discussion 

Most expanded croplands largely occurred on marginal land at the 
global and regional scales, and they very likely suffered from potential 
risks from climate changes and land degradation. Because most 
expanded croplands faced limited natural or managemental conditions, 
such as poor soil fertility, low agriculture management, and limitations 
from temperature, water source supply or transportation (Kuang et al., 
2021; Lesk et al., 2016; Lobell et al., 2008; Schmidhuber and Tubiello, 
2007). For example, most expanded croplands were restricted by water 
resource in Eastern Asia, Northern Asia, Eastern Europe, Western Africa, 
and Northern America. Some expanded croplands were restrained by 
relatively low temperature in Eastern Asia, Eastern Europe, and North
ern America, due to locating in relatively high latitude. Meanwhile, in 

Fig. 5. Changes of net primary productivity (NPP, a) and water resource consumption (ET, b) responses to cropland expansion in different subregions.  
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most of these regions, slightly lower temperature could be greatly 
responsible for regional agriculture development compared to water 
resources. Therefore, climatic settings and changes are mostly regarded 
as one of the most important factors for cropland expansion (Zaveri 
et al., 2020). On the one hand, current warming climate and increased 
precipitation frequency could be benefit for potentially improving the 
agricultural productivity and agricultural development potentials in 
some water resource or temperature limited regions to some extent, and 
thus largely improve the possibility of cropland expansion in those re
gions (Dong et al., 2016; Liu et al., 2021, 2019; Liu and Liu, 2018). Dong 
et al. (2016) reported that paddy rice centroid northward expanded 
nearly 310 km in Northeastern Asia during the year of 2000–2014. On 
the other hand, extreme weather events, i.e., droughts, floods, and 
extreme temperature, could also lead to an increase in cropland 
expansion (Iizumi and Ramankutty, 2015; Ortiz-Bobea et al., 2021; 
Zaveri et al., 2020). The earlier hypotheses implied that climate change 
contributed more to cropping area expansion in higher latitudes and 
altitudes, but the quantified impacts of extreme weather events on 
cropland expansion were less studied (Iizumi and Ramankutty, 2015). A 
recent study found that repeated dry anomalies lead to cropland 
expansion increase, especially in developing countries, because 
small-holder famers could be in response to reduced yields (Zaveri et al., 
2020). Their estimates reported that dry anomalies occupied nearly 9% 
of the rate of cropland expansion at the past two decades. Climate 
change is, thus, both a challenge and an opportunity for cropland 
expansion. 

The new expanded croplands account for large-area natural 

ecosystems, especially in grasslands, shrublands/savanna, and forests. 
Cropland expansion into fragile ecosystems has exerted even negative 
effects on carbon sequestration, biodiversity, animal habitat, and 
ecosystem services in most regions globally (Ewers et al., 2009; Li et al., 
2020b; West et al., 2010). In this study, we found that Southern America 
had the largest-area cropland expansion and the cropland expansion 
evidently reduced the NPP. Cropland expansion also decreased original 
ecosystem NPP in Western Africa, Middle Africa, Eastern Africa, and 
Southeastern Asia where belongs to the tropics. These findings are 
consistent with the most previous studies (Foley et al., 2011; West et al., 
2010). For example, a study from West et al. (2010) investigated the 
balance between carbon stocks and crop yield on agricultural land, and 
reported that cropland expansion in tropical landscapes often got rela
tively poor benefit compared to the cost of carbon stocks. Foley et al. 
(2011) also indicated that regions of tropical agriculture had a relatively 
high yield, particularly in regions with sugarcane, oil palm and soy
beans, but less contributed to global total calorie and protein supplies. 
Even so, we cannot ignore the contributions of such cropland expansion 
to increasing local income, alleviating poverty, and solving food security 
of some population in the tropical counties. In contrast, cropland 
expansion in the temperate usually gained more agricultural produc
tivity compared to that in the tropics. In this study, we also found that 
Eastern Asia, Southern Asia, Western Asia, Northern America, and 
Central America and Caribbean locating in the temperate performed 
positive NPP bias, suggesting increased the productivity compared to 
those of previous land use types. 

Although cropland expansion in some regions increased NPP 

Fig. 6. Changes of net primary productivity (NPP) and evapotranspiration (ET) induced by cropland expansion along with precipitation gradients (a) and tem
perature gradients (b), respectively. 
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compared to earlier land use types, the increases are based on more 
water resource consumption. Expanded croplands in Eastern Asia, 
Central Asia, Southern Asia, Western Asia, Southern Africa, Northern 
Africa, and Central America and Caribbean performed positive NPP bias 
in this study, but also performed positive ET bias. Note that most of those 
regions are, however, in water-limited and rainfed areas. It potentially 
increased the stress of local water resource supply and reshaped the 
water balance between human and land (Feng et al., 2016). In contrast, 
cropland expansion in some regions decreased NPP and land cover 
fraction, e.g., Southern Asia, Eastern Europe, Western Europe, Northern 
Europe, Eastern Africa, and Southern America, and decreased water 
resource consumption. However, in this case more precipitation, not 
used by vegetation, could became land surface runoff. It possibly 
increased the potential risk of soil erosion, and further resulted in land 
degradation. Before 1950 s, large-area cropland expansion exerted in 
the Loess Plateau, which led to severe soil erosion and ecosystem 
degradation (Chen et al., 2015). Although some ecological engineering 
measures were successively implemented in the Loess Plateau from 
1950 s up to date and gained the expected results, it could be still a 
long-run way to recover previous good-health ecosystems (Wang et al., 
2016). 

Considering more cropland expansion occurring on fragile ecosys
tems and exerting substantial pressures on natural ecosystems, some 
studies focused on sparing land for nature and cropland intensification 
(Ewers et al., 2009; Folberth et al., 2020; Gerten et al., 2020; Godfray 
et al., 2010; Mueller et al., 2012). For example, a recent study based on 
crop modelling showed that closing current yield gaps by spatially 
optimizing fertilizer inputs could reduce the ~50% current cropland 
area (Folberth et al., 2020). Some earlier studies also suggested to close 
the yield gaps through nutrient and water managements (Jägermeyr 
et al., 2016; Mueller et al., 2012). Anyhow, current population growth, 
urbanization expansion and climate change gave more pressures on both 
global and regional agriculture development (Gornall et al., 2010; Liu 
et al., 2021; Ortiz-Bobea et al., 2021). Sustainable intensification, pro
ducing more food from the same land area while decreasing the envi
ronmental impacts, is required (d’Amour et al., 2017; Godfray et al., 
2010). Policies could play more important role in future cropland con
servation and development. 

5. Conclusions 

Based on satellite-based MODIS NPP, ET, and land cover data, as well 
as EAR5 precipitation and temperature data, this study used the space- 
for-time substitution technique, assuming that spatial and temporal 
variations are equivalent, to investigate the impacts of cropland 
expansion on agricultural productivity and water source consumption. 
This study found that global cropland area presented a significant net 
increasing trend with 1.9 × 104 km2/a (p < 0.01) over the past two 
decades. Large-area cropland expansion mainly focused on Eastern Asia, 
Southern Asia, Eastern Europe, Southern America, and Northern 
America. Global cropland expansion caused average NPP decrease and 
average ET decrease of new cultivated land pixels, but difference per
formances were evidently observed in subregions. Cropland expansion 
in the Southern America performed the strongest NPP and ET decreases. 
In contrast, expanded cropland in most subregions of Asia and Northern 
America had higher the agriculture productivity compared to their 
original land use types, while the increases were done at the expense of 
more water resource consumption. Although cropland expansion only 
slightly decreased NPP compared to original ecosystems globally, 
expanded croplands often occurred in water-limited or temperature- 
limited areas. It could easily increase the risks of land degradation and 
abandonment under climate change and less agricultural managements 
(e.g., irrigation). Considering the lower production ability of the new 
expanded croplands, improving the intensification of high-quality 
croplands could be more benefit for meeting the food requirements in 
the context of increasing population and protecting natural ecosystems. 
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