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A B S T R A C T   

Multiple cropping, defined as harvesting more than once a year, is a widespread land management strategy in 
tropical and subtropical agriculture. It is a way of intensifying agricultural production and diversifying the crop 
mix for economic and environmental benefits. Here we present the first global gridded data set of multiple 
cropping systems and quantify the physical area of more than 200 systems, the global multiple cropping area and 
the potential for increasing cropping intensity. We use national and sub-national data on monthly crop-specific 
growing areas around the year 2000 (1998–2002) for 26 crop groups, global cropland extent and crop harvested 
areas to identify sequential cropping systems of two or three crops with non-overlapping growing seasons. We 
find multiple cropping systems on 135 million hectares (12% of global cropland) with 85 million hectares in 
irrigated agriculture. 34%, 13% and 10% of the rice, wheat and maize area, respectively are under multiple 
cropping, demonstrating the importance of such cropping systems for cereal production. Harvesting currently 
single cropped areas a second time could increase global harvested areas by 87–395 million hectares, which is 
about 45% lower than previous estimates. Some scenarios of intensification indicate that it could be enough land 
to avoid expanding physical cropland into other land uses but attainable intensification will depend on the local 
context and the crop yields attainable in the second cycle and its related environmental costs.   

1. Introduction 

Multiple cropping is common and a widespread land use manage
ment strategy in low-land tropical and subtropical agriculture where 
rainy seasons are long enough or irrigation is viable. Changes in crop
ping intensity, not just in harvested area and crop yields are associated 
with crop production (Cohn et al., 2016; Iizumi and Ramankutty, 
2014). In the past, increases in cropping intensity resulted in an extra 
crop harvest globally every ten year period since 1961 (Ray and Foley, 
2013) and accounted for 9% of the global crop production growth and 
31% of the crop production growth in sub-Sahara Africa between 1961 
and 2007 (Alexandratos and Bruinsma, 2012). Besides the direct benefit 
for crop production by increasing the number of harvest and the 
amount of biomass extracted, multiple cropping can improve the 

functioning of agricultural systems and reduce the environmental 
consequences sometimes associated with crop production (Gaba et al., 
2015). Intensification occurs in systems with multiple harvests of the 
same crop, for example in some Asian rice-based systems, while other 
systems are more diverse with different types of crops grown at the 
same time or in a sequence and interacting with each other. It is ex
pected that higher diversity increases the sustainability of crop pro
duction (Altieri, 1999), pest regulation (Khan et al., 1997), resistance to 
climate events (Isbell et al., 2015; Lin, 2011) and reduces fertilizer use 
in associations with legumes (Peoples et al., 2009) all of which can also 
lead to increases in production or profitability in the short or long term 
(for a review see Francis, 1986; Gaba et al., 2015). In a cropping system 
with diverse crop species, multiple cropping also allows for risk- 
spreading and diversification to different growing seasons and different 
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crops for own use or markets. On the other hand, growing a second or 
third crop can increase the risk of crop failure (Ojeda et al., 2018) and 
the environmental costs of production (Damien et al., 2017; Ladha 
et al., 2003; Timsina and Connor, 2001) but these problems are crop-, 
location- and management-specific. 

It is crucial to acknowledge that crop diversification and in
tensification are two different management strategies with different 
goals that can lead to the same level of cropping intensity, i.e. the same 
ratio of harvested area and physical area or the same number of har
vests. We need to expand the current measures of cropping intensity by 
including a description of the crop mix in each system. Advancing the 
research in the areas outlined above using global agricultural models 
also requires a better representation of the spatial extent of different 
multiple cropping systems. This and their contribution to food pro
duction is largely unknown on the global scale. Multiple cropping 
systems are poorly accounted for in assessments of global food pro
duction and land use change and effects of multiple cropping on crop 
production, ground coverage, water fluxes, soil erosion, albedo, soil 
chemical properties, and pest infestation are neglected in global agri
cultural models. While feedbacks between different plants, crops, and 
micro-organisms that contribute to food production directly or in
directly are important on the field and farm scale, their influence on 
larger spatial scales is unknown but we expect them to be significant. 
Developing a crop-specific and spatially explicit multiple cropping data 
set and integrating into a global agricultural modelling framework will 
also be important to study the extent to which the suggested 

intensification on current cropland for increasing crop production (Ray 
and Foley, 2013; Wu et al., 2018) can be sustainable. Consequently the 
main objectives of our study are to i) develop a method to map and 
characterize multiple cropping systems on the macro scale from gridded 
crop area data sets and sub-national to national cropping calendars, ii) 
introduce estimates of multiple cropping area for the time period 
1998–2002 as a potential baseline for future global or regional studies 
monitoring multiple cropping and iii) estimate the potential to increase 
cropping intensity. 

Methodological approaches so far include remote sensing ap
proaches, combining remote sensing data with agricultural census data 
and non-remote sensing approaches. They all result in useful estimates 
of the area under multiple cropping, or the timing of the crop cycles in 
different cropping systems but not both at the same time. Remote 
sensing approaches can identify phenological cycles, the greening up, 
peak period and maturity from time series of vegetation indices such as 
NDVI and EVI as well as crop classes and were developed for applica
tion on the global scale (Whitcraft et al., 2015; Wu et al., 2018) and for 
cropland in America (Arvor et al., 2011; Brown et al., 2013; Galford 
et al., 2008; Wardlow et al., 2007), Europe (Belgiu and Csillik, 2018; 
Estel et al., 2016), Africa (Xiong et al., 2017) and Asia (Gray et al., 
2014; Li et al., 2014; Yan et al., 2013). They are not able to detect 
individual crops and crop sequences without expert knowledge of the 
local to regional agricultural practices or ground-truth data (Bégué 
et al., 2018). On the individual crop level, only paddy rice agriculture 
can be identified from short-wave infrared satellite images as it 

Fig. 1. Workflow with inputs, processes and outputs for developing and validating the global gridded cropping systems data set and its application for estimating the 
global area available for increasing the cropping intensity. Numbers in boxes refer to heading numbers in the materials & methods section of the manuscript. 
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resembles a distinct temporal pattern of flooding / rice transplanting 
period, growing period and fallow period after harvest (Xiao et al., 
2005, 2006). Also radar imaging systems have proved to be well suited 
for mapping rice areas with the advantage of not being limited by cloud 
coverage in rice-growing areas (Bouvet et al., 2009). Other annual 
crops or cropping systems can often only be identified with additional 
information, such as from crop calendars, high-resolution imagery, field 
data, expert knowledge or other ground truth data. Crop identification 
from satellite images is challenging due to trade-offs between spatial 
detail and area coverage. Also small field sizes require medium to high- 
resolution images but these often lack temporal detail (Ozdogan, 2010). 
As a consequence, signals derived from remote sensing data often re
present a mixture of crop types that require temporal ‘un-mixing’ or 
multi-temporal approaches for mapping multiple crops at the same time 
(Serra and Pons, 2008; Vyas et al., 2005; Zhong et al., 2015) but these 
approaches have not been applied on larger spatial scales yet. On the 
global scale, cropping or harvest intensity, the ratio of area harvested 
and physical area, has been mapped using national cropland data from 
the FAO (Ray and Foley, 2013) and gridded cropland data (Siebert 
et al., 2010). Other approaches for regional or crop-specific data sets 
include mixing remote sensing and agricultural census data for India 
and China (Frolking et al., 2006, 2002), using farmer-reported planting 
and harvesting dates from household surveys (Waha et al., 2013) and 
national crop calendars (Laborte et al., 2017). 

This research has advanced our understanding of the spatial pattern 
of cropping intensity either for a specific cropping system, e.g. a rice- 
based system, or for overall cropping intensity or agricultural growing 
seasons in an individual world region or country but they either lack 
detail on the crop type and cropping systems or applicability on the 
global scale. 

2. Material and methods 

We develop a method for mapping multiple cropping systems 
globally (Fig. 1) and present the first global gridded data set of physical 
area and growing seasons of more than 200 different double and triple 
cropping systems. Our approach focuses on sequential cropping where 
two or more crops are grown in a sequence on the same field and one 
cycle takes 12 months or less to complete. The succeeding crop is 
planted or transplanted after the preceding crop has been harvested, 
thus, crop intensification is in the temporal dimension only. We exclude 
intercropping from the analysis, where crops are grown simultaneously 
at the same piece of land as well as crop rotation where one cycle takes 
several years to complete. 

The distinction between physical area (sometimes referred to as 
‘area sown’, ‘net sown area’ or ‘cropland extent’) and harvested area 
(sometimes referred to as ‘gross cropped area’ and ‘area under culti
vation’) is crucial in our study and not always made clear in the lit
erature and agricultural statistics. Harvested areas can be smaller than 
physical areas when parts of the crop fields were not harvested, de
stroyed or left fallow during the growing season or larger when multiple 
crops are sown in sequence during one growing season. We exclude 
fallow land from our analysis, i.e. if a field is sown with rice and then 
left fallow after the harvest, the harvested area is equal to the physical 
area in our study in the absence of other factors reducing the harvested 
area. 

The ratio between harvested area and physical area is cropping 
intensity, sometimes referred to as harvest frequency (e.g. in Ray and 
Foley, 2013). Cropping intensity can also be measured as the number of 
harvests and referred to as the multiple cropping index (e.g. in Zuo 
et al., 2014) or cropping frequency (e.g. in Estel et al., 2016), for ex
ample as identified from time series of vegetation indices in remote 
sensing studies. In global studies these measures are aggregated to an 
average per grid cell of a certain spatial resolution. It is currently un
known which combination of crops and cropping systems exist in a grid 
cell to lead to a specific cropping intensity. Multiple cropping is 

characterized by a cropping intensity higher than one and several crops 
that are grown together, either mixed in space (intercropping) or time 
(sequential cropping, crop rotation). A multiple cropping system needs 
to be described by the number of crops, crop types and their growing 
period as naming only the crops does not allow to distinguish between 
sequential cropping and intercropping. 

2.1. Global crop calendar and crop areas 

We use data on monthly crop-specific growing areas around the 
year 2000 (1998–2002) for 26 crop groups as reported by MIRCA2000 
(Portmann et al., 2010). MIRCA2000 uses global cropland extent and 
crop harvested areas (Monfreda et al., 2008; Ramankutty et al., 2008) 
and also takes (sub-) national agricultural statistics from 402 adminis
trative units into account. The data set provides crop-specific planting 
and harvest dates using crop calendars from the FAO Global Informa
tion and Early Warning System, United States Department of Agri
culture and the International Rice Research Institute. MIRCA2000 
combines information on crop harvested areas, irrigation, cropping 
intensities and growing seasons from satellite images and agricultural 
censuses aiming to minimize errors from inconsistencies between input 
data and using very little spatial modelling to distribute crop areas 
across global cropland. MIRCA2000 is one of the only two global 
gridded cropland data sets that report monthly growing areas and the 
most recent data set. The alternative global crop calendar data set 
(Sacks et al., 2010) does not distinguish between rainfed and irrigated 
crops and is therefore less suited for our analysis here. 

The total physical and harvested areas in MIRCA2000 are 1.60 
billion hectares and 1.31 billion hectares, respectively with 24% of the 
total harvested area in irrigated agriculture. Compared to other esti
mates of global cropland total physical land in MIRCA2000 is < 5% 
below the 1.66 billion hectares reported in (Fritz et al., 2015) and 4% 
and 6% above the 1.53 billion hectares reported as ‘Arable land and 
permanent crops’ in FAOStat. An average 0.44 billion hectares are es
timated to be left fallow every year (Siebert et al., 2010) and the global 
average cropping intensity is 0.82 including fallow land (1.31 billion ha 
/ 1.60 billion ha) and 1.13 excluding fallow land (1.31 billion ha / 1.16 
billion ha). 

MIRCA2000 distinguishes between 26 crop groups and up to five 
different ‘sub-crops’ for some crops that reflect different crop types, 
varieties and multiple cropping systems: wheat, barley, rye, maize, 
cassava, rice and the group of other annual crops. For wheat, rye, barley 
and maize, spring and winter varieties are distinguished. For rice three 
varieties are distinguished; upland rice growing 7–8 months, deep 
water rice growing 7 months and paddy rice, with up to three growing 
periods typically 4 months long each (Portmann et al., 2010). The other 
crops or crop groups are millet, sorghum, soybean, sunflower, potato, 
sugar cane, sugar beet, oil palm, rapeseed, groundnut, legumes and 
pulses (pulses), citrus, date palm, grapes, cotton, cocoa, coffee, and 
fodder grasses. 

To simplify the presentation of the results, we sometimes aggregate 
individual crops to crop groups. Millet, sorghum and maize are C4 
cereals. Barley, rye and wheat are C3 cereals and all other crops except 
for rice are grouped together as ‘Others’. 

2.2. Method for identifying multiple cropping systems and calculating 
physical cropping system area 

The general approach for identifying sequential cropping systems 
and their respective area share includes the following steps: 

1. Identify possible systems. Crops with non-overlapping growing sea
sons can be combined into double and triple cropping systems. 
Calculate physical cropland for possible crop combinations as the 
minimum area of all crops in a system. We exclude crop combina
tions that are deemed technically infeasible or unreasonable, such as 
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paddy rice with upland rice or double cropping with sub-crops that 
represent different crop varieties not grown consecutively on the 
same field. We permit only the crop combinations listed in Appendix 
Table A1. 

2. Ranking and selection. If in a grid cell there are several crop combi
nations possible, we rank the systems by cropping frequency (from 
triple to single cropping) and then by physical area of the cropping 
system.  

3. Disaggregate total crop area into systems area. Starting with the first 
system from list in step 2, we subtract the system’s area from the 
total available physical crop area in the grid cell and if there is still 
physical crop area unallocated, we continue with the next system. 

This is done for each of the 39,449 30 arc min land grid cells se
parately and for rainfed and irrigated systems separately because 
cropping calendars are based on different data sources and can there
fore not be mixed (Portmann et al., 2010). Fig. 2 illustrates the method 
for an example grid cell. In this example there are three possible double 
cropping systems with soybean, but maize-soybean is selected as the 
only double cropping system because it has the largest physical area as 
a system. As the maize area exceeds the soybean area, the remaining 
maize area is assumed to be the physical area of a separate field with 
maize as a sole crop. All remaining crops are grown as sole crops and 
the sum of the individual system’s area matches the total available 
physical cropland in the grid cell. 

This means we disaggregate the total available physical cropland in 
each grid cell into areas of single cropping, double cropping and triple 
cropping systems. If the sum over all available systems’ physical area 
exceeds the total available cropland in a grid cell, some cropping sys
tems are excluded, and we therefore underreport the total physical 
cropland without fallow land slightly by 0.3% globally, 1,154 million 
hectares (Mha) instead of 1,158 Mha. Where several crop combinations 
are possible, we choose the one with the largest physical system area 
and exclude the others. This mostly happens in areas with high crop
ping intensities and where a large variety of crops is grown such as in 
the Andean countries, East and Southeast Asia and Central and Eastern 
Africa. In 43% of all grid cells all possible cropping systems were al
located to total cropland in the grid cell and in another 23% of all grid 

cells one to ten alternative cropping systems were not included. In the 
example above millet-soybean and barley-soybean are not included as 
potential double cropping systems as soybean is assumed to be grown 
together with maize. 

Cropping systems with different water sources per crop or season 
are not represented in the final data set and each cropping system is 
assumed to be either irrigated or rainfed. Rainfed cropping systems 
with a fully or partially irrigated second crop, as e.g. in some rice–
wheat systems in the eastern part of the Indo-Gangetic belt, in 
Bangladesh, and parts of the Indian states of Bihar and West Bengal are 
represented as either rainfed or irrigated. 

It is important to note that with the method outlined above we are 
able to identify multiple cropping systems with two or three crops 
grown in a sequence during a 12-month period, but not crop rotations 
that occur over several years or inter-cropping systems in which more 
than two crops are grown simultaneously or with overlapping growing 
periods in the same field. We however capture sequential cropping 
systems with two or more crops grown in the same as well as in two 
distinct rainy seasons (in areas with a bimodal rainfall pattern). We aim 
at representing such multiple cropping systems at a 30-arc min re
solution that are realistic considering climate, crops and crop varieties 
currently cultivated and management currently practiced but not ne
cessarily the most important cropping systems in economic terms. 
Other factors such as farmer’s attitude towards risk, access to fertilizer 
and seeds, soil quality, the long-term sustainability of a cropping 
system, availability of labour, market prizes and periodical large-scale 
climate pattern such as the El Nino Southern Oscillation will affect 
farmer’s choices to cultivate a second or third crop. Also the analysis is 
limited to identifying the area share of a particular cropping system in 
30 arc minute grid cells, not crops or cropping systems of different plots 
of land or farmer’s fields. Only where field sizes are large and the di
versity of crops and systems is low this distinction might be irrelevant. 

2.3. Validation and evaluation 

A formal validation of our global multiple cropping data set is not 
possible due to the lack of global data to compare to but we take the 
following steps to evaluate accuracy for selected countries, and describe 

Fig. 2. Illustration of the method for identifying cropping systems in a grid cell with multiple non-overlapping growing periods and a cropping intensity greater 
than 1. In this example the total harvested area is 612 ha, the total physical area is 541 ha and the cropping intensity is 1.13. ir is irrigated, rf is rainfed, othersann is 
short for others annual, a group of crops as defined in MIRCA2000. 
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potential uncertainties and limitations in the data set: (i) review of the 
literature describing specific cropping systems in different world re
gions (N = 33, Appendix Table A2) and comparison to systems found in 
our data set, (ii) listing known issues related to the input data and 
method used, (iii) grid cell-to-grid cell comparison with national 
gridded data sets available for China and India, (iv) comparison of total 
multiple cropping area extent reported in literature and agricultural 
census statistics and (v) assess the number of alternative cropping 
systems to the ones identified in the final data set. 

For China and India we compare our global multiple cropping maps 
with two independent maps of multiple cropping systems (Frolking 
et al., 2006, 2002) and discuss differences and similarities in the spatial 
patterns. For China, Frolking et al. (2002) distinguish between 47 
rainfed and irrigated rice and non-rice cropping systems with 18 dif
ferent crops - alfalfa, beet, maize, rapeseed, soybean, vegetable, cotton, 
potato, rice, fallow, millet, non-legume hay (non-legume crop for hay), 
oat, wheat, sorghum, sugar cane, sunflower and tobacco. For India,  
Frolking et al. (2006) distinguish between 54 rainfed and irrigated rice 
cropping systems with 15 different crops - fallow, pulse, oilseed, 
groundnut, soybean, potato, vegetable, wheat, fiber, pulse, barley, 
maize, sorghum and sugar cane. For a comparison between these two 
national maps and our study, we use the 32 crops common in all three 
data sets and group 24 of them into 5 crop groups:  

– Cereals: millet, sorghum, maize, barley, rye, wheat, oat 
– Oil crops: oil palm, soybean, sunflower, groundnut, rapeseed, oil

seed  
– Root crops: cassava, potato, sugar beet, beet  
– Others perennial crops: citrus, date palm, grapes, sugar cane, other 

perennial crops  
– Fodder grasses: alfalfa, fodder grasses 

The following groups and individual crops were not grouped: pulse, 
rice, cocoa, coffee, cotton, tobacco, others annual and vegetables. 
Fallow and non-legume hay are not considered as crops in MIRCA2000 
and are therefore excluded from the comparison. 

A binary classification test between our dataset and the national 
data set is difficult as they were developed at a different spatial scale 
and for different, but close baseline years and in both, the national and 
the global data sets several cropping systems exist in a grid cell. We 
check whether the system with the largest area share in the national 
data set was identified as a potential cropping system in the global data 
set, evaluate the spatial pattern of single, double and triple cropping in 
China and India and discuss agreement and disagreement to our global 
data set nonetheless as it can be an indication of the appropriateness of 
the developed method and data set presented here. 

2.4. Cropping intensification potential 

We calculate the potential for increasing cropping intensity on 
current rainfed and irrigated cropland from the area and growing 
season of actual single cropping systems and the potential growing 
season for rainfed farming. The potential growing season is the number 
of consecutive months with favourable temperature and soil moisture 
conditions as defined in the FAO-AEZ framework (van Velthuizen et al., 
2007). The original data available at the FAO’s geospatial data server 
GeoNetwork (FAO, 2007) is based on 16 classes each class 30 days 
wide, except the first and the last three classes and we converted them 
into 12 classes representing the length of the potential growing season 
in months (Figure S1). We first calculate the difference between the 
potential and actual growing season and then sum over all suitable 
single crop areas with a minimum difference according to assumptions 
about the minimum length of a second crop cycle (Madamba et al., 
2006) and the number of months required for a short fallow period and 
time to prepare the land before the next year. The scenarios used are:  

- The difference between potential and actual growing season is at 
least two months for growing a second crop (referred to as A2 sce
nario).  

- The difference between potential and actual growing season is at 
least four months for growing a second crop with a minimum 
growing season of two months and leaving the land fallow for at 
least two months while it is prepared for the next cycle (referred to 
as A4 scenario). 

In two additional scenarios we restrict the calculation of potential 
crop areas to regions with low risk of crop failure due to frost or 
drought as farmers might tend to avoid the risk of losing the second 
harvest. Low frost risk is defined as minimum mean monthly tem
perature being higher than or equal to 10 °C. Low drought risk is de
fined as the coefficient of variation of annual rainfall being less than the 
global average of 19% which indicates that the mean annual rainfall is 
fivefold the standard deviation.  

- As first scenario above but with reduced frost and drought risk as 
specified (referred to as A2- scenario).  

- As second scenario above but with reduced frost and drought risk as 
specified (referred to as A4-scenario). 

Mean monthly temperatures over the time period 1970 to 2000 are 
taken from WorldClim version 2 (Fick and Hijmans, 2017) and the 
coefficient of variation represents the year-to-year variability in 1980 to 
2000 as reported in the AgMERRA climate forcing data set for agri
cultural modelling (Ruane et al., 2015). The potential for cropping in
tensification is then expressed as potential crop area increase on current 
cropland in hectares and percentages of current single cropping area 
and current harvested area. 

3. Results 

3.1. Global multiple cropping area and systems 

We estimate that 134.4 Mha land is under multiple cropping, 12% of 
global cropland (Fig. 3). 5% of global rainfed cropland and 40% of 
global irrigated cropland is under multiple cropping (Table 1). Our 
results suggest that double cropping extents to 130.4 Mha (11.3%) with 
81.5 Mha irrigated and triple cropping extents to 4.1 Mha globally 
(0.35%) with 2.9 Mha irrigated. Single cropping extents to 1020.6 Mha 
land (88.4%) with 132.1 Mha irrigated cropland. This amounts to 1.16 
billion hectares to represent the global physical cropland extent without 
fallow land. Together with global fallow land of 0.44 billion hectares 
(Siebert et al., 2010) this amounts to global physical cropland of 1.60 
billion hectares which equals the global cropland extent presented in  
Portmann et al. (2010) which was used as input data here and is well 
within the range of other estimates of global cropland extent of 1.22 to 
1.71 billion hectares (Ramankutty et al., 2008). Total harvested area is 
1.29 billion hectares and global average cropping intensity is 0.81 in
cluding fallow land and 1.1 excluding fallow land. The average crop
ping intensity in a grid cell as estimated in MIRCA2000 was already 
presented in earlier studies (Portmann et al., 2010; Siebert et al., 2010) 
so we do not show it again here. 

Globally, we find more than 200 different multiple cropping systems 
as a combination of 25 annual crops. The 29 multiple cropping systems 
with the largest crop area globally account for 80% of the global 
multiple cropping area. Cereals harvested only once a year in temperate 
areas with or without irrigation are the most important cropping system 
with respect to area coverage. Double cropping is important in tropical 
and subtropical agriculture with double cropping of cereals and a 
combination of cereals and pulses and cereals and oil-crops being the 
most important. 44% (49.63 Mha), 13% (24.12 Mha) and 10% (13.49 
Mha) of the rice, wheat and maize area, respectively are under multiple 
cropping, making it an important cropping system for cultivating these 
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crops (Appendix Table A3). The top five multiple cropping systems with 
largest physical area globally are: irrigated rice-rice (32.66 Mha), irri
gated double cropping with wheat and rice (14.38 Mha) irrigated 
double cropping with wheat and maize (12.16 Mha), irrigated double 
cropping with wheat and cotton (4.3 Mha) and rainfed double cropping 
with rapeseed and another annual crop (3.56 Mha). Together with 
monocultures of wheat, maize, rice, soybean and pulses (468.8 Mha) 
these systems account for more than 50% of the global cropland extent. 
On 70% of the area under multiple cropping the system consists of 
different crops, 30% are monocultures with the same crop harvested 

more than once. 

3.2. Regional importance of multiple cropping and regional validation 

Multiple cropping mostly occurs in tropical and subtropical climates 
with a rainy season long enough or adequate irrigation to grow two or 
three crops in a sequence during one agricultural year. The majority of 
multiple cropping areas are located in East Asia (44.1 Mha, 34%) and 
South Asia (37.8 Mha, 29%), and in the low to lower middle income 
countries (116.5 Mha, 86%) (Fig. 4). 

For the two world regions with largest multiple cropping area share, 
East Asia and South Asia, we compare total multiple cropping area and 
spatial pattern of cropping systems in our global data set to two na
tional data sets for China and India. For other world regions we eval
uate the accuracy of the global data set by comparing to multiple 
cropping area estimates and multiple cropping system descriptions in 
the literature. 

Multiple cropping systems in China and South Asia 
The grid cell-by-grid cell comparison indicates that in 70–75% of all 

30 arc min grid cells the reported cropping system with the largest 
physical area in the national data set was identified in our global data 
set as well (Fig. S2-3). In the remaining grid cells, the system identified 
can be very similar to the observed, e.g. for the province of Jiangsu in 
China, the national data set reports irrigated rice-cereals as the domi
nant system whereas we found irrigated rice-rice to be dominant. The 
spatial pattern of single and double cropping in China as well as total 
cropland is reproduced very well, except for double cropping in the 
Northeast (provinces Liaoning, Jilin, Heilongjiang) (Fig. S4-5). In India, 
the spatial pattern of the systems with largest crop area in the national 
data set is reproduced very well, except for parts of the states of Ra
jasthan and Gujarat in western India and the state of Uttar Pradesh in 
northern India. The rice-cereals irrigated cropping system known to be 
important in North India is not represented very well (Figure S7) be
cause an additional cropping period for rice (in winter season) and 
wheat (in summer season) was introduced in MIRCA2000 that deviated 
from the FAO crop calendar for these states in order to accommodate 
the irrigated harvested area exceeding the available area equipped for 
irrigation (Portmann et al., 2010). Therefore, our data set reports 

Fig. 3. Physical area (hectare) of multiple cropping systems per 30 arc-min grid cell, 1998–2002. A Global multiple cropping area. B Rainfed soybean-wheat 
double cropping system in South America. C Irrigated wheat-rice and rice-rice (D) double cropping system in South, East and Southeast Asia. E Irrigated rice-rice 
double cropping system in West Africa. f Irrigated maize-wheat double cropping system in Central America. White areas indicate locations with total crop area less 
than or equal to 1% of the grid cell area. 

Table 1 
Global physical cropland of major cropping systems (in million hectares).      

Crop / Crop group Rainfed Area Irrigated Area All cropland  

Single cropping 
With… 
Rice 49.40 13.19 62.59 
C3 cereal 194.37 27.68 222.05 
C4 cereal 172.61 16.62 189.23 
Other 472.10 74.58 546.68 
Sub-Total 888.48 132.07 1020.55 
Double cropping 
With… 
Rice 8.68 34.05 42.73 
C3 cereal 9.94 12.02 21.96 
C4 cereal 11.21 3.05 14.26 
C3 / C4 cereals 2.63 13.94 16.57 
Rice / C3 cereal 0.57 14.59 15.16 
Rice / C4 cereal 2.26 0.80 3.06 
Other 13.51 3.10 16.61 
Sub-Total 48.80 81.55 130.35 
Triple cropping 
With… 
Rice 0.41 2.51 2.92 
C3 cereal  <  0.01  <  0.01  <  0.02 
C4 cereal 0.19 0.26 0.45 
Rice / C3 cereal  <  0.01  <  0.01  <  0.02 
Rice / C4 cereal 0.25  <  0.01 0.26 
Other 0.26 0.13 0.39 
Sub-Total 1.15 2.91 4.06 
Total 938.43 216.53 1154.96 

K. Waha, et al.   Global Environmental Change 64 (2020) 102131

6



irrigated double cropping with cereals, pulses, oil crops or irrigated 
triple cropping with rice as prevalent in parts of Uttar Pradesh, Punjab 
and Haryana. 

Cropping intensity increases from the north-west to the south-east in 
China with single cropping being prevalent in Northwest China and 
Northern China and multiple cropping occurring in the Huanghe- 
Huaihe-Haihe plain and in the middle and lower areas of the 
Changjiang (Yangtze) river (Yan et al., 2013). We estimate the total 
multiple cropping area and area share in China as 43 Mha (36%). This is 
close to the 50 Mha (38%) reported previously (Frolking et al., 2002) 
(Appendix Table A4). There is uncertainty in the proportion of cropland 
cultivated with triple cropping in China; the estimates range from 1.8% 
(Yan et al., 2013) to 10.9% (Frolking et al., 2002; Qiu et al., 2003), 

depending on the data source and base year and is 0.3% in this study. 
Also in other maps of Chinese cropping systems for 2006/2007 (Li 
et al., 2014), triple cropping is not as prevalent in South China as shown 
in Frolking et al. (2002) (Frolking et al., 2002). Multiple cropping is 
generally less important in Northern China but exists in Northeast 
China and the North China Plain (Qiu et al., 2017; Zuo et al., 2013). 

Multiple cropping systems in South Asia are mostly based on rice. 
Rice and other crops can be grown in up to three seasons, known as 
kharif (June-October), rabi (November-February) and summer (March- 
May) seasons. The kharif season is the primary season and relates to the 
north-west monsoon season, and the rabi season relates to the south- 
east monsoon season (Frolking et al., 2006; Gumma et al., 2016). Triple 
cropping with crops grown in all three seasons only occurs on 3% of the 

Fig. 4. Multiple cropping area by income group (A) and geographical region (B). The codes for the geographical regions (B) are based on World Bank country 
groups: NAM North America, CAC Central America and Caribbean, ECA Europe and Central Asia, SAM South America, OCE Oceania, MEA Middle East and North 
Africa, SEA Southeast Asia, SSA Sub-Saharan Africa, SAS South Asia, EAS East Asia. The grouping by income (A) is based on the gross national income (GNI) per 
capita as defined by the World Bank. 

Fig. 5. Potential for increasing cropping in
tensity on current global croplands. Each bar 
shows additional crop area measured as total hec
tares and percentage of global single cropping area 
(=1.02 billion hectares) in a different scenario: with 
two- or four-months difference between potential 
and actual growing season, for all cropland and for 
cropland with low frost and drought risk. Maps show 
the respective geographic areas with more than 
1000 ha additional cropland available. See Figure S8 
for larger maps of the four inset maps and Appendix 
Table A9-10 for area statistics by shown here and by 
World Bank country group. 
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cropland in India, mostly in the eastern and southern states of Kerala, 
West Bengal and Tamil Nadu, Assam and Bihar (Frolking et al., 2006). 
We estimate the total multiple cropping area and area share in India 
and South Asia as 24 Mha (16%) and 37 Mha (21%), respectively. This 
is lower than the 44–58 Mha (35–41%) and 103 Mha (49%) reported in 
literature and official censuses (Appendix Table A4, Appendix Table 
A5). The total multiple cropping area of rice-only systems and area 
share in India and South Asia is 14 Mha (44%) and 23 Mha (50%) 
which agrees well with the 17 Mha (42%) and 25 Mha (48%), respec
tively reported elsewhere (Appendix Table A6, Appendix Table A7). 
While the total rice area harvested in India and South Asia is estimated 
correctly, the double cropping areas with rice and other crops are un
derestimated and the single cropping area extent overestimated, very 
likely because of the misrepresentation of the growing season of crops 
other than rice in the national crop calendars used here. Further, there 
are five to ten years between the two estimates which could explain the 
disagreement as well. The multiple cropping area in India has increased 
from 44.0 Mha in 2000–01 to 51.6 Mha in 2005–06 (+17%) and 56.0 
Mha in 2010–11 (+27%) (Government of India, 2017) which explains 
part of the underestimation in non-rice double cropping areas in the 
global data set. In the Punjab region, at the border between India and 
Pakistan, the area and growing season of the wheat-cotton cropping 
system is represented well in our data set. Cotton is picked at the latest 
from the beginning of December to the first week in January and fol
lowed by a wheat crop grown in the rabi season (Sheikh et al., 2003). 
The total rice–wheat area in India which elsewhere is reported to be 
between 8.8 Mha and 9.2 Mha (Frolking et al., 2006; Yadvinder-Singh 
et al., 2014), is underestimated in our data set (2.4 Mha) with larger 
areas of rice in other systems. In the western Indo-Gangetic plains, 
states Punjab and Haryana, the multiple cropping area is too low and 
the single cropping area too high (Appendix Table A8). The rice–wheat 
areas in Pakistan, Bangladesh and Nepal agree well with other estimates: 
2.8 Mha, 0.38 Mha and 0.37 Mha compared to 2.2 Mha, 0.40 Mha and 
0.57 Mha, respectively (Yadvinder-Singh et al., 2014). 

4. Multiple cropping systems in Latin America 

Cropping systems with soybean as the main crop and a so-called 
safrinha crop cultivated as a minor crop in the same year is common in 
Brazil (Anderson et al., 2017) where the rainy season is long enough. 
Commonly this is a double cropping system with maize, cotton or millet 
as safrinha crops e.g. in the state of Mato Grosso. Soybeans planted in 
September and harvested in February (early harvest) or at the latest in 
early April (late harvest) are followed by maize (planted in February), 
millet (planted in March-April) or cotton (planted in January) (Arvor 
et al., 2011). Cropping intensity has not always been that high. During 
just 14 years (2001–2014), soy production shifted from predominantly 
single-crop systems to majority double-crop systems (Kastens et al., 
2017). In Mato Grosso double cropping areas with soybean increased 
from 500,000 ha (15% of cropland) to 3 million ha (50% of cropland), 
between 2001 and 2011 (Spera et al., 2014). The net cropped area 
cultivated with double cropping systems including two commercial 
crops increased from 6% to 30% between 2000 and 01 and 2006–07 
(Arvor et al., 2012). In 2006–07 double cropping accounted for 30% of 
the total planted area of 5.6 Mha in Mato Grosso (Arvor et al., 2011). 
Most of the double cropping area is found in South and Central Brazil, 
where e.g. in the state Rio Grande do Sul at the border to Uruguay, 
soybeans are planted after the wheat harvest in December. Other 
double cropping systems in South Brazil are dry and wet season peanuts 
(e.g. in São Paulo and Paraná), dry and wet season beans or two har
vests of potatoes (Dalrymple, 1971). 

Double cropping is also common in Mexico, especially in the Pacific 
North region (states of Sonora and Sinaloa) and in the Central region 
(Guanajuato) (Dalrymple, 1971). Wheat is grown as a winter crop fol
lowed by maize in summer (Limon-Ortega et al., 2006). In Argentina, 
~30% of the soybean was sown as double crop after harvest of winter 

wheat” (Monzon, 2009) which presumably reflects the situation in or 
before 2008/2009 but the share might have been even smaller in 2000. 
In the Buenos Aires province wheat-soybean double cropping has been 
practices since the late 80 s (Andrade and Satorre, 2015), however the 
actual area share of wheat-soybean systems is unknown. 

We find many of these systems in the global data set as well, except 
the soybean-maize and soybean-cotton system in Mato Grosso, probably 
because the data set refers to the year 2000 and there have been large 
increases in cropping intensity since then. Double cropping in Mato 
Grosso in the data set is represented only by small areas of soybean- 
pulses and soybean-wheat systems. The wheat-soybean system can also 
be found in southern Brazil with soybean planted in November and 
wheat harvested in October. Other systems prevalent in South and 
Central Brazil in the global data set are soybean-pulse in Goiás and 
maize-pulses in Minas Gerais with the first crop planted in November 
and the second crop harvested in October. The wheat-maize system 
prevalent in Mexico seems to be represented well in the global data 
(Fig. 3), it’s the second largest cropping system in Mexico with wheat 
planted in November. We estimate the multiple cropping area in Brazil, 
Mexico and Argentina as 2.8 Mha, 0.7 Mha and 75,000 ha. 

5. Multiple cropping systems in Africa 

Multiple cropping systems in Africa are based on maize, wheat, 
millet or sorghum, e.g. maize-legumes in Ethiopia (Teklewold et al., 
2013), wheat-maize and groundnut-maize in Southern Africa (Waha 
et al., 2013), and wheat grown during winter and maize during summer 
under irrigation in Egypt (Ouda et al., 2015). Irrigated rice farming with 
two rice harvest is common in inland river valley of the West African 
Sahel and Madagascar (Laborte et al., 2017). In Central and Northern 
Ethiopia maize, wheat and sorghum are grown during the main rainy 
season, kiremt from June to September which can be followed by a 
second crop, maize, teff or sorghum in the short rainy season belg from 
March to May if there is enough rainfall (Kassie et al., 2013). In Tan
zania, the main growing season masika from March to May is followed 
by a short growing season vuli from October to January, in particular in 
North Tanzania. Tobacco, beans, cowpeas and wheat are mostly grown 
in the short season, sometimes under irrigation. Maize, millet, sorghum 
and paddy rice are grown mostly in the long rainy season (Tanzania 
Ministry of Agriculture, 2012). This bimodal rainfall pattern permitting 
double cropping is prevalent in other parts of East Africa, with one 
season in March-May and a second season in September/October to 
December (Mutai and Ward, 2000). These systems are represented in 
the global data set as well with similar planting and harvesting months 
for the irrigated wheat-maize systems in Egypt and the irrigated double 
cropping rice system in Madagascar (first planting in November/De
cember). The first planting of rice in West African river valleys is two 
months earlier (November instead of January) than reported in a re
cently published rice atlas (Laborte et al., 2017). For the remaining 
multiple cropping areas of Africa, we can assess the plausibility of 
double cropping based on the length of growing period and the oc
currence of a bimodal rainfall pattern. Two distinct rainy seasons can be 
found in Somalia, southern Ethiopia, northern Kenya, the Niger delta and 
the Guinea coast and the growing period is longer than five months in 
southeast South Africa (Lesotho highlands, Kwazulu-Natal, Eastern 
Midlands), and West and Central Africa south of 12°N (Liebmann et al., 
2012; Vrieling et al., 2013). For the areas with bimodal rainfall pattern 
in Africa, it’s important to consider that there is a considerable varia
bility in the occurrence and onset of the rainy seasons (Dezfuli and 
Nicholson, 2013; Nicholson and Dezfuli, 2013; Segele and Lamb, 2005), 
so even though we identify a multiple cropping system it might not be 
feasible every year. We estimate the multiple cropping area in Egypt, 
Ethiopia, South Africa, Tanzania, Madagascar and Kenya as 2.1 Mha, 
1.9 Mha, 0.69 Mha, 0.56 Mha, 0.48 Mha, and 0.24 Mha, respectively. 
The total multiple cropping area in Africa in our study is 16.1 Mha, 
which is 11% of the total physical crop area of 147 Mha. The area share 
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agrees well with a recent estimate for 2014 where double cropping area 
is 12% of the total physical crop area (Xiong et al., 2017), however, 
both the double cropping and total crop area are larger in 2014. While 
we identify several cropping systems and their physical area in each 30 
arc minute grid cells, it is likely that there is a higher diversity of 
cropping systems on the farm scale, in particular in smallholder agri
culture and where plot sizes are small. 

The agreement between our global dataset and the national datasets 
depends largely on identifying irrigated areas and irrigated cropping 
sequences correctly as most of them would be multiple cropping sys
tems. In China and India 70–75% of the multiple cropping area is ir
rigated. Other reasons for disagreement are the difference in baseline 
years, misrepresentation of the growing season of crops other than rice 
in the national crop calendars for Asia used here, uncertainty about the 
area definition in agricultural statistics (area harvested or physical 
area). Other known issues of the input data used were described before 
(Monfreda et al., 2008; Portmann et al., 2010; Siebert et al., 2010) and 
are relevant for the representation of multiple cropping systems in our 
study. These include the underrepresentation of minor crops, crop 
varieties and cropping systems that can be important locally, limited 
spatial resolution of crop calendars, simplification of local and regional 
agricultural practices in macro-scale data sets, spatial disaggregation 
from national agricultural inventory data to grid cells considering sa
tellite-derived land cover maps, merging of a remote-sensing based and 
a ground based observation systems and different definitions of crop
land in different data sets. 

5.1. Potential for increasing global crop area 

As increasing cropping intensity has been an important strategy in 
the past for increasing harvest area and crop production without ex
panding physical cropland, we further calculate the potential for in
creasing cropping intensity on cropland with currently just a single 
harvest. This intensification potential only refers to the temporal, not 
the spatial dimension of mixing crops in cropping systems. Based on our 
crop-specific multiple cropping dataset and different intensification 
scenarios that reflect the opportunities for growing a second crop and 
leaving the land fallow for a short period of time before the next 
agricultural season, we find that a maximum of 395 Mha of global crop 
area in 2000 is available for this type of intensification (39% of global 
single cropping area). This is only possible in a scenario with a second 
crop growing for two months such as pulses or legumes but without any 
short fallow period before the next year (Fig. 5). This is 41–46% less 
than previous estimates that suggest an increase of global harvested 
area by a maximum of 666 Mha to 736 Mha by increasing cropping 
intensity (Ray and Foley, 2013; Wu et al., 2018). 207 Mha (20%) are 
available to grow a second crop if the land is left fallow for two months 
and the second crop’s growth cycle is just two months. Both these es
timates include cropland in areas where frost-occurrence and high 
rainfall seasonality increase the risk of crop failure. Excluding these 
high risk areas limits the available land further to 131 Mha (13%) and 
87 Mha (9%), in a scenario with second growing seasons of two and 
four months, respectively (Fig. 5). The potential for increasing har
vested area on currently irrigated land is low globally, because growing 
seasons of irrigated cropping systems are already very close to the po
tential growing period. 

The additional total crop area for intensification is largest in South 
America (46–57 Mha) and lowest in Oceania (0.8–1.5 Mha) when not 
considering frost and drought risk (Appendix Table A10). The max
imum intensification potential in Europe and Central Asia (76 Mha) and 
North America (63 Mha) exceeds that of South America but only in the 
most optimistic scenario of requiring only two months for a second crop 
cycle. The potential area for intensification declines to less than half 
and less than one fourth of the maximum for Europe and Central Asia 
and North America, respectively in the scenario with four months dif
ference between current and potential growing season. In the scenarios 

that additionally consider that farmers might avoid risking a crop 
failure in an additional crop cycle where the frost or drought risk is high 
the additional crop area for intensification is largest in Sub-Saharan 
Africa (22–40 Mha) which accounts for about one quarter of the global 
intensification potential in these scenarios and lowest in Oceania 
(38,700–41,500 ha). 

6. Discussion and conclusion 

This is the first time that multiple cropping systems have been 
mapped on a global scale, with the crop-specific and area representa
tion that is needed for global assessments of land use and food pro
duction, and largely consistent with independent national data sets. 
This study goes beyond previous work in that we describe multiple 
cropping systems in terms of the cropping sequence, growing season 
and physical area of each systems and not just the average cropping 
intensity. We discuss some uncertainties in the data set itself for specific 
world regions above. There are also a number of limitations with re
gards to our estimates of the potential for increasing cropping intensity. 

Our estimates of potential harvested area increases are rather op
timistic in that cropping intensity in some parts of the World is probably 
already higher than the global crop calendar indicates due to a lack of 
sub-national differences in production zones for most countries, except 
for, Indonesia, Brazil, India, China, Argentina, Australia and the United 
States of America. Also, a short-duration crop such as a legume or pulse 
in a cropping system might only be grown as a cover crop or forage crop 
and that is another source of potential overestimation of the in
tensification potential. The potential to increasing cropping intensity 
might further be limited by soil degradation (Gibbs and Salmon, 2015), 
biotic stresses (Beddow et al., 2015), and the lack of seeds, fertilizer, 
infrastructure and market incentives (Lambin et al., 2001; VanWey 
et al., 2013), processing and storage infrastructure for some farmers, 
technologies and rainfall variability and climate change (Arvor et al., 
2014; Cohn et al., 2016; Liu et al., 2013; Yang et al., 2015) just to name 
a few. 

The data we use refers to the time period 1998–2002, missing al
most two decades of agricultural intensification in which, potentially, 
gaps between actual and potential cropping intensity were already re
duced. A prominent example is the Brazilian state of Mato Grosso where 
soybean production has shifted from mostly single-cropped to double 
cropping in just 14 years between 2001 and 2014 and the area share of 
all double cropping has increased from 15% to 50% between 2001 and 
2011 (Kastens et al., 2017; Spera et al., 2014). In other countries 
cropping intensity has been rather stable. The double and triple crop
ping areas in China for example have changed very little from the 
2000 s to 2013, by −1.37% and + 0.48%, respectively (Qiu et al., 
2017). Globally, harvested areas have increased by 16% between 2000 
and 2016 according to FAO statistics. It is unclear how much of this 
occurred on current or new cropland, but very likely these changes 
have affected the spatial distribution of single and multiple cropping 
systems as well. 

An important next step will be to update the crop calendar and crop 
areas used here to a more recent time period. This is a challenging task 
as several underlying data sets need to be updated first. Most countries 
conduct an agricultural census every 10 years or even less often and 
data for the years in between are estimates based on temporal inter
polation or from sample surveys. Although the most recent estimate of 
global cropland extent of 1.561 billion hectares from the Food and 
Agriculture Organization of the United Nations (FAO) is for the year 
2017 this is an aggregate that includes official, semi-official, estimated 
and calculated data and the global gridded maps of cropland extent are 
less often updated. To our knowledge the most recent global gridded 
cropland maps are the unified cropland layer at 250 m resolution for 
the year 2014 (Waldner et al., 2016) and the global cropland extent 
map at 30 m resolution developed by the GFSAD30 project for the years 
2013–2015 which is not yet publicly available for download but both 

K. Waha, et al.   Global Environmental Change 64 (2020) 102131

9



do not include any crop-specific harvested areas and their growing 
periods. Even for a country with lots of cropland under multiple crop
ping like China, as far as we know, the most recent and published area 
estimate and multiple cropping map is for the year 2013 and was 
published in 2017 (Qiu et al., 2017). 

Despite these shortcomings our findings are novel and of significant 
relevance for global food production, food security and sustainability 
research as discussed in the following two final sections. 

6.1. Implications for global food production and food security 

Increasing cropping intensity in suitable areas could increase global 
harvested areas of currently 1.29 billion hectares by 7–31%, depending 
on the scenario. Estimating the additional crop production from this 
second harvest is very difficult as many factors influence crop growth in 
different growth stages and final yields. Assuming that the yields of the 
second crop are at most reaching 80% of that of the first crop, which 
has been reported as an achievable yield (Yadav et al., 2000), would 
translate into a similar increase of global crop production, < 30%. This 
is much lower than the previous estimates of a potentially 39–50% 
increase in global production (Mauser et al., 2015; Ray and Foley, 
2013). The only way to increase global harvested areas and thus global 
production by about 50% without expanding physical cropland is to 
assume that a second crop can be grown irrespective of any climatic 
constraints and where the current crop cycle is less than or equal than 
ten months. The additional area would be 740 Mha, an increase of 
global harvested areas of 57%. 

These findings are important because land use intensification could 
significantly boost production of food, feed and bioenergy crops with 
positive economic and food security outcomes. Achieving this by in
creasing the cropping intensity on current cropland could avoid ex
panding physical cropland but still provide enough food to fulfil the 
demand of a growing population. Additional cropland needed has been 
estimated at 10–25% (Schmitz et al., 2014), however this estimate 
depends strongly on the crop yields achievable in the future. About 1.2 
billion to 1.5 billion people live in areas with potential for increasing 
cropping intensity as defined here. It is however impossible to draw 
conclusions on the effect of increasing cropping intensity on national or 
local food security at this stage for three reasons. Firstly, we only pre
sent the area of single and multiple cropping systems. Crop yields and 
overall production from current and new cropland will depend on, 
among other things, soil conditions, the length of the growing period 
and crop management. Secondly, although agricultural productivity 
can be a good proxy for measuring food and calorie availability, 
availability does not necessarily assure adequate nutrition (Pinstrup- 
Andersen, 2009). Many countries’ food insecurity is associated with a 
food access rather than a food availability problem (Smith et al., 2000). 
There are many facets and causes of food insecurity on different spatial 
scales and different types of agricultural households face different 
challenges with respect to the four dimensions of food security: avail
ability, access, utilization and stability and to non-food factors (Carletto 
et al., 2013). And finally, we only consider harvested annual crops in 
our analysis, but do not separate into different uses. It is estimated that 
about 85% of all maize demand and 30% of all wheat demand is for 
livestock feed and for other uses than for direct human consumption 
(Shiferaw et al., 2011, 2013). 

6.2. Increasing cropping intensity in the context of sustainable agriculture 

The environmental consequences of introducing a second crop on 
currently single cropping land depend on the type of crop, management 
and other local context. The three main implications for environmental 
outcomes when cropping intensity increases are that (i) the in
tensification of current cropland leads to positive outcomes for biodi
versity elsewhere, (ii) the intensification increases economic incentives 
to expand current cropland with negative outcomes for biodiversity and 

(iii) the intensification increases resource use, potentially beyond sus
tainable levels and 

The arguments for the first trajectory are summarized as the 
‘Borlaugh hypothesis’, the ‘subsistence hypothesis’ and the ‘economic 
development hypothesis’ in Angelsen and Kaimowitz (2001). In brief, 
the expectation is that either higher yields reduce agricultural land, 
farmers use the land only to a certain point, or higher yields contribute 
to economic development, reduced poverty, increasing demand for 
environmental services and decreasing environmental degradation. The 
areas with highest potential for intensification through increased 
cropping intensity are in China, South-East Asia and tropical Central 
and West Africa and Central America and Brazil. They are located in 
hotspots of biodiversity or high tree cover, e.g. Brazil’s Cerrado, Ma
dagascar, the West African forests, Indo-Burma and the Malay Pe
ninsula, Borneo, Java and Sumatra (Hansen et al., 2013; Myers et al., 
2000) and increasing cropping intensity could avoid the need to expand 
cropland into natural ecosystems, however this land sparing effect is 
highly debated and depends on local circumstances and effective en
vironmental governance (Angelsen and Kaimowitz, 2001; Ewers et al., 
2009; Morton et al., 2006; Phalan et al., 2016). As we only present the 
global picture here, a separate analysis for each of these regions needs 
to be conducted for understanding the potentials and limitations of 
increasing cropping intensities regionally as has been done e.g. for 
China (Yu et al., 2017; Zuo et al., 2014). 

Growing a second crop might require more resources, either in 
terms of labour, energy, water, nutrients, agro-chemicals or all the 
above. Therefore, the possible implications of an intensification sce
nario are that potentially either the second crop needs to be partly or 
fully irrigated, there is no fallow period to restore soil fertility, and 
crops need to grow in a semi-controlled or fully controlled environment 
such as in a greenhouse which increases energy consumption or a 
combination of these. Water scarcity is already high in many areas with 
high population densities, high rates of water extraction or low water 
availability so very likely water withdrawals cannot be increased as 
much as needed to support increases in cropping intensity in the future. 
Some of these consequences can already be observed for the example of 
rice–wheat cropping systems in South Asia and include declining water 
tables, ground water pollution, loss of genetic diversity and disease and 
pest outbreaks (Bhatt et al., 2016). Apart from the direct environmental 
damage, these unintended consequences of intensification can en
danger the long-term productivity and profitability of the cropping 
system. However, these problems are not specific to sequential cropping 
systems but to intensively managed systems when incentives to overuse 
fertilizer, pesticides and water are high. One example of ‘ecological 
intensification’ that included growing a second crop is the soybean 
system in Mato Grosso where farmers cultivate a second non-commer
cial crop to prevent soil erosion, break pest cycles and enable the 
adoption of no-tillage practices (Arvor et al., 2012). Another implica
tion of introducing a second crop into a system, this diversification 
effect benefits ecological functioning and biodiversity on the farm but 
this depends largely on the plant composition and structural organi
zation at the field scale (Gaba et al., 2015; Tscharntke et al., 2012). 

7. Data and code availability statement 

The multiple cropping data set was created as an R raster object with 
multiple layers, and is available as NetCDF files, together 128 MB large 
and available on CSIRO’s data repository (https://data.csiro.au/, see 
data citation below). A preview of the data set is available at geo-wiki. 
org. The data set was designed to be used together with other global 
gridded data sets or global crop, agricultural and Earth System models 
for further analysis that could include (i) quantifying the amount of 
food produced in multiple cropping systems, (ii) studying climate 
change impacts on crop production in multiple cropping systems 
globally, and (iii) studying the biogeochemical interactions and water 
and carbon fluxes between soil, crop, and the atmosphere in multiple 
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cropping systems. The R code for generating the global gridded mul
tiple cropping systems data set is available through an R package 
multicrop deposited at CSIRO’s code share repository (https://bitbucket. 
csiro.au/projects/MULTICROP) and revisions of the source code are 
managed there and are available on request. 

8. Data citation 

Waha, Katharina; Dietrich, Jan P.; Portmann, Felix T.; Siebert, 
Stefan; Thornton, Philip K.; Bondeau, Alberte; Herrero, Mario (2020): 
Multiple Cropping Systems of the World. v1. CSIRO. Data Collection. 
https://doi.org/10.25919/5f1f7bb3270bb. 

Author contribution 

KW designed the research, wrote the paper and performed the data 
analysis in close collaboration with JPD, SS and FP. All authors re
viewed the accuracy of the results, discussed the methods, data analysis 
and presentation of results and reviewed multiple versions of the paper. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ
ence the work reported in this paper. 

Acknowledgement 

We have used the Land Use / Land Cover information from the 
Natural Resources Census Project of the National Remote Sensing 
Centre (NRSC), ISRO based in Hyderabad, India. We thank Franz 
Waldner for reviewing the sections on remote sensing and crop type 
mapping and Chris Russell for helping to publish the multiple cropping 
data set and R package on bitbucket. We thank Belay Kassie, Jonathan 
Ojeda, Octavio Caviglia, Qiangyi Yu and Lijun Zuo for discussing 
multiple cropping systems in their respective countries with us. This 
study was funded by the Commonwealth Scientific and Industrial 
Research Organisation and the Bill & Melinda Gates Foundation. 

Appendix A. Supplementary data 

Supplementary data (Figs S1 to S8 and Tables A1 to A11) to this 
article can be found online at https://doi.org/10.1016/j.gloenvcha. 
2020.102131. 

References 

Alexandratos, N., Bruinsma, J., 2012. World agriculture towards 2030/2050. The 2012 
revision. (No. 12–3), ESA Working Paper. FAO, Rome, Italy. 

Altieri, M.A., 1999. The ecological role of biodiversity in agroecosystems. Agric. Ecosyst. 
Environ. 74, 19–31. 

Anderson, W., Seager, R., Baethgen, W., Cane, M., 2017. Crop production variability in 
North and South America forced by life-cycles of the El Nino Southern Oscillation. 
Agric. For. Meteorol. 239, 151–165. https://doi.org/10.1016/j.agrformet.2017.03. 
008. 

Andrade, J.F., Satorre, E.H., 2015. Single and double crop systems in the Argentine 
Pampas: Environmental determinants of annual grain yield. F. Crop. Res. 177, 
137–147. https://doi.org/10.1016/j.fcr.2015.03.008. 

Angelsen, A., Kaimowitz, D., 2001. Introduction: the Role of Agricultural Technologies in 
Tropical Deforestation. In: Angelsen, A., Kaimowitz, D. (Eds.), Agricultural 
Technologies and Tropical Deforestation. CABI Publishing, Wallingford, Cambridge 
and New York, USA, pp. 14–30. 

Arvor, D., Dubreuil, V., Ronchail, J., Sim, M., Funatsu, B.M., 2014. Spatial patterns of 
rainfall regimes related to levels of double cropping agriculture systems in Mato 
Grosso (Brazil). Int. J. Climatol. 2633, 2622–2633. https://doi.org/10.1002/joc. 
3863. 

Arvor, D., Jonathan, M., Simões, M., Meirelles, P., Dubreuil, V., Durieux, L., Arvor, D., 
Jonathan, M., Simões, M., Meirelles, P., 2011. Classification of MODIS EVI time series 
for crop mapping in the state of Mato Grosso. Brazil. Int. J. Remote Sens. 32, 
7847–7871. https://doi.org/10.1080/01431161.2010.531783. 

Arvor, D., Meirelles, M., Dubreuil, V., Bégué, A., Shimabukuro, Y.E., 2012. Analyzing the 

agricultural transition in Mato Grosso, Brazil, using satellite-derived indices. Appl. 
Geogr. 32, 702–713. https://doi.org/10.1016/j.apgeog.2011.08.007. 

Beddow, J.M., Pardey, P.G., Chai, Y., Hurley, T.M., Kriticos, D.J., Braun, H., Park, R.F., 
Cuddy, W.S., Yonow, T., 2015. Research investment implications of shifts in the 
global geography of wheat stripe rust. Nat. Plants 1, 15132. https://doi.org/10.1038/ 
nplants.2015.132. 

Bégué, A., Arvor, D., Bellon, B., Betbeder, J., de Abelleyra, D.P.D., Ferraz, R., 
Lebourgeois,, V., Lelong, C., Simões, M.R., ., S, Verón, 2018. Remote Sensing and 
Cropping Practices: A Review. Remote Sens. 10, 99. https://doi.org/10.3390/ 
rs10010099. 

Belgiu, M., Csillik, O., 2018. Sentinel-2 cropland mapping using pixel-based and object- 
based time-weighted dynamic time warping analysis. Remote Sens. Environ. 204, 
509–523. https://doi.org/10.1016/j.rse.2017.10.005. 

Bhatt, R., Kukal, S.S., Busari, M.A., Arora, S., Yadav, M., 2016. Sustainability issues on 
rice–wheat cropping system. Int. Soil Water Conserv. Res. 4, 64–74. https://doi.org/ 
10.1016/j.iswcr.2015.12.001. 

Bouvet, A., Le Toan, T., Nguyen Lam-Dao, 2009. Monitoring of the Rice Cropping System 
in the Mekong Delta Using ENVISAT/ASAR Dual Polarization Data. IEEE Trans. 
Geosci. Remote Sens. 47, 517–526. https://doi.org/10.1109/TGRS.2008.2007963. 

Brown, J.C., Kastens, J.H., Coutinho, A.C., Victoria, D. de C., Bishop, C.R., 2013. 
Classifying multiyear agricultural land use data from Mato Grosso using time-series 
MODIS vegetation index data. Remote Sens. Environ. 130, 39–50. https://doi.org/10. 
1016/j.rse.2012.11.009. 

Carletto, C., Zezza, A., Banerjee, R., 2013. Towards better measurement of household 
food security : Harmonizing indicators and the role of household surveys. Glob. Food 
Sec. 2, 30–40. https://doi.org/10.1016/j.gfs.2012.11.006. 

Cohn, A.S., VanWey, L.K., Spera, S.A., Mustard, J.F., 2016. Cropping frequency and area 
response to climate variability can exceed yield response. Nat. Clim. Chang. 6, 
601–604. https://doi.org/10.1038/nclimate2934. 

Dalrymple, D.G., 1971. Survey of multiple cropping in less developed nations. U.S. 
Department of Agriculture, U.S. Agency for International Development, Washington 
D.C. 

Damien, A., Isabelle, T., Christovam, B., Nicolas, J., Vincent, D., 2017. Land use sus
tainability on the South-Eastern Amazon agricultural frontier: Recent progress and 
the challenges ahead. Appl. Geogr. 80, 86–97. https://doi.org/10.1016/j.apgeog. 
2017.02.003. 

Dezfuli, A.K., Nicholson, S.E., 2013. The relationship of rainfall variability in western 
equatorial africa to the tropical oceans and atmospheric circulation. Part II: The 
boreal autumn. J. Clim. 26, 66–84. https://doi.org/10.1175/JCLI-D-11-00686.1. 

Estel, S., Kuemmerle, T., Levers, C., Baumann, M., Hostert, P., 2016. Mapping cropland- 
use intensity across Europe using MODIS NDVI time series. Environ. Res. Lett. 11, 
24015. https://doi.org/10.1088/1748-9326/11/2/024015. 

Ewers, R.M., Scharlemann, J.P.W., Balmford, A., Green, R.E., 2009. Do increases in 
agricultural yield spare land for nature? Glob. Chang. Biol. 15, 1716–1726. https:// 
doi.org/10.1111/j.1365-2486.2009.01849.x. 

FAO, 2007. Length of growing period (LGP) zones of the world (FGGD) [WWW 
Document]. URL http://www.fao.org/geonetwork/srv/en/metadata. 
show?id=14057 (accessed 1.3.18). 

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate surfaces 
for global land areas. Int. J. Climatol. 4315, 4302–4315. https://doi.org/10.1002/ 
joc.5086. 

Francis, A., 1986. Future perspectives of multiple cropping, in: Francis, A. (Ed.), Multiple 
Cropping System. MacMillan Publishing Co, New York, pp. 351–369. 

Fritz, S., See, L., McCallum, I., You, L., Bun, A., Moltchanova, E., Duerauer, M., Albrecht, 
F., Schill, C., Perger, C., Havlik, P., Mosnier, A., Thornton, P., Wood-Sichra, U., 
Herrero, M., Becker-Reshef, I., Justice, C., Hansen, M., Gong, P., Abdel Aziz, S., 
Cipriani, A., Cumani, R., Cecchi, G., Conchedda, G., Ferreira, S., Gomez, A., Haffani, 
M., Kayitakire, F., Malanding, J., Mueller, R., Newby, T., Nonguierma, A., Olusegun, 
A., Ortner, S., Rajak, D.R., Rocha, J., Schepaschenko, D., Schepaschenko, M., 
Terekhov, A., Tiangwa, A., Vancutsem, C., Vintrou, E., Wenbin, W., van der Velde, 
M., Dunwoody, A., Kraxner, F., Obersteiner, M., 2015. Mapping global cropland and 
field size. Glob. Chang. Biol. 21, 1980–1992. https://doi.org/10.1111/gcb.12838. 

Frolking, S., Qiu, J., Boles, S., Xiao, X., Liu, J., Zhuang, Y., Li, C., Qin, X., 2002. 
Combining remote sensing and ground census data to develop new maps of the 
distribution of rice agriculture in China. Global Biogeochem. Cycles 16, 10–38. 

Frolking, S., Yeluripati, J.B., Douglas, E., 2006. New district-level maps of rice cropping in 
India: A foundation for scientific input into policy assessment. F. Crop. Res. 98, 
164–177. 

Gaba, S., Lescourret, F., Boudsocq, S., Enjalbert, J., Hinsinger, P., Journet, E.P., Navas, 
M.L., Wery, J., Louarn, G., Malézieux, E., Pelzer, E., Prudent, M., Ozier-Lafontaine, 
H., 2015. Multiple cropping systems as drivers for providing multiple ecosystem 
services: from concepts to design. Agron. Sustain. Dev. 35, 607–623. https://doi.org/ 
10.1007/s13593-014-0272-z. 

Galford, G.L., Mustard, J.F., Melillo, J., Gendrin, A., Cerri, C.C., Cerri, C.E.P., 2008. 
Wavelet analysis of MODIS time series to detect expansion and intensification of row- 
crop agriculture in Brazil. Remote Sens. Environ. 112, 576–587. https://doi.org/10. 
1016/j.rse.2007.05.017. 

Gibbs, H.K., Salmon, J.M., 2015. Mapping the world’s degraded lands. Appl. Geogr. 57, 
12–21. https://doi.org/10.1016/j.apgeog.2014.11.024. 

Government of India, 2017. Agricultural Statistics at a Glance 2016. New Delhi, India. 
Gray, J., Friedl, M., Frolking, S., Ramankutty, N., Nelson, A., Gumma, M.K., 2014. 

Mapping Asian Cropping Intensity With MODIS. IEEE J. Sel. Top. Appl. Earth Obs. 
Remote Sens. 7, 3373–3379. 

Gumma, M.K., Thenkabail, P.S., Teluguntla, P., Rao, M.N., Mohammed, I.A., Whitbread, 
A.M., 2016. Mapping rice-fallow cropland areas for short-season grain legumes in
tensification in South Asia using MODIS 250 m time-series data. Int. J. Digit. Earth 9, 

K. Waha, et al.   Global Environmental Change 64 (2020) 102131

11

https://bitbucket.csiro.au/projects/MULTICROP
https://bitbucket.csiro.au/projects/MULTICROP
https://doi.org/10.25919/5f1f7bb3270bb
https://doi.org/10.1016/j.gloenvcha.2020.102131
https://doi.org/10.1016/j.gloenvcha.2020.102131
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0010
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0010
https://doi.org/10.1016/j.agrformet.2017.03.008
https://doi.org/10.1016/j.agrformet.2017.03.008
https://doi.org/10.1016/j.fcr.2015.03.008
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0025
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0025
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0025
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0025
https://doi.org/10.1002/joc.3863
https://doi.org/10.1002/joc.3863
https://doi.org/10.1080/01431161.2010.531783
https://doi.org/10.1016/j.apgeog.2011.08.007
https://doi.org/10.1038/nplants.2015.132
https://doi.org/10.1038/nplants.2015.132
https://doi.org/10.3390/rs10010099
https://doi.org/10.3390/rs10010099
https://doi.org/10.1016/j.rse.2017.10.005
https://doi.org/10.1016/j.iswcr.2015.12.001
https://doi.org/10.1016/j.iswcr.2015.12.001
https://doi.org/10.1016/j.gfs.2012.11.006
https://doi.org/10.1038/nclimate2934
https://doi.org/10.1016/j.apgeog.2017.02.003
https://doi.org/10.1016/j.apgeog.2017.02.003
https://doi.org/10.1175/JCLI-D-11-00686.1
https://doi.org/10.1088/1748-9326/11/2/024015
https://doi.org/10.1111/j.1365-2486.2009.01849.x
https://doi.org/10.1111/j.1365-2486.2009.01849.x
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/gcb.12838
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0140
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0140
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0140
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0145
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0145
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0145
https://doi.org/10.1007/s13593-014-0272-z
https://doi.org/10.1007/s13593-014-0272-z
https://doi.org/10.1016/j.rse.2007.05.017
https://doi.org/10.1016/j.rse.2007.05.017
https://doi.org/10.1016/j.apgeog.2014.11.024
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0170
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0170
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0170


981–1003. https://doi.org/10.1080/17538947.2016.1168489. 
Hansen, M.C.C., Potapov, P. V, Moore, R., Hancher, M., Turubanova, S.A. a, Tyukavina, 

A., Thau, D., Stehman, S.V. V, Goetz, S.J.J., Loveland, T.R.R., Kommareddy, A., 
Egorov, A., Chini, L., Justice, C.O.O., Townshend, J.R.G.R.G., 2013. High-Resolution 
Global Maps of 21st-Century Forest Cover Change. Science (80-.). 342, 850–853. 
https://doi.org/10.1126/science.1244693. 

Iizumi, T., Ramankutty, N., 2014. How do weather and climate influence cropping area 
and intensity? Glob. Food Sec. 4, 46–50. https://doi.org/10.1016/j.gfs.2014.11.003. 

Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., Bezemer, T. 
M., Bonin, C., Bruelheide, H., de Luca, E., Ebeling, A., Griffin, J.N., Guo, Q., Hautier, 
Y., Hector, A., Jentsch, A., Kreyling, J., Lanta, V., Manning, P., Meyer, S.T., Mori, A. 
S., Naeem, S., Niklaus, P. a., Polley, H.W., Reich, P.B., Roscher, C., Seabloom, E.W., 
Smith, M.D., Thakur, M.P., Tilman, D., Tracy, B.F., van der Putten, W.H., van Ruijven, 
J., Weigelt, A., Weisser, W.W., Wilsey, B., Eisenhauer, N., 2015. Biodiversity in
creases the resistance of ecosystem productivity to climate extremes. Nature 526, 
574–577. https://doi.org/10.1038/nature15374. 

Kassie, B.T., Hengsdijk, H., Rötter, R., Kahiluoto, H., Asseng, S., Van Ittersum, M., 2013. 
Adapting to Climate Variability and Change: Experiences from Cereal-Based Farming 
in the Central Rift and Kobo Valleys. Ethiopia. Environ. Manage. 52, 1115–1131. 
https://doi.org/10.1007/s00267-013-0145-2. 

Kastens, J.H., Brown, J.C., Coutinho, A.C., Bishop, C.R., Esquerdo, J.C.D.M., 2017. Soy 
moratorium impacts on soybean and deforestation dynamics in Mato Grosso, Brazil. 
PLoS One 12, 1–21. https://doi.org/10.1371/journal.pone.0176168. 

Khan, Z.R., Ampong-Nyarko, K., Chiliswa, P., Hassanali, A., Kimani, S., Lwande, W., 
Overholt, W.A., 1997. Intercropping increases parasitism of pests. Nature 388, 1–293. 
https://doi.org/10.1002/9780470517772. 

Laborte, A.G., Gutierrez, M.A., Balanza, J.G., Saito, K., Zwart, S.J., Boschetti, M., Murty, 
M.V.R., Villano, L., Aunario, J.K., Reinke, R., Koo, J., Hijmans, R.J., Nelson, A., 2017. 
RiceAtlas, a spatial database of global rice calendars and production. Sci. Data 4, 
170074. https://doi.org/10.1038/sdata.2017.74. 

Ladha, J.K., Dawe, D., Pathak, H., Padre, A.T., Yadav, R.L., Singh, B., Singh, Y., Singh, Y., 
Singh, P., Kundu, A.L., Sakal, R., Ram, N., Regmi, A.P., Gami, S.K., Bhandari, A.L., 
Amin, R., Yadav, C.R., Bhattarai, E.M., Das, S., Aggarwal, H.P., Gupta, R.K., Hobbs, 
P.R., 2003. How extensive are yield declines in long-term rice-wheat experiments in 
Asia? F. Crop. Res. 81, 159–180. https://doi.org/10.1016/S0378-4290(02)00219-8. 

Lambin, E.F., Turner, B.L., Geist, H.J., Agbola, S.B., Angelsen, A., Folke, C., Bruce, J.W., 
Coomes, O.T., Dirzo, R., George, P.S., Homewood, K., Imbernon, J., Leemans, R., Li, 
X., Moran, E.F., Mortimore, M., Ramakrishnan, P.S., Richards, J.F., Steffen, W., Stone, 
G.D., Svedin, U., Veldkamp, T.A., 2001. The causes of land-use and land-cover 
change : moving beyond the myths 11, 261–269. 

Li, L., Friedl, M.A., Xin, Q., Gray, J., Pan, Y., Frolking, S., 2014. Mapping Crop Cycles in 
China Using MODIS-EVI Time Series. Remote Sens. 6, 2473–2493. https://doi.org/ 
10.3390/rs6032473. 

Liebmann, B., Bladé, I., Kiladis, G.N., Carvalho, L.M.V., Senay, G.B., Allured, D., Leroux, 
S., Funk, C., 2012. Seasonality of African precipitation from 1996 to 2009. J. Clim. 
25, 4304–4322. https://doi.org/10.1175/JCLI-D-11-00157.1. 

Limon-Ortega, A., Govaerts, B., Deckers, J., Sayre, K.D., 2006. Soil aggregate and mi
crobial biomass in a permanent bed wheat – maize planting system after 12 years. F. 
Crop. Res. 97, 302–309. https://doi.org/10.1016/j.fcr.2005.11.001. 

Lin, B.B., 2011. Resilience in Agriculture through Crop Diversification: Adaptive 
Management for Environmental Change. Bioscience 61, 183–193. https://doi.org/10. 
1525/bio.2011.61.3.4. 

Liu, L., Xu, X., Zhuang, D., Chen, X., Li, S., 2013. Changes in the potential multiple 
cropping system in response to climate change in China from 1960–2010. PLoS One 
8, 1–12. https://doi.org/10.1371/journal.pone.0080990. 

Madamba, R., Grubben, G.J.H., Asante, I.K., Akromah, R., 2006. Vigna Unguiculata (L.) 
Walp., in: Brink Belay, G., M. (Ed.), Plant Resources of Tropical Africa 1 - Cereals and 
Pulses . PROTA foundation, Backhuys Publishers, CTA, Wageningen, pp. 221–229. 

Mauser, W., Klepper, G., Zabel, F., Delzeit, R., Hank, T., Putzenlechner, B., Calzadilla, A., 
2015. Global biomass production potentials exceed expected future demand without 
the need for cropland expansion. Nat. Co 6. https://doi.org/10.1038/ncomms9946. 

Monfreda, Chad, Ramankutty, Navin, Foley, Jonathan A., 2008. Farming the planet: 2. 
Geographic distribution of crop areas, yields, physiological types, and net primary 
production in the year 2000: GLOBAL CROP AREAS AND YIELDS IN 2000. Global 
Biogeochem. Cycles 22 (1), n/a–n/a. https://doi.org/10.1029/2007GB002947. 

Monzon, C., 2009. Farming systems in Argentina: yield constraints and risk management., 
in: Sadras, V.O., Calderini, D.F. (Ed.), Crop Physiology. Elsevier, Amsterdam, pp. 
55–70. 

Morton, D.C., DeFries, R.S., Shimabukuro, Y.E., Anderson, L.O., Arai, E., del Bon Espirito- 
Santo, F., Freitas, R., Morisette, J., 2006. Cropland expansion changes deforestation 
dynamics in the southern Brazilian Amazon. Proc. Natl. Acad. Sci. 103, 
14637–14641. https://doi.org/10.1073/pnas.0606377103. 

Mutai, C.C., Ward, M., 2000. East African Rainfall and the Tropical Circulation / 
Convection on Intraseasonal to Interannual Timescales. J. Clim. 13, 3915–3939. 

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G.A.B., Kent, J., 2000. 
Biodiversity hotspots for conservation priorities. Nature 403, 853–858. https://doi. 
org/10.1038/35002501. 

Nicholson, S.E., Dezfuli, A.K., 2013. The relationship of rainfall variability in western 
equatorial Africa to the tropical oceans and atmospheric circulation. Part I: The 
boreal spring. J. Clim. 26, 45–65. https://doi.org/10.1175/JCLI-D-11-00653.1. 

Ojeda, J.J., Caviglia, O.P., Agnusdei, M.G., Errecart, P.M., 2018. Forage yield, water- and 
solar radiation-productivities of perennial pastures and annual crops sequences in the 
south-eastern Pampas of Argentina. F. Crop. Res. 221, 19–31. https://doi.org/10. 
1016/j.fcr.2018.02.010. 

Ouda, S., Noreldin, T., Abd El-Latif, K., 2015. Water requirements for wheat and maize 
under climate change in North Nile Delta. Spanish J. Agric. Res. 13, e03–001 (10). 

https://doi.org/doi.org/10.5424/ sjar/2015131-6412. 
Ozdogan, M., 2010. The spatial distribution of crop types from MODIS data : Temporal 

unmixing using Independent Component Analysis. Remote Sens. Environ. 114, 
1190–1204. https://doi.org/10.1016/j.rse.2010.01.006. 

Peoples, M.B., Brockwell, J., Herridge, D.F., Rochester, I.J., Alves, B.J.R., Urquiaga, S., 
Boddey, R.M., Dakora, F.D., Bhattarai, S., Maskey, S.L., Sampet, C., Rerkasem, B., 
Khan, D.F., Hauggaard-Nielsen, H., Jensen, E.S., 2009. The contributions of nitrogen- 
fixing crop legumes to the productivity of agricultural systems. Symbiosis 48, 1–17. 
https://doi.org/10.1007/BF03179980. 

Phalan, B., Green, R.E., Dicks, L.V., Dotta, G., Feniuk, C., Lamb, A., Strassburg, B.B.N., 
Williams, D.R., Ermgassen, E.K.H.J.z., Balmford, A., 2016. How can higher-yield 
farming help to spare nature? Science 351 (6272), 450–451. https://doi.org/10. 
1126/science:aad0055. 

Pinstrup-Andersen, P., 2009. Food security: definition and measurement. Food Secur. 1, 
5–7. https://doi.org/10.1007/s12571-008-0002-y. 

Portmann, F.T., Siebert, S., Döll, P., 2010. MIRCA2000-Global monthly irrigated and 
rainfed crop areas around the year 2000: A new high-resolution data set for agri
cultural and hydrological modeling. Global Biogeochem. Cycles 24. https://doi.org/ 
10.1029/2008GB003435. 

Qiu, B., Lu, D., Tang, Z., Song, D., Zeng, Y., Wang, Z., Chen, C., Chen, N., Huang, H., Xu, 
W., 2017. Mapping cropping intensity trends in China during 1982–2013. Appl. 
Geogr. 79, 212–222. https://doi.org/10.1016/j.apgeog.2017.01.001. 

Qiu, J., Tang, H., Frolking, S., Boles, S., Li, C., Xiao, X., Liu, J., Zhuang, Y., Qin, X., 2003. 
Mapping Single-, Double-, and Triple-crop Agriculture in China at 0.5° × 0.5° by 
Combining County-scale Census Data with a Remote Sensing-derived Land Cover 
Map. Geocarto Int. 18, 3–13. https://doi.org/10.1080/10106040308542268. 

Ramankutty, Navin, Evan, Amato T., Monfreda, Chad, Foley, Jonathan A., 2008. Farming 
the planet: 1. Geographic distribution of global agricultural lands in the year 2000: 
GLOBAL AGRICULTURAL LANDS IN 2000. Global Biogeochem. Cycles 22 (1), n/a–n/ 
a. https://doi.org/10.1029/2007GB002952. 

Ray, D.K., Foley, J.A., 2013. Increasing global crop harvest frequency : recent trends and 
future directions. Environ. Res. Lett. 44041, 10, pp. https://doi.org/10.1088/1748- 
9326/8/4/044041. 

Ruane, A.C., Goldberg, R., Chryssanthacopoulos, J., 2015. Climate forcing datasets for 
agricultural modeling: Merged products for gap-filling and historical climate series 
estimation. Agric. For. Meteorol. 200, 233–248. https://doi.org/10.1016/j. 
agrformet.2014.09.016. 

Sacks, W.J., Deryng, D., Foley, J.A., Ramankutty, N., 2010. Crop planting dates: An 
analysis of global patterns. Glob. Ecol. Biogeogr. 19, 607–620. 

Schmitz, C., Meijl, H. Van, Kyle, P., Nelson, G.C., Fujimori, S., Gurgel, A., Havlik, P., 
Heyhoe, E., Mason, D., Popp, A., Sands, R., Tabeau, A., Mensbrugghe, D. Van, Der, 
Lampe, Von, M., Wise, M., Blanc, E., 2014. Land-use change trajectories up to 2050: 
insights from a global agro-economic model comparison. Agric. Econ. 45, 69–84. 
https://doi.org/10.1111/agec.12090. 

Segele, Z.T., Lamb, P.J., 2005. Characterization and variability of Kiremt rainy season 
over Ethiopia. Meteorol. Atmos. Phys. 89, 153–180. https://doi.org/10.1007/ 
s00703-005-0127-x. 

Serra, P., Pons, X., 2008. Monitoring farmers’ decisions on Mediterranean irrigated crops 
using satellite image time series. Int. J. Remote Sens. 29, 2293–2316. https://doi. 
org/10.1080/01431160701408444. 

Sheikh, A.D., Rehman, T., Yates, C.M., 2003. Logit models for identifying the factors that 
influence the uptake of new “no-tillage” technologies by farmers in the rice–wheat 
and the cotton–wheat farming systems of Pakistan’s Punjab. Agric. Syst. 75, 79–95. 

Shiferaw, B., Prasanna, B.M., Hellin, J., Bänziger, M., 2011. Crops that feed the world 6. 
Past successes and future challenges to the role played by maize in global food se
curity. Food Secur. 3, 307–327. https://doi.org/10.1007/s12571-011-0140-5. 

Shiferaw, B., Smale, M., Braun, H.-J., Duveiller, E., Reynolds, M., Muricho, G., 2013. 
Crops that feed the world 10. Past successes and future challenges to the role played 
by wheat in global food security. Food Secur. 5, 291–317. https://doi.org/10.1007/ 
s12571-013-0263-y. 

Siebert, S., Portmann, F.T., Döll, P., 2010. Global Patterns of Cropland Use Intensity. 
Remote Sens. 2, 1625–1643. 

Smith, L.C., El Obeid, A.E., Jensen, H.H., 2000. The geography and causes of food in
security in developing countries. Agric. Econ. 22, 199–215. https://doi.org/10.1016/ 
S0169-5150(99)00051-1. 

Spera, S.A., Cohn, A.S., VanWey, L.K., Mustard, J.F., Rudorff, B.F., Risso, J., Adami, M., 
2014. Recent cropping frequency, expansion, and abandonment in Mato Grosso, 
Brazil had selective land characteristics. Environ. Res. Lett. 9, 64010. 

Teklewold, H., Kassie, M., Shiferaw, B., Köhlin, G., 2013. Cropping system diversification, 
conservation tillage and modern seed adoption in Ethiopia: Impacts on household 
income, agrochemical use and demand for labor. Ecol. Econ. 93, 85–93. https://doi. 
org/10.1016/j.ecolecon.2013.05.002. 

Timsina, J., Connor, D.J., 2001. Productivity and management of rice-wheat cropping 
systems: issues and challenges. F. Crop. Res. 69, 93–132. 

Tscharntke, T., Clough, Y., Wanger, T.C., Jackson, L., Motzke, I., Perfecto, I., Vandermeer, 
J., Whitbread, A., 2012. Global food security, biodiversity conservation and the fu
ture of agricultural intensification. Biol. Conserv. 151, 53–59. https://doi.org/10. 
1016/j.biocon.2012.01.068. 

van Velthuizen, H., Huddleston, B., Fischer, G., Salvatore, M., Ataman, E., Nachtergaele, 
O., Zanetti, F., Bloise, M.M., 2007. Mapping biophysical factors that influence agri
cultural production and rural vulnerability. FAO, IIASA, Rome, Italy. 

VanWey, L.K., Spera, S., de Sa, R., Mahr, D., Mustard, J.F., 2013. Socioeconomic devel
opment and agricultural intensification in Mato Grosso. Philos. Trans. R. Soc. B Biol. 
Sci. 368, 1–7. https://doi.org/10.1098/rstb.2012.0168. 

Vrieling, A., de Leeuw, J., Said, M.Y., 2013. Length of Growing Period over Africa: 
Variability and Trends from 30 Years of NDVI Time Series. Remote Sens. 5, 

K. Waha, et al.   Global Environmental Change 64 (2020) 102131

12

https://doi.org/10.1080/17538947.2016.1168489
https://doi.org/10.1016/j.gfs.2014.11.003
https://doi.org/10.1007/s00267-013-0145-2
https://doi.org/10.1371/journal.pone.0176168
https://doi.org/10.1002/9780470517772
https://doi.org/10.1038/sdata.2017.74
https://doi.org/10.1016/S0378-4290(02)00219-8
https://doi.org/10.3390/rs6032473
https://doi.org/10.3390/rs6032473
https://doi.org/10.1175/JCLI-D-11-00157.1
https://doi.org/10.1016/j.fcr.2005.11.001
https://doi.org/10.1525/bio.2011.61.3.4
https://doi.org/10.1525/bio.2011.61.3.4
https://doi.org/10.1371/journal.pone.0080990
https://doi.org/10.1038/ncomms9946
https://doi.org/10.1029/2007GB002947
https://doi.org/10.1073/pnas.0606377103
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0280
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0280
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1175/JCLI-D-11-00653.1
https://doi.org/10.1016/j.fcr.2018.02.010
https://doi.org/10.1016/j.fcr.2018.02.010
https://doi.org/10.1016/j.rse.2010.01.006
https://doi.org/10.1007/BF03179980
https://doi.org/10.1126/science:aad0055
https://doi.org/10.1126/science:aad0055
https://doi.org/10.1007/s12571-008-0002-y
https://doi.org/10.1029/2008GB003435
https://doi.org/10.1029/2008GB003435
https://doi.org/10.1016/j.apgeog.2017.01.001
https://doi.org/10.1080/10106040308542268
https://doi.org/10.1029/2007GB002952
https://doi.org/10.1088/1748-9326/8/4/044041
https://doi.org/10.1088/1748-9326/8/4/044041
https://doi.org/10.1016/j.agrformet.2014.09.016
https://doi.org/10.1016/j.agrformet.2014.09.016
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0360
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0360
https://doi.org/10.1111/agec.12090
https://doi.org/10.1007/s00703-005-0127-x
https://doi.org/10.1007/s00703-005-0127-x
https://doi.org/10.1080/01431160701408444
https://doi.org/10.1080/01431160701408444
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0380
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0380
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0380
https://doi.org/10.1007/s12571-011-0140-5
https://doi.org/10.1007/s12571-013-0263-y
https://doi.org/10.1007/s12571-013-0263-y
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0395
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0395
https://doi.org/10.1016/S0169-5150(99)00051-1
https://doi.org/10.1016/S0169-5150(99)00051-1
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0405
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0405
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0405
https://doi.org/10.1016/j.ecolecon.2013.05.002
https://doi.org/10.1016/j.ecolecon.2013.05.002
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0420
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0420
https://doi.org/10.1016/j.biocon.2012.01.068
https://doi.org/10.1016/j.biocon.2012.01.068
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0430
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0430
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0430
https://doi.org/10.1098/rstb.2012.0168
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0440
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0440


982–1000. 
Vyas, S.P., Oza, M.P., Dadhwal, V.K., 2005. Multi-crop separability study of rabi crops 

using multi-temporal satellite data. Jounal Indian Soc. Remote Sens. 33, 75–79. 
Waha, K., Müller, C., Bondeau, A., Dietrich, J.P.P., Kurukulasuriya, P., Heinke, J., Lotze- 

Campen, H., 2013. Adaptation to climate change through the choice of cropping 
system and sowing date in sub-Saharan Africa. Glob. Environ. Chang. 23, 130–143. 
https://doi.org/10.1016/j.gloenvcha.2012.11.001. 

Waldner, F., Fritz, S., Di Gregorio, A., Plotnikov, D., Bartalev, S., Kussul, N., Gong, P., 
Thenkabail, P., Hazeu, G., Klein, I., Löw, F., Miettinen, J., Dadhwal, V., Lamarche, C., 
Bontemps, S., Defourny, P., 2016. A Unified Cropland Layer at 250 m for Global 
Agriculture Monitoring. Data 1, 3. https://doi.org/10.3390/data1010003. 

Wardlow, B.D., Egbert, S.L., Kastens, J.H., 2007. Analysis of time-series MODIS 250 m 
vegetation index data for crop classification in the U.S. Central Great Plains. Remote 
Sens. Environ. 108, 290–310. https://doi.org/10.1016/j.rse.2006.11.021. 

Whitcraft, A.K., Becker-reshef, I., Justice, C.O., Whitcraft, A.K., Becker-reshef, I., Justice, 
C.O., 2015. Agricultural growing season calendars derived from MODIS surface re
flectance. Int. J. Digit. Earth 8, 173–197. https://doi.org/10.1080/17538947.2014. 
894147. 

Wu, W., Yu, Q., You, L., Chen, K., Tang, H., Liu, J., 2018. Global cropping intensity gaps: 
Increasing food production without cropland expansion. Land use policy 76, 
515–525. https://doi.org/10.1016/j.landusepol.2018.02.032. 

Xiao, X., Boles, S., Liu, J., Zhuang, D., Frolking, S., Li, C., Salas, W., Moore, B., 2005. 
Mapping paddy rice agriculture in southern China using multi-temporal MODIS 
images. Remote Sens. Environ. 95, 480–492. https://doi.org/10.1016/j.rse.2004.12. 
009. 

Xiao, X., Boles, S., Frolking, S., Li, C., Babu, J.Y., Salas, W., Moore, B., 2006. Mapping 
paddy rice agriculture in South and Southeast Asia using multi-temporal MODIS 
images. Remote Sens. Environ. 100, 95–113. https://doi.org/10.1016/j.rse.2005.10. 
004. 

Xiong, J., Thenkabail, P.S., Gumma, M.K., Teluguntla, P., Poehnelt, J., Congalton, R.G., 

Yadav, K., Thau, D., 2017. Automated cropland mapping of continental Africa using 
Google Earth Engine cloud computing. ISPRS J. Photogramm. Remote Sens. 126, 
225–244. https://doi.org/10.1016/j.isprsjprs.2017.01.019. 

Yadav, R.L., Dwivedi, B.S., Prasad, K., Tomar, O.K., Shurpali, N.J., Pandey, P.S., 2000. 
Yield trends, and changes in soil organic-C and available NPK in a long-term rice- 
wheat system under integrated use of manures and fertilisers. F. Crop. Res. 68, 
219–246. https://doi.org/10.1016/S0378-4290(00)00126-X. 

Yadvinder-Singh, Kukal, S.S., Jat, M.L., Sidhu, H.S., 2014. Improving Water Productivity 
of Wheat-Based Cropping Systems in South Asia for Sustained Productivity, in: 
Advances in Agronomy. Elsevier, pp. 157–258. https://doi.org/10.1016/B978-0-12- 
800131-8.00004-2. 

Yan, H., Xiao, X., Huang, H., Liu, J., Chen, J., Bai, X., 2013. Multiple cropping intensity in 
China derived from agro-meteorological observations and MODIS data. Chinese 
Geogr. Sci. 24, 205–219. https://doi.org/10.1007/s11769-013-0637-2. 

Yang, X., Chen, F., Lin, X., Liu, Z., Zhang, H., Zhao, J., 2015. Potential benefits of climate 
change for crop productivity in China. Agric. For. Meteorol. 208, 76–84. https://doi. 
org/10.1016/j.agrformet.2015.04.024. 

Yu, Q., Wu, W., You, L., Zhu, T., van Vliet, J., Verburg, P.H., Liu, Z., Li, Z., Yang, P., Zhou, 
Q., Tang, H., 2017. Assessing the harvested area gap in China. Agric. Syst. 153, 
212–220. https://doi.org/10.1016/j.agsy.2017.02.003. 

Zhong, C., Wang, C., Wu, C., 2015. MODIS-Based Fractional Crop Mapping in the U.S. 
Midwest with Spatially Constrained Phenological Mixture Analysis. Remote Sens. 7, 
512–529. https://doi.org/10.3390/rs70100512. 

Zuo, L., Wang, X., Zhang, Z., Zhao, X., Liu, F., Yi, L., Liu, B., 2014. Developing grain 
production policy in terms of multiple cropping systems in China. Land Use Policy 40, 
140–146. https://doi.org/10.1016/j.landusepol.2013.09.014. 

Zuo, L.J., Wang, X., Liu, F., Yi, L., 2013. Spatial exploration of multiple cropping effi
ciency in china based on time series remote sensing data and econometric model. J. 
Integr. Agric. 12, 903–913. https://doi.org/10.1016/S2095-3119(13)60308-1.  

K. Waha, et al.   Global Environmental Change 64 (2020) 102131

13

http://refhub.elsevier.com/S0959-3780(20)30714-7/h0440
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0445
http://refhub.elsevier.com/S0959-3780(20)30714-7/h0445
https://doi.org/10.1016/j.gloenvcha.2012.11.001
https://doi.org/10.3390/data1010003
https://doi.org/10.1016/j.rse.2006.11.021
https://doi.org/10.1080/17538947.2014.894147
https://doi.org/10.1080/17538947.2014.894147
https://doi.org/10.1016/j.rse.2004.12.009
https://doi.org/10.1016/j.rse.2004.12.009
https://doi.org/10.1016/j.rse.2005.10.004
https://doi.org/10.1016/j.rse.2005.10.004
https://doi.org/10.1016/j.isprsjprs.2017.01.019
https://doi.org/10.1016/S0378-4290(00)00126-X
https://doi.org/10.1016/B978-0-12-800131-8.00004-2
https://doi.org/10.1016/B978-0-12-800131-8.00004-2
https://doi.org/10.1007/s11769-013-0637-2
https://doi.org/10.1016/j.agrformet.2015.04.024
https://doi.org/10.1016/j.agrformet.2015.04.024
https://doi.org/10.1016/j.agsy.2017.02.003
https://doi.org/10.3390/rs70100512
https://doi.org/10.1016/j.landusepol.2013.09.014
https://doi.org/10.1016/S2095-3119(13)60308-1

