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Abstract

A new 1 km global IIASA-IFPRI cropland percentage map for the baseline year 2005 has been developed which inte-

grates a number of individual cropland maps at global to regional to national scales. The individual map products

include existing global land cover maps such as GlobCover 2005 and MODIS v.5, regional maps such as AFRICOVER

and national maps from mapping agencies and other organizations. The different products are ranked at the national

level using crowdsourced data from Geo-Wiki to create a map that reflects the likelihood of cropland. Calibration

with national and subnational crop statistics was then undertaken to distribute the cropland within each country and

subnational unit. The new IIASA-IFPRI cropland product has been validated using very high-resolution satellite

imagery via Geo-Wiki and has an overall accuracy of 82.4%. It has also been compared with the EarthStat cropland
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product and shows a lower root mean square error on an independent data set collected from Geo-Wiki. The first

ever global field size map was produced at the same resolution as the IIASA-IFPRI cropland map based on interpola-

tion of field size data collected via a Geo-Wiki crowdsourcing campaign. A validation exercise of the global field size

map revealed satisfactory agreement with control data, particularly given the relatively modest size of the field size

data set used to create the map. Both are critical inputs to global agricultural monitoring in the frame of GEOGLAM

and will serve the global land modelling and integrated assessment community, in particular for improving land use

models that require baseline cropland information. These products are freely available for downloading from the

http://cropland.geo-wiki.org website.
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Introduction

The population of the Earth recently exceeded the 7 bil-

lion mark (Tollefson, 2011) and is projected to reach

9 billion by 2050 (Roberts, 2011). As wealth rises glob-

ally, there will be an increased shift towards a meat-

based diet and more processed foods (Godfray et al.,

2010), which will put added pressure on the food sup-

ply system, particularly in terms of rising demand for

grains as livestock feed (Tilman et al., 2002). Feeding

this increasing population and coping with increased

food demand from shifting diets in an environmentally

sustainable way poses a major global challenge.

Although population growth is decelerating in many

industrialized countries, Africa will continue to see the

highest rates of fertility and population growth in the

future (Tollefson, 2011). This region of the world is also

one where food security continues to be a serious and

widespread issue (FAO, 2011a) and is likely to increase

under an uncertain, changing climate (Brown & Funk,

2008; Wheeler & von Braun, 2013).

A number of recommendations for feeding the

world’s growing population have been offered (Stuart,

2009; Godfray et al., 2010; Foley et al., 2011), which

include the following: closing the yield gap (i.e. the dif-

ference between the potential yield and that achieved

by farmers, Lobell et al., 2009), which could increase

production by as much as 58% (Foley et al., 2011);

reducing food wastage, which is estimated at around

one-third of food produced for human consumption

(FAO, 2011b); and making changes to diets, shifting

production from feed to food. Achieving these goals

both practically and sustainably requires providing

access to inputs and technologies that will improve

yields and conserve both water quality and quantity,

and broader economic and policy changes (Bekunda

et al., 2010; Foley et al., 2011). However, these goals

entail the need to accurately quantify the amount of

land currently under cultivation and to have a clear

knowledge of the spatial distribution of this and other

land cover types globally. Referred to as cropland, this

is defined as arable land and permanent crops based on

the definition from FAO. FAO further defines arable

land as land under temporary agricultural crops (multi-

ple-cropped areas are counted only once), temporary

meadows for mowing or pasture, land under market

and kitchen gardens and land temporarily fallow

(<5 years). The abandoned land resulting from shifting

cultivation is not included in this category (see http://

faostat.fao.org/site/375/default.aspx). Permanent

crops include land that is cultivated with long-term

crops which do not have to be replanted for several

years (such as cocoa and coffee); land under trees and

shrubs producing flowers, such as roses and jasmine;

and nurseries (except those for forest trees, which

should be classified under ‘forest’). Permanent

meadows and pastures are excluded from land under

permanent crops (see http://faostat.fao.org/site/375/

default.aspx).

The spatial extent of cropland is available from gen-

eric global land cover products such as the GLC-2000

(Fritz et al., 2003), MODIS (Friedl et al., 2010) or Glob-

Cover (Bicheron et al., 2008), but these products do not

agree in terms of the overall amount of cropland or in

terms of the spatial distribution (Fritz et al., 2011). Spe-

cific cropland products are available that use national

and subnational crop statistics in their development,

for example the Agricultural Lands in the Year 2000

EarthStat cropland product (Ramankutty et al., 2008)

and a MODIS-derived cropland probability layer (Pitt-

man et al., 2010). However, the uncertainty in these

products also remains high. In fact, Ramankutty et al.

(2008) have attempted to quantify this uncertainty at

the global scale, estimating that global cropland extent

varies between 1.22 and 1.71 billion hectares, or by

more than 40%.

One method of improving the spatial representation

of cropland extent is to adopt a hybrid or data fusion

approach whereby existing land cover products and

cropland extent maps are integrated into a single crop-

land percentage layer. Modifying the synergy approach

of Jung et al. (2006), Fritz et al. (2011) developed a

hybrid percentage cropland map for Africa, which

combined four existing land cover products (GLC-2000,
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MODIS v.5, GlobCover 2005 and AFRICOVER) and the

MODIS cropland likelihood layer (Pittman et al., 2010).

Validation of the map revealed an improved accuracy

over individual products in characterizing cropland

extent. To further develop of this product, a number of

additional national and regional cropland extent maps

were obtained through a data sharing exercise initiated

via a cropland workshop (See et al., 2012). The method-

ology developed in Fritz et al. (2011) has been further

enhanced and applied globally to produce the 1 km

global hybrid percentage cropland product (hereafter

referred to as the IIASA-IFPRI (International Institute

for Applied Systems Analysis-International Food Policy

Research Institute) cropland product. This study will

outline the enhancements to the methodology

employed here, in particular the use of crowdsourced

data collected via Geo-Wiki (Fritz et al., 2009, 2012), to

determine the ranking of individual products based on

how well they match the crowdsourced data on a

national level when integrated. The IIASA-IFPRI prod-

uct produced for the baseline year 2005 is compared

with the EarthStat cropland product of Ramankutty

et al. (2008), which was produced for the year 2000, and

shows improvements in terms of overall accuracy but

also in terms of capturing the spatial distribution of

cropland.

The study also presents the first global field size map

at a 1 km2 resolution. Information about field size can

be used as a proxy for human development as research

has shown that there is a positive relationship between

field size and farm size (Levin, 2006) and farm size and

income (Berry, 1972). This suggests that change in field

size might be used as one indicator for human develop-

ment and can be used to complement household sur-

veys, which are resource intensive and prone to bias.

Field size is also useful for agricultural monitoring, in

particular to determine which sensor resolution is

required to monitor agriculture in different areas. For

example, in areas with large field sizes, MODIS resolu-

tion imagery can be used to monitor agriculture while

small and very small field sizes would require Landsat

and very high-resolution imagery. Moreover, it can be

used as a proxy for agricultural or mechanization

(Kuemmerle et al., 2013) as well as a proxy for species

richness in cropland (Geiger et al., 2010). Various

approaches to field size mapping have been utilized in

the past, for example interpolation of LUCAS (Land

Use/Cover Area Frame Statistical Survey, http://

www.lucas-europa.info) samples to create a European

field size map for 2009 (Kuemmerle et al., 2013) and

automated field extraction from Landsat imagery for

the United States (Yan & Roy, 2014). However, the

field size map presented here is the first global-wide

product.

Materials and methods

Data

Cropland input data sets. The IIASA-IFPRI cropland map

integrates numerous data sets, many of which were contrib-

uted as part of an ongoing data sharing exercise in which

experts in the fields of remote sensing, land cover and agricul-

ture were brought together at a cropland workshop (See et al.,

2012). These individual products are outlined in Table 1.

The national, regional and global products are of varying

resolutions from 30 m to 1 km. The data sets at a resolution of

<1 km were aggregated to a common geographical grid to

produce percentage cropland by pixel at a 1 km resolution.

For the GLC-2000, which was already at a 1 km resolution

and indicates only the presence/absence of cropland, the leg-

end definition was used to assign a cropland percentage. For

Table 1 Cropland products used in the IIASA-IFPRI

cropland map

Scale Products Source

Global Cropland masks from:

• GLC-2000

• MODIS (for 2005)

• GlobCover 2005

• GEOCOVER (only for

parts of South

America, the middle

East, parts of

Ethiopia)

• Cropland probability

layer

Fritz et al. (2003), Friedl

et al. (2010), Bicheron

et al. (2008), Contributed

at a workshop (See

et al., 2012) and Pittman

et al. (2010)

Regional • Cropland mask from

CORINE land cover

• Cropland mask for

Africa

• AFRICOVER (Burundi,

DRC, Eritrea, Kenya,

Rwanda, Senegal,

Somalia, Tanzania,

Uganda)

Vancutsem et al. (2012);

Contributed at a

workshop (See et al.,

2012) but freely

available

from FAO

National • Australia

• Brazil (summer crops)

• Burkina Faso

• China

• Egypt

• Gambia

• India (northern part)

• Lesotho

• Mali

• South Africa

• Sudan/South Sudan

• Swaziland

• Tunisia

• USA

Contributed at a

workshop (See et al.,

2012). Maps for

Australia and USA are

also freely available.
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example, in the GLC-2000, cropland is defined as 60–100% in

the class ‘cultivated and managed’. Therefore, the minimum,

average and maximum values were assigned to each pixel,

which resulted in a minimum, average and maximum map for

these products.

Cropland statistics for map calibration. The IIASA-IFPRI

cropland product has been calibrated using national statistics

provided by FAO (2005) and subnational cropland data col-

lected by You et al. (2014). Cropland statistics for 4 years

(2003–2006) were averaged to provide a more stable estimate

for the year 2005. In areas where double or triple cropping is

practiced, a crop-specific cropping intensity factor, that is the

ratio between harvested crop areas and the physical areas

where the crops are planted, was first applied to adjust the

physical area. These intensity factors were collected from local

experts (e.g. agronomists) and agricultural census or farming

system literature. We did not explicitly account for fallow land

or failed harvests. Although we recognize that fallow or crop

losses are important aspects of the cropping system, such data

are not available, particularly at a global scale. These areas

were then summed to produce the total cropland for each

administrative unit.

Although there is recognition that agricultural statistics in

some countries are poor and that there has been in decline in

quality over time (World Bank et al., 2011; FAO et al., 2012;

Carfagna et al., 2013), FAOSTAT contains the most compre-

hensive cropland database available and is used by many

researchers and international institutes for global and regional

studies. To ensure comparability across countries/regions and

over time, we have used FAO country data to calibrate the

hybrid product.

Training data collected via Geo-Wiki. A data set suitable for

training purposes was collected via the Geo-Wiki application

(Fritz et al., 2009, 2012) through a crowdsourcing competition

in which land cover information was gathered for the valida-

tion of a map of land availability for biofuels (Perger et al.,

2012; Fritz et al., 2013). Geo-Wiki uses Google Earth imagery,

which varies in resolution from 15 m to 10 cm. In this compe-

tition, around 53 000 sample pixels with 36 000 unique loca-

tions at a 1 km resolution were collected globally, where users

were asked to choose the dominant land cover type from

among ten simple land cover classes including one class for

cropland and one for a mosaic of cropland and natural vegeta-

tion (see Table S1). From this total, 13 963 unique locations

featured cropland and were used to rank the input data sets

outlined previously. This ranking was then input into the cre-

ation of a layer that indicates where cropland is most likely to

occur. Users who took part in the competition were also asked

to indicate the field size for those pixels that were identified as

having cropland or a cropland/natural vegetation mosaic land

cover type. Field size was specified as very small, small, med-

ium and large using high-resolution imagery, where examples

were provided to guide the user. This data set has been used

to create the global map of field size. Figure 1 shows the loca-

tion of the training data used in the calibration of the global

cropland map and in the development of the field size map.

Appendix S1 shows how field size varies by region.

Validation data collected via Geo-Wiki. Independent data

were required for the validation of the IIASA-IFPRI cropland

product. A validation data set was developed using two

crowdsourcing campaigns, where the sample locations coin-

cided with those used by Tsinghua University in developing

their 30 m global land cover product (Zhao et al., 2014).

We first stratified this sample for cropland by eliminating

locations where cropland is not found, choosing only those

places where the average temperature is >3 °C, and the

average annual precipitation is above 200 mm based on the

Fig. 1 The location of the data collected via Geo-Wiki that was used in the development of the IIASA-IFPRI cropland map and the field

size map.
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WorldClim database (Hijmans et al., 2005). Using this stratifi-

cation, we ensured sampling in places where cropland can

potentially occur and did not sample in deserts or very cold

areas. To account for irrigated areas, we added samples from

areas in which cropland occurred based on either the IIASA-

IFPRI map or the EarthStat cropland map where precipitation

was below 200 mm. Two Geo-Wiki crowdsourcing cam-

paigns were run independently to validate these locations,

where users were asked to identify up to three different land

cover types visible in a 1 km2 pixel and the percentage of

each type. These two independent crowdsourced data sets

were then compared as part of a quality control exercise.

Where agreement at the same location was >65% (see Appen-

dix S2 for more details on how agreement was calculated),

the sample was included in the final validation data set,

which consisted of 10 626 cropland percentage pixels (crop-

land 3674 and noncropland 6952). Figure 2 shows the global

distribution of the validation data while Figure S1 contains

the full distribution.

We then aggregated the IIASA-IFPRI cropland product to

a resolution of 10 km2 to match that of the EarthStat cropland

product (Ramankutty et al., 2008), assigning the mean value

of the 1 km2 pixels to the resultant 10 km2 pixel. We ensured

an exact geographical match between the aggregated hybrid

cropland product and the EarthStat cropland map. A crop-

land disagreement map was then produced by subtracting

one map from the other. A total of 1033 10 km2 cropland per-

centage pixels were then created using Geo-Wiki, based on a

stratified sample in the disagreement areas identified above.

Each pixel was classified by two experts from a total pool of

ten experts. These experts are research staff at IIASA or reli-

able validators from the Geo-Wiki network with a range of

backgrounds including remote sensing, geospatial sciences,

forestry, geology and biology. Within each 10 km2 pixel, each

expert identified cropland percentage within nine subpixels.

The total cropland percentage for the pixel was the mean of

all nine cells. In those cases where the absolute value of the

difference between the mean value from expert 1 and the

mean value from expert 2 differed by more than 50%, a third

expert revisited those pixels. The third expert’s average

value, along with the closest value from the two original

experts, was then used to form the new average pixel value.

This occurred 56 times where difficulties in interpretation

may have occurred due to coarser resolution imagery, the

presence of tree crops rather than forest cover and aban-

doned lands or pasture which may have been confused with

cropland.

Methodology

Development of the IIASA-IFPRI cropland map. The IIASA-

IFPRI cropland map was created by combining individual

land cover products. Using a convergence of evidence

approach, the products were integrated to produce a synergy

map. A synergy map is a single layer that characterizes the

agreement between input layers and was originally proposed

by Jung et al. (2006) in the context of different land cover data

sets and carbon cycle modelling. Where all the input layers

agree, for example on the presence of cropland, the agreement

between products is high and the likelihood of cropland being

present is likewise high. The synergy map therefore captures

the agreement between the layers and provides a spatial rep-

resentation of cropland likelihood. Product integration is not

by equal weighting but rather by ranking, which is driven by

comparison with crowdsourced data. Finally, the synergy

map is transformed into a percentage cropland map by cali-

bration with national and subnational statistics. These steps

are described in more detail below.

Fig. 2 The location of the validation data for assessing the performance of the IIASA-IFPRI cropland map.
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Ranking of individual cropland products and creation of a

synergy map. In the development of the African IIASA-IF-

PRI cropland product, the individual cropland products

were ranked using expert knowledge on a global basis

(Fritz et al., 2011), so a single ranking matrix was applied

to transform the individual cropland layers into a synergy

map. Here, in contrast, the analysis operates at a national

level, so a ranking table of products is created for each

country using crowdsourced data from Geo-Wiki, which

are expressed as a binary cropland/noncropland value per

pixel. For each country, the percentage agreement between

the crowdsourced data and each individual product avail-

able for that country was calculated. This agreement was

used to rank the products to develop the synergy map. In

this way, the synergy map was tailored to each country.

The ranking procedure is explained in more detail in

Appendix S3. At the same time that the synergy map was

created, minimum, average and maximum cropland per-

centage maps were calculated based on the individual

input maps. For example, suppose we have a country

where only global maps were available, namely GLC-2000

(with a minimum cropland definition of 60%, an average

of 80% and a maximum of 100%), GlobCover (minimum

70%, average of 85% and maximum of 100%) and MODIS

(minimum of 80%, average of 90% and maximum of 100%)

and all agreed that cropland is present in the synergy

map, then the minimum, average and maximum map

would be calculated as the average of the minimum, aver-

age and maximum cropland values of the three products,

respectively, that is minimum of 70%, an average of 85%

and a maximum of 100%. The average map is used in the

calibration with FAO statistics, as described in the next

step while the minimum map is used in the visual correc-

tion. Some experimentation was undertaken with the maxi-

mum map, but in the end, it was sufficient to calibrate the

cropland layer using only the average and minimum

maps.

Calibration of the global cropland extent map. Consistency

with FAO statistics is a requirement as many models,

including IIASA’s GLOBIOM economic land use model

(Havl�ık et al., 2011; Havlik et al., 2014), use data sets from

various international bodies. This includes, for example,

data on land resources from FAO such as the amount of

area under forest, grassland, cropland, and UN projections

which relate to land use change such as meat consumption

and technological innovation, all of which are consistent

with national statistics. Therefore, the synergy map and the

average cropland percentage map were used together with

cropland statistics from FAO and IFPRI for the year 2005

to produce the IIASA-IFPRI cropland map. Starting at the

national level, the crop statistics were applied on a coun-

try-by-country basis to allocate the cropland areas starting

with those areas that have the highest probability of crop-

land as indicated in the synergy map. The area was calcu-

lated based on the average cropland percentage map. This

allocation process continues until the total area in the

cropland map matches the national statistics as closely as

possible. A further calibration was then applied using sub-

national statistics to further refine the distribution of crop-

land areas across each country. The full details can be

found in Fritz et al. (2011).

Visual correction for mismatch with FAO statistics. Once

the calibration was complete, a visual inspection was under-

taken on a country-by-country basis. The cropland map was

overlaid onto Google Earth imagery and for those countries

where the FAO statistics were too low and cropland was not

sufficiently captured (i.e. omission errors), the calibration

procedure described above was repeated except that the

minimum percentage cropland map was employed instead

of the average. This served to allocate cropland to a larger

area in a given country. This was generally the exception

rather than the rule, but it helped to improve the accuracy

of the final product. In a few cases, the minimum cropland

map resulted in too much allocation of cropland areas and

therefore an average value between the minimum and the

average was used. The maximum cropland map always

resulted in too little cropland extent and was therefore not

used.

Development of a global map of field size. As mentioned

previously, field size from 1 (very small) to 4 (large) was

collected during a Geo-Wiki campaign using high-resolution

satellite imagery. Information for approximately 53 000

samples of 1 km2 pixels were gathered at around 36 000

unique locations. Of these unique locations, 13 963 samples

contained cropland and therefore the size of the field. This

sample data set of ordinal values was then interpolated

using inverse weighted distance, treating the ordinal values

as a continuum, to create a global map of field size at a

1 km2 resolution, which was then clipped using the IIASA-

IFPRI cropland map.

Validation of the global cropland product and comparison

with the EarthStat cropland product. The IIASA-IFPRI per-

centage cropland product was first reclassified into a binary

map of cropland/no cropland, where a cropland percentage

greater than zero was assigned to the cropland category.

The validation data set described previously was used.

Overall accuracy and the allocation and quantity disagree-

ment were calculated (Foody, 2010; Pontius & Millones,

2011).

A comparison with the Earthstat cropland map was then

undertaken, which involved aggregating the IIASA-IFPRI

product to a 10 km2 resolution to match that of the Earth-

Stat cropland product (Ramankutty et al., 2008). The aggre-

gation assigned the average value of the 1 km2 pixels to the

resultant 10 km2 pixel and produced an exact geographical

match between the aggregated IIASA-IFPRI cropland prod-

uct and the EarthStat cropland product. The root mean

square error (RMSE) between the data gathered via Geo-

Wiki (expressed as percentage cropland) and the values in

the IIASA-IFPRI cropland and the EarthStat cropland prod-

ucts were calculated.
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Validation of the field size map. The field size map was

validated using two different approaches. As the field size

map was created through simple interpolation of data

collected as part of a crowdsourcing campaign, the first val-

idation approach was to examine the trustworthiness of the

crowd. Five hundred sample locations were selected ran-

domly from the original crowdsourced data set, and these

were then independently validated by three experts using

Geo-Wiki to produce a data set of field size controls. The

experts were provided with the images randomly on Geo-

Wiki and the process continued until all 500 samples had

been validated at least twice by different experts. Images

with a coarse resolution (i.e. Landsat) were then removed

from the sample as well as those with no evidence of crop-

land. The Spearman’s rank correlation coefficient was then

calculated between the answers from the crowd and the

experts.

The second validation approach involved sampling five

hundred new locations randomly from the interpolated field

size map, which were not at the original locations of the

crowdsourced data used in the interpolation. The values

obtained from the interpolated field size map were then com-

pared with a second field size control data set created by the

three experts where each sample was validated at least twice

by different experts. Once again coarse resolution samples

were removed as well as those with no evidence of cropland,

and the Spearman’s rank correlation coefficient was calcu-

lated.

Results

Figure 3 presents the IIASA-IFPRI cropland map while

the global field size map is shown in Fig. 4. Both prod-

ucts are currently downloadable from the ‘Cropland’

branch of Geo-Wiki (http://www.geo-wiki.org).

Validation of the IIASA-IFPRI cropland product

The overall accuracy of the IIASA-IFPRI cropland map

is 82.4%. The total disagreement (17.6%) can be further

broken down into two components, that is the alloca-

tion disagreement (which reflects the presence of com-

mission and omission errors in the same category or a

spatial allocation error) of 9.4% and the quantity dis-

agreement (which reflects a disagreement in the pro-

portions of the categories between the map and the

reference data) of 8.2%. Thus, the overall disagreement

shows errors of both kinds split more or less evenly.

The quantity disagreement may partly be the result of

the calibration process as the allocation of cropland is

constrained by the national statistics. The allocation dis-

agreement, on the other hand, may partly be a result of

combining individual maps that are actually all incor-

rect at the same location but which represent the best

information available for that area. This error might be

minimized in the future by obtaining more accurate

national maps that will rank higher than global prod-

ucts when creating the synergy map.

Comparison of the aggregated IIASA-IFPRI products
with the EarthStat cropland map

Figure 5 presents a disagreement map between the

aggregated IIASA-IFPRI cropland product and the

EarthStat cropland product, in particular those areas

where cropland is present in one product but not the

other and vice versa. The grey areas show regions

where both products indicate cropland of some

percentage between 1% and 100%, and thus there is

Fig. 3 The IIASA-IFPRI cropland percentage map calibrated with national and subnational cropland statistics from FAO and IFPRI.
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general agreement on the presence of cropland in most

parts of North and Central America, Europe, India,

China, Southeast Asia and parts of Australia. However,

there are considerable areas of disagreement in parts of

Central, Southern and Northern Africa, Brazil, Papau

New Guinea and parts of other countries throughout

the world. Figure 6 shows the African disagreement

map in more detail. Superimposed on this map is a ran-

dom sample drawn from both the EarthStat cropland

and IIASA-IFPRI cropland maps from those areas

where they disagree to indicate which product is cor-

rect at that location. The distribution shows that the

IIASA-IFPRI cropland product is correct twice as often

as the EarthStat cropland product in those areas.

A sample of 1033 10 km2 pixels was then randomly

selected from the areas of highest disagreement and

classified independently by at least two experts using

Geo-Wiki. Before using this sample for comparing the

Fig. 4 A global map of field size.

Fig. 5 A disagreement map between the EarthStat cropland and aggregated IIASA-IFPRI cropland products. Grey shading shows areas

where both products indicate the presence of cropland to some percentage value. Red and orange shading indicates areas where the

IIASA-IFPRI product indicates the presence of cropland which is absent in the EarthStat cropland product while shades of green indi-

cate the opposite situation.
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two products, the values from the two experts were

compared at each location. Figure 7(a) shows that the

two expert estimations are highly correlated (q = 0.93)

and that the RMSE between the estimates from the two

independent experts was around 14% (Table 2). The

experts clearly found it easier to identify areas with no

cropland (RMSE = 7%) while identifying areas of crop-

land was harder (RMSE = 16%) but still within an

acceptable level of agreement. These results, therefore,

provide high confidence in the data set derived by the

experts using Geo-Wiki.

These expert values were then averaged at each loca-

tion and used to independently validate the aggregated

IIASA-IFPRI cropland product and the EarthStat crop-

land product. The results are shown in Table 2 and

scatter plots are provided in Figures 7(b,c) including

95% confidence intervals. Due to non-normality of the

correlated variables, the confidence intervals for the

correlation coefficients were obtained by bootstrapping

1000 samples from the original data set. The results

show that the EarthStat cropland map has the highest

overall RMSE at 41% and a low Pearman’s correlation

coefficient (q = 0.14). The IIASA-IFPRI product does

significantly better when compared to the expert-

derived data with an overall RMSE of 23% and a Pear-

man’s correlation coefficient of 0.7. Additionally, RMSE

Fig. 6 A disagreement map between the EarthStat cropland and aggregated IIASA-IFPRI cropland products for Africa. Grey shading

shows areas where both products indicate the presence of cropland to some percentage value. Red and orange shading indicates areas

where the IIASA-IFPRI cropland product indicates the presence of cropland which is absent in the EarthStat cropland product while

shades of green indicate the opposite situation. The symbols indicate which product is correct at a particular location of disagreement.
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values were compared over pixels where noncropland

pixels were ignored in either the IIASA-IFPRI or Earth-

Stat cropland maps. Although there may be some dif-

ferences between the products as EarthStat cropland is

consistent with cropland statistics for the year 2000

while the IIASA-IFPRI product was calibrated using

statistics for the year 2005, we would argue that the

main differences between the maps are not due to

change in cropland extent over this period. See Appen-

dix S4, which demonstrates that the size of disagreeing

areas between the two products is significantly larger

than any change in cropland extent between 2000 and

2005 for the majority of countries.

Validation of the field size map

The first type of validation was to assess the input data

used to create the field size map, that is to assess the

trustworthiness of the crowd. The resulting Spearman’s

rank correlation coefficient of 0.80 indicates that agree-

ment between the crowd and experts is acceptable.

The second form of validation was to compare a ran-

domly chosen set of validation points from the interpo-

lated field size map compared with expert control

points, where two experts independently agreed on the

validations (although three experts were involved in

creating the set). In total, 181 validation points with

field sizes ranging from very small (1) to large (4) were

used (after removing validation points with coarse res-

olution imagery and noncropland areas). The results

indicate a Spearman’s rank correlation coefficient of

0.78. Given that the global map has been developed

using only 13 963 points, this agreement is satisfactory.

Discussion and conclusions

This study provided two new products for use by the

global modelling and assessment community: a global

percentage cropland map at a resolution of 1 km2 (the

IIASA-IFPRI cropland product) that is consistent with

national cropland statistics; and a global field size map

at the same resolution. It is envisioned that this IIASA-

IFPRI cropland product could become the ‘reference’

map for 2005 for integrated assessment modelling pur-

poses. The cropland map is also being used by the

Group on Earth Observations (GEO) Global Agricul-

tural Monitoring Initiative (GEOGLAM) for their

monthly reporting and crop monitoring activities

(http://www.geoglam-crop-monitor.org/). IFPRI has

applied their spatial allocation model approach to dis-

aggregate the global cropland map into spatial distribu-

tions of crop type; these are available for viewing in the

‘cropland’ branch of Geo-Wiki. The field size map will

be one input to the improved stratification of agro-envi-

ronmental areas in the framework of the EU-funded

SIGMA (Stimulating Innovation for Global Monitoring

of Agriculture and its Impact on the Environment in

Table 2 Consistency assessment in disagreeing areas using

per cent RMSE

Overall

(n = 1033)

(%)

No cropland

in IIASA-IFPRI

cropland map

(n = 459) (%)

No cropland

in EarthStat

cropland

(n = 582) (%)

IIASA-IFPRI

cropland

23 11 25

EarthStat

cropland

41 40 46

Between

the two

experts

14 7 16

(a) (b) (c)

Fig. 7 Scatter plots of (a) the two experts, (b) the EarthStat cropland product and (c) the IIASA-IFPRI cropland map plotted against the

average expert cropland percentage pixels. The 1 : 1 line is shown. The 95% confidence intervals are (a) 0.92–0.94, (b) 0.08–0.22 and (c)

0.66–0.73.
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support of GEOGLAM) project, as well as a resource

for agricultural monitoring more generally.

Both maps have been developed using bottom up

approaches, that is integration of existing maps shared

by the community, and the development and validation

of products driven by crowdsourcing through the avail-

ability of very high-resolution satellite imagery. These

approaches have both strengths and weaknesses. Data

collection via tools such as Geo-Wiki is a low-cost alter-

native to the more traditional producer-driven collec-

tion of validation data using visual interpretation of

very high-resolution data sets such as that found on

Google Earth (Biradar et al., 2009; Bontemps et al., 2011)

or data directly from image providers (Olofsson et al.,

2012) and can result in vastly larger quantities of data

than have been used to produce and validate these

types of maps in the past. The sharing of data promoted

through organizations such as GEO and national open

data movements are accelerating the exchange of data.

These positive trends will fundamentally change the

way in which these products are produced in the future.

However, integration of existing maps also has prob-

lems in terms of global consistency. Some maps will be

less accurate than others, and they will have been pro-

duced over different time periods, so the resulting

hybrid map really represents the best estimate of crop-

land given these constraints. As no single product has

yet been shown to be consistently accurate in represent-

ing percentage cropland, this approach is still better

than relying on a single automated classification algo-

rithm using data from one sensor. The collective knowl-

edge that is captured through a hybrid approach will

simply be better than any individual product that is

currently available. Another important source of uncer-

tainty in the mapping process is that the input maps as

well as the resulting IIASA-IFPRI cropland product are

static in nature but cropland areas are dynamic, espe-

cially in marginal lands where there may be strong

variations in rainfall from year to year. However, we

would argue that rainfall will have mostly an impact

on yield and less impact on area unless there are sev-

eral years of low rainfall. The IIASA-IFPRI map does

not, however, capture active vs. passive fields, that is

long periods of fallow, but this is not included in the

definition of cropland used here.

Crowdsourcing via Geo-Wiki represents a new way

of gathering much larger amounts of data that can be

used in the development of new products and in vali-

dation. However, there are valid concerns about data

quality that have been raised in the literature (Flanagin

& Metzger, 2008). Where crowdsourced data have been

used in this study, quality control measures have been

put in place, for example comparison with data derived

by experts to ensure minimum levels of quality and a

minimum level of agreement between multiple obser-

vations at a single location.

The field size map should also be considered as a

rough first attempt to create such a global product.

Inevitably, the size of the sample and the use of interpo-

lation will affect the results when viewed at smaller

scales. Moreover, we acknowledge that the data collec-

tion method works best when the field sizes are homo-

geneous within the 1 km2 area over which data are

collected and does not currently account for variations

of field size within the 1 km2 areas. However, for

modelling and monitoring purposes at a global scale, it

represents a reasonable proxy for agricultural mechani-

zation and human development at this stage.

Both global products will continue to be improved

in the future. As more and more countries develop the

capacity to produce their own national land cover and

cropland maps, these can be easily integrated within

the hybrid product. However, we must ensure that

these national efforts are undertaken with a global per-

spective, for example the use of standard definitions

for cropland as set out by organizations like FAO with

their Land Cover Classification System (LCCS) and

their Land Cover Meta Language (LCML) or the more

recent EAGLE (Eionet Action Group on Land monitor-

ing in Europe) initiative (http://sia.eionet.europa.eu/

EAGLE), in order to be able to harmonize these prod-

ucts. The IIASA-IFPRI cropland map will also be

improved through further contributions of national

maps shared through GEOGLAM and the SIGMA pro-

ject as well as from new mapping efforts such as that

recently undertaken by the National Geomatics Centre

in China. We are currently producing a new version

for 2010. For the moment, the plan is to keep the

1 km2 resolution as this is appropriate for integrated

assessment modelling at the global scale. We are

already using some input cropland layers that were

produced using Landsat-type resolution (i.e. some

national maps), and we will ingest any new products

at this resolution for the 2010 product. The field size

map will also be improved through a planned crowd-

sourcing campaign in the future, in which field size

will be sampled more densely.

The differences between the aggregated IIASA-IFPRI

product and the EarthStat cropland product clearly

show that there are locations where each product is bet-

ter at capturing cropland. As more data are collected

via Geo-Wiki, creating a hybrid product from these two

different aggregated maps is a clear possibility. Ulti-

mately, the goal is to produce a cropland product with

the highest possible accuracy that meets the needs of

the modelling and assessment community. By integrat-

ing existing products, we have presented one feasible

solution towards attaining this objective.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Figure S1. The spatial distribution of validation points across South America and Africa. Green indicates validation points where
agreement between multiple answers was >65% while red indicates agreement <65%. Only those validation points where agree-
ment was greater than 65% were used in the paper to ensure a minimum quality in the validation data. Globally, 36% of the total
validation points had an agreement higher than 65%. In South America 43% were used while in Africa 33% were used. The lower
number used in Africa is due to the fact that there are smaller fields and more heterogeneous landscapes so the interpretation of
satellite imagery is more difficult.
Table S1. The 10 land cover classes in the Geo-Wiki simple legend. These were chosen to be consistent with the generalized land
cover classes proposed by Herold et al. (2008), which allows for comparison of different land cover products.
Appendix S1. Quantifying spatial variation in field size by region.
Table S2. l2 statistics by region.
Figure S2. Frequency distribution of field size by region and the respective estimate of l2. Regions are listed in Table S2.
Appendix S2. Calculation of agreement.
Table S3. Crowdsourced answers from two users for the same location.
Appendix S3. The ranking procedure and production of the synergy map.
Table S4. The ranking of products by country. Only those countries with more than 400 crowdsourced data points are included.
Table S5. Synergy table for Russia where 4 input layers are available. Grey shading highlights those combinations with a tied rank-
ing as the accuracy values for MODIS and GlobCover are the same in this example.
Appendix S4. Comparison of change in cropland area from 2000 to 2005 compared with the size of the disagreement between the
IIASA-IFPRI and EarthStat cropland products.
Table S6. Countries ranked in descending order by cropland area in 2005 showing the difference in areas between 2005 and 2000
based on FAOSTAT, the area of disagreement between the IIASA-IFPRI and EarthStat cropland products and the latter two quanti-
ties in relation to one another, expressed as a percentage.
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