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Abstract

Global pastureland covers about one-third of the Earth’s land surface and has undergone
significant changes in the past decades. Understanding the spatial distribution and trends of
pastureland is essential for addressing environmental and food security challenges as well as
supporting sustainable development. This study reconstructs pastureland maps at 500m spatial
resolution based on the MODIS MCD12Q1 V6 land cover product and the Gridded Livestock
World v3 (GLW) dataset. We further analyzed the trend, variability, and distribution in
pastureland from 2001 to 2020. Overall, the pastureland area in this study is consistent with
FAOSTAT, HYDE, and HILDA datasets. In selected countries with large pastureland areas, the
pastureland in Australia and China contracted while it expanded in the United States over the
period 2001 to 2020. For Brazil, pastureland area initially grew and then declined in later years.
We find that pastureland in the United States, Canada, China, Australia, and Sub-Saharan Africa
largely remained stable over this period. In the South of America and Russia, it is unstable, which
indicates frequent conversion of pastureland into other land uses. This reconstruction of global
pastureland at 500m level is promising for accurately capturing the spatial heterogeneity of
pastureland and further improving our understanding of its impact on renewable fuels policies,

sustainable development targets, and environmental issues.
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1. Introduction

In the past decades, the land use and land cover (LULC) have changed significantly due to human
activities (Winkler ef al 2021, Luyssaert et al 2014). The LULC changes influence the global
carbon cycle and atmospheric circulation (Verburg et a/ 2011). For example, the conversion from
forests to croplands or pastures could lead to changes in soil organic carbon and atmospheric
carbon dioxide (CO2) concentrations (Dendoncker et al 2004, p 2008, Schulp et al 2008).
Vegetated LULC changes can modify regional atmospheric dynamics (Pielke et al 1998, Chapin
III et al 2000) and global atmospheric circulation through teleconnections (Eastman et a/ 2001).
Changes in LULC also affect the conditions of ecosystem services provided by nature (Gomes et
al 2021). Analyzing the evolution of land use and land cover is fundamental to addressing

environmental and ecological challenges.

Pasture refers to natural or managed lands covered with grasses, herbs, and other forage plants
used for grazing (Hayek et al 2024). Pastureland covers about one-third of the Earth’s land surface
(Foley et al 2011, Stanimirova et al 2019). Pastureland grazed by ruminant animals provides
various goods and services (Hayek et al 2024) and plays an important role in local and global
economies via livestock production (Foley et al 2011, Stanimirova et al 2019). The growing
demand for meat and dairy due to population and income growth is placing pressure on pastureland
and accelerating land-use change (Herrero and Thornton 2013, Lambin and Meyfroidt 2011).
Understanding the socioeconomic and environmental consequences of pastureland change is
therefore critical for sustainable land management. Economic models are widely used to evaluate
these impacts and inform policies aimed at enhancing pasture productivity while reducing the risks
of degradation and desertification. However, many of these models rely on outdated datasets,

potentially limiting their assessments.

Information on trends and the spatial distribution of pastureland can be obtained from two major
sources: census data and historical reconstruction. One of the widely used census datasets is the
Food and Agriculture Organization Statistical Database (FAOSTAT), which is an online database
containing annual statistics on agriculture, fisheries, and forestry sectors for most countries/regions

of the world (FAO 2025). FAOSTAT data is based on estimates and/or census data reported by
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member countries and international agencies. However, land-use census data is typically reported
only at administrative unit levels and is based on imputed values when no official data is available

for a given year.

Data from historical reconstruction takes advantage of the spatial distribution from satellite data.
The satellite remote sensing products have a long history of providing high-resolution information
on the physical cover of the surface (e.g., land cover types such as cropland, forests, and grasslands)
on an annual basis, covering the period from 2001 onwards (Sulla-Menashe et a/ 2019, Liu et al
2018, Zanaga et al 2022, 2021, Buchhorn et a/ 2020, Copernicus Climate Change Service 2019).
However, these land cover products do not provide detailed land use information (e.g., pastureland)
directly driven by human activities. Recent efforts have been dedicated to taking advantage of
census data and remote sensing land cover products to reconstruct gridded global pastureland maps,
namely EarthStat (Ramankutty et a/ 2008), History Database of the Global Environment (HYDE)
(Goldewijk et al 2017), and Historic Land Dynamics Assessment + (HILDA+) (Winkler et al
2021). The EarthStat dataset is widely used in global economic models to examine environmental
and sustainability issues (Johnson et al 2023, Taheripour ef al 2019, Stevenson et al 2013). The
HYDE dataset is another historical reconstruction of population and land use maps starting from
the present and extending back as far as 10,000 BCE for pasturelands (Goldewijk ef al 2017). It
was used in the latest assessment of the global carbon budget (Friedlingstein et a/ 2025). However,
these historical global pastureland datasets were often at 1-10 km spatial resolution. It might be
too coarse to represent spatial heterogeneity at the farm scale. For example, USDA (2022) reported
that the average size of a specialized beef cattle operation is approximately 175 hectares (1.75 km?)
in the United States. In developing countries, pasturelands are even more fragmented, and
smallholder plots often cover less than 5 hectares (0.05 km?) (Herrero et al 2010). Thus, it is

essential to develop a pastureland product at a higher spatial resolution.

This study develops global pastureland maps based on 500m MODIS land cover data and examines
the spatial and temporal changes of pasturelands from 2001 to 2020. Pastureland is identified as
shrubland and grassland land cover that has ruminant densities (number of animals per area)
exceeding certain thresholds defined in this study, based on the Gridded Livestock of the World
v3 (GLW) dataset (Gilbert et a/ 2018a). This 500m resolution pastureland map is essential for
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addressing environmental and food production challenges and supporting sustainable development

at a finer scale.

2. Data and method
2.1. Data

The spatial distribution and area of global pastureland computed in this study are based on the
MODIS land cover dataset (MCD12Q1) using various thresholds of livestock densities from the
Gridded Livestock of the World v3 (GLW) dataset (Gilbert ef a/ 2018a). We then compared these
estimates to those published in FAOSTAT (FAO 2025) which is one of the world’s most widely
used census datasets. Specifically, we used the area data on the “permanent meadows and pastures”
category defined by FAO. Furthermore, we compared our pastureland estimates with those from
HYDE v3.5 and HILDA+ gridded pastureland products. For HYDE v3.5 (Goldewijk et al 2017),
we used the “grazing land” category, defined as the land used for mowing or grazing livestock.
The spatial resolution of HYDE v3.5 is 5 arcmin for the period of 2000-2018 (Goldewijk et al
2017). For HILDA+ (Winkler ef al 2021), we selected the “pasture/rangeland” category, which is
defined as “permanent meadows and pastures,” which is similar to FAO’s definition. The spatial
resolution of HILDA+ is 1 km, and the temporal resolution spans annual changes from 1960 to
2022. The gridded pasture reconstruction datasets, as well as pastureland estimated in this study,
are then aggregated to regional and country level using the boundaries from the World Countries

Generalized boundary (URL: https://hub.arcgis.com/datasets/esri::world-countries-generalized/).

2.2, Pastureland mapping based on MODIS data

We derived the pastureland distribution for years 2001 to 2020 based on the MCD12Q1 land cover
dataset using various thresholds of livestock densities, following the HILDA+ database
development method (Winkler et al 2021) (Figure 1). First, we extracted grassland and shrubland
from the MCD12Q1 land cover classification data following FAOSTAT methodology (FAO 2024).
The MCD12Q1 land cover classification is at a 500 m spatial resolution for the period of 2001-
2020 (Sulla-Menashe et al 2019). Second, we calculated the average density of ruminants,

including cattle, sheep, buffalo, and goat, based on Gridded Livestock World v3 (GLW) data.
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Third, we extracted the pastureland from the combined maps of grassland and shrubland cover
with thresholds from 0-50 heads/km?. Finally, for each country/region, the resulting pasture areas
with various thresholds are compared against FAOSTAT census data to determine the optimal
density threshold by minimizing biases. Once identified, the region-specific threshold is applied

to generate the final 500m pastureland map.

Input Data 1: Step 2: Extract grassland

MCD12Q1 Land =¥ and shrubland

Cover {Soﬂm) - Following FAOSTAT data definitions *
Step 3: Step 4:
Create combined maps of Extract pastureland at
grassland and shrubland various thresholds
cover - From 0 to 50 heads/km?

Input Data 2: Step 2: Calculate the

Gridded Livestock average ruminant density

World v3 data - Cattle, Sheep, Buffalo, and Goat

Step 5: Country/region-
specific comparison
against FAOSTAT data

Step 6: Find optima
threshold?
Minimize bias

Step 7: Apply optimal,
country/region-specific
threshold

Final output:
500m Pastureland Maps
(2001-2020)

——

Figure 1 Flowchart outlining the process for deriving a 500m global pastureland distribution map from MCDI12Q1 land cover
and GLW v3 data for the 2001-2020 period.

Once constructed, we compared the estimated pastureland cover in this study with that from census
data as well as other gridded pastureland products at the global, regional, and country level. Finally,
we identified pixels that persisted as pastureland for all 20 years as stable pastureland, while pixels
that did not persist throughout the entire period were classified as unstable pastureland in the global
data computed in this study. Unstable pastureland may exhibit hotspots of frequent conversion

and abandonment, which could affect efforts to restore natural ecosystems in these key areas.

3. Results
3.1. Spatial and Temporal Distribution of Global Pastureland Area

Figure 2 shows the spatial distribution of pastureland computed in this study for the year 2020. In
North America, pastureland is mainly concentrated in the Intermountain West of the United States
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and the Great Plains that stretch across the central United States (Figure 2b). In South America,
pastureland is largely concentrated in Brazil, especially in the Cerrado (Figure 2c) and cleared
parts of the Amazon Basin. In Africa, pastureland is widespread across Sub-Saharan Africa,
especially in the savannas and drylands of the Sahel, East Africa (e.g., Kenya and Tanzania), and
Southern Africa (e.g., Botswana and South Africa). In Asia, the largest area of pastureland is
located in China. Pastureland in China is primarily located in the northern regions (e.g., Inner
Mongolia steppe), northwestern regions (e.g., Xinjiang oasis areas), and the Qinghai-Tibetan
Plateau (Figure 2d). In Oceania, Australia holds the largest area of pastureland (Figure 2e).
Pastures in Australia are located nationwide, primarily concentrated in the southeast (e.g., Victoria,

New South Wales), the southwest of Western Australia, and the northern regions.

(a)

Figure 2 Spatial distribution of pastureland in 2020. The upper panel shows the global distribution, and the lower panels zoom
in on pastureland hotspots.

Figure 3 shows the time series for the selected 4 countries with the largest area of global
pastureland. Australia has the largest pastureland area (Figure 3a). This study indicates its

pastureland decreased strongly from 2000 to 2020, which aligns with the FAOSTAT census data.
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China has the second-largest pastureland area (Figure 3b). This study finds a slight decreasing
trend in its pastureland area, while FAOSTAT only provides a consistent and imputed value for
the past 20 years. The United States has the third-largest pastureland area (Figure 3c¢). This study
shows a strong increasing trend in its pastureland area, aligning with the FAOSTAT census data.
In Brazil, this study finds pastureland fluctuated between decrease and increase over the past two

decades, aligning with FAOSTAT census data (Figure 3d).
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Figure 3 Trends in pastureland area of FAOSTAT and this study in the selected countries/regions with the largest pastureland
area (Unit: 1000 ha)

3.2. Stability in Global Pastureland Area

We identified pixels that persisted as pastureland for all 20 years as stable pastureland, while pixels
that did not persist throughout the entire period were classified as unstable pastureland in the global
data computed in this study (Figure 4). The majority of pastureland in the United States, Canada,
China, Australia, and Sub-Saharan Africa remained stable from 2001 to 2020. Most pasture areas
in these regions persisted for all 20 years, indicating long-term pastureland stability. In contrast,
pasturelands in the South America region, Russia, and the west of Australia were unstable. Large
portions of these regions remained as pasture for less than 20 years, suggesting substantial

pastureland transitions and land-use changes between 2001 and 2020.
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Unstable
N Stable

Figure 4 The spatial distribution of stable and unstable pastureland between 2001 and 2020. Stable denotes pixels that remained
as pastureland for all 20 years. Unstable denotes pixels that remained as pastureland for less than 20 years (1-19 years).

Table Al presents regional annual average area, area change, and percentage changes of
pastureland from 2001 to 2020. Japan has a small average pastureland area of 361 kha but
experienced the largest percentage decrease (-29.1%), with an average reduction of -105 kha/yr.
Canada has a large average pastureland area of 18,717 kha and has experienced the second-largest
percentage decrease (-26.2%), with an average reduction of -4,894 kha/yr. The rest of the South
America region also has a large average pastureland area of 185,420 kha and experienced the third-
largest percentage decrease (-11.6%), with an average reduction of -21,432 kha/yr. On the other
hand, the Malaysia-Indonesia region has a small average pastureland area of 4,045 kha but
experienced the largest percentage increase (22.0%), with an average increase of 889 kha/yr. The
rest of South Asia region experienced the second-largest percentage increase (17.4%), with an
average pastureland area of 43,286 kha and an average increase of 7,515 kha/yr. East Asia
experienced the third-largest percentage increase (10.4%), with an average pastureland area of

92,859 kha and an average increase of 9,671 kha/yr.

3.3. Comparison with Gridded Pastureland Products
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Figure 5 shows the country-by-country comparison of HYDE and HILDA data for 2001 and 2020.
This study is overall consistent with both the HYDE and HILDA datasets. The correlation
coefficients between this study and HYDE were 0.96 in both 2001 and 2020. Compared with
HYDE, this study estimated a larger pastureland area in Australia in 2001, while the estimates
were similar in 2020. In contrast, this study estimated lower pastureland areas in China and Saudi
Arabia in both 2001 and 2020. This study shows greater consistency with HILDA, with correlation
coefficients of 0.99 in both 2001 and 2020. Compared with HILDA, this study also estimated a

lower pastureland area in China, while the estimates for Saudi Arabia were consistent between this

study and HILDA.
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Figure 5 Country-by-country comparison of HYDE and HILDA data for 2001 and 2020. A country name is shown on the scatter
plot only when that country has more than 100,000,000 hectares of pasture in either this study or gridded pastureland products.
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4. Discussion

4.1. Comparing Pasture Data and Maps with Other Data Sources

The differences among the products could result from variations in their methodology and source
data. Firstly, the HYDE dataset allocated land use across ESA CCI land cover classes using a
probability-based algorithm based on various information such as soil suitability, slope, distance
to water, and other information for historical periods. The major difference between this work and
HYDE lies in both the data and model, which could lead to the differences. Second, the HILDA+
product harmonized the land cover data from Copernicus LC100, ESA-CCI LC, GLC2000,
GLCNMO, GlobCover, Globe-land30, MODIS MCD12Q1, and classified land cover into urban,
cropland, grassland, forest, shrubland, and sparse/no vegetation categories (Winkler et a/ 2021).
To separate pastureland from grassland and shrubland data, HILDA+ used the Gridded Livestock
World v3, which shows the density of ruminant animals for the year 2010. HILDA+ and this work
use a similar method to identify pastureland while using different land cover data, which could be

the main reason for differences in the pastureland distribution.

4.2. Potential Drivers of Pastureland Change in Key Regions

The existing literature suggests that in Australia, the southeast and southwest pasturelands are
dominated by improved temperate pastures while the northern regions are dominated by native
pastures (Bell and Moore 2012, Nichols ef al 2012, Peck et al 2011, McCormick ef al 2014). And
the pastureland is declining in the southern temperate systems while expanding in the northern
grazing regions. The reduction in southeastern and southwestern regions may be associated with
the shifts toward more intensive cropping and integrated crop-livestock systems, where
pastureland might be increasingly used for crops, forage rotations, and crop residue grazing,
thereby reducing the area of pastureland (Bell and Moore 2012, McCormick et al 2014). The
southern temperate system also faces environmental pressure from declining rainfall, variable
seasons, soil acidity, salinity/waterlogging, pests, and disease (Nichols ef a/ 2012). On the other
hand, the pastureland expansion in northern Australia could be due to sown pasture. Peck et al.
(2011) estimated that sown pasture area in northern Australia increased from ~5 million ha in 1997

to ~12 million ha by 2011 (Peck et a/ 2011). Also, the Queensland Statewide Landcover and Trees
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Study (SLATS) 2022-23 Report recorded that 86% of the 332,015 ha of woody vegetation clearing

was for pasture expansion.

In China, the existing literature suggests a stable trend of pastureland accompanied by localized
decline, which aligns with this study (Wang et a/ 2012, Liu ef al 2010). Liu et al (2010) found
national pastureland area decreased from 2000 to 2005, especially in Inner Mongolia steppe and
Xinjiang oasis areas, while Qinghai-Tibetan plateau underwent little change (Liu et al 2010).
Similarly, Wang et al. (2012) found pastureland was under pressure during 1996 to 2008. The
decrease could be driven by the land policy that the cultivated-land compensation encouraged

some grassland/unused land to be reclaimed as cropland (Liu ef al 2010, Wang et al 2012).

In the United States, the existing literature found a strong increase in the global pastureland area
(Lubowski 2006, Winters-Michaud 2024). Literature reported that grassland pasture and range in
the United States increased from 587 million to 659 million acres (~238 million to 267 million
hectares) from 2002 to 2017 (Lubowski 2006, Winters-Michaud 2024). It is worth noting that the
increase should be interpreted cautiously because USDA documentation indicates that the surge
points in 2007 and 2012 could be due to the reclassification of land previously recorded as cropland

pasture into permanent grassland pasture and range.

In Brazil, the existing literature found pastureland remained stable and even declined in recent
years (Dias et al 2016, Telles et al 2024, Zalles et al 2019, Cohn et al 2016). The decrease in
pastureland could be due to intensification and cropland expansion. For example, Dias et al. (2016)
and Telles et al. (2024) found that pastureland expansion had slowed and been replaced by
intensification (e.g., higher cattle stocking rates) (Dias et a/ 2016). Additionally, Cohn et al. (2016)
found that pasture-to-crop conversion accounted for 49% of cropland expansion in Mato Grosso
State during 2000-2013 (Cohn et al 2016). Zalles et al. (2019) also found that Brazil’s row-crop
area nearly doubled during 2000-2014, driven largely by the repurposing of pastureland as well as

continued conversion of other natural vegetation (Zalles ef al 2019).

5. Conclusion
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This study reconstructed pastureland based on the MODIS MCD12Q1 V6 land cover product and
GLW livestock density data from 2001 to 2020. This study is overall consistent with FAOSTAT,
HYDE, and HILDA datasets. The pastureland in the major pastureland regions, including the
United States, Canada, China, Australia, and Sub-Saharan Africa, largely remained stable, while
pasturelands in South America and Russia were unstable. As the four countries with the largest
area of global pastureland, pastureland in Australia and China decreased while pastureland in the
United States increased from 2001 to 2020. The pastureland in Brazil increased and then decreased.
The study is useful to update the outdated data in global economic models and improve their
estimates of socioeconomic outcomes, land use changes, and associated carbon emissions.
Furthermore, this study could help policymakers develop improved management practices to
enhance pasture productivity and livestock carrying capacity and mitigate the risks of feed

shortages, pasture degradation, and desertification.
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Appendix

Table A1 Regional annual average area (1000 ha), area change (1000 ha/yr), and percentage changes of pastureland (%) from

2001 to 2020

Name Avg. area Avg. Change Percent Change
Brazil 170430 -7418 -4.4
C C Amer 80240 -6255 -7.8
Canada 18717 -4894 -26.2
ChiHkg 287300 288 0.1
EU27 41946 -2370 -5.7
E Asia 92859 9671 10.4
India 10440 -24 -0.2
Japan 361 -105 -29.1
ME N Afr 90261 -9925 -11.0
Mala Indo 4045 889 22.0
Oth CEE CIS 264709 3651 1.4
Oth_Europe 3040 150 4.9
R _SE Asia 5508 503 9.1
R S Asia 43286 7515 17.4
Russia 90563 1620 1.8
S O Amer 185420 -21432 -11.6
S S Afr 669252 27976 4.2
USA 249605 25217 10.1
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