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Abstract

Grasslands are the most threatened and least protected biome. Yet, no study

has been conducted to identify the last remaining continuous grasslands on

Earth. Here, we used World Wildlife Fund (WWF) and International Union

for Conservation of Nature (IUCN) classifications to measure the degree of

intactness remaining for the world's grassland ecoregions. This analysis rev-

ealed three findings of critical conservation importance. First, only a few large,

intact grasslands remain. Second, every continent with a grassland ecoregion

considered in this study contains at least one relatively intact grassland

ecoregion. Third, the largest remaining continuous grasslands identified in this

analysis have persisted despite last centuries anthropogenic pressures and have

the best chance to withstand 21st century pressures of global change. We dis-

cuss how these regions are of critical conservation importance to global grass-

land conservation efforts under anthropogenically driven global change. They

provide essential ecosystem services, play an important role in mitigating the

effects of climate change, serve as critical repositories for grassland biodiver-

sity, are foundational for continental migration pathways, hold unique cultural

heritage, and people's livelihoods depend upon their persistence.

KEYWORD S

biome, climate change, global conservation, grasslands, International Union for
Conservation of nature (IUCN), scale, World Wildlife Fund (WWF)

1 | INTRODUCTION

Grasslands are the most imperiled terrestrial ecosystem
on the planet (Carbutt, 2020; Suttie et al., 2005). Grass-
lands have experienced a far greater rate of global conver-
sion than forests (Boakes et al., 2010), yet forestry
conservation is far ahead in terms of global advocacy and
action to maintain large and intact forested regions
(Scullion et al., 2019; Zanotti & Knowles, 2020). Grass-
lands have relatively little federal or international

protection (Carbutt et al., 2017), corresponding to the
least amount of safe operating space to anthropogenic
pressures driving global change (Newbold et al., 2016).
Grassland biodiversity is the most threatened especially
endemic avian diversity which has been the most
severely affected with more than 60% already lost since
the 1970s in North American grasslands (Rosenberg
et al., 2019). Yet, grasslands play an important role in car-
bon sequestration mitigating the effects of climate change
(Chang et al., 2021). Consequently, the ecosystem
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services unique to grasslands, particularly those beyond
agricultural production (Bengtsson et al., 2019) are
threatened, especially those ecosystem services that are
scale-dependent and require large regional connectivity
(Zhao et al., 2020).

At global scales, organizations such as World Wildlife
Fund (WWF) and The International Union for Conserva-
tion of Nature (IUCN) are leaders in biodiversity conser-
vation. Other global bodies such as The United Nations
Educational, Scientific and Cultural Organization
(UNESCO) legally protect intact areas, for example,
World Heritage Sites, ranging from monuments, land-
marks, and natural/wilderness areas. Because grassland
protection is rarely a priority (Carbutt et al., 2017), the
WWF formed the Global Grassland and Savannah Initia-
tive (GGSI) aimed at conserving both of these ecosystems
given their similarities in threats (Dudley et al., 2020). In
recent years, the world's temperate grasslands received
focused attention with the establishment of the IUCN
Temperate Grasslands Conservation Initiative (TGCI) in
2008. Furthermore, the TGCI adapted biodiversity targets
as set out by the Convention on Biological Diversity
(CBD) to double the at-the-time protection level (<5%) by
2020 according to CDB Aichi Target 11 (Carbutt
et al., 2017). While achieving this target has certainly
been met with many challenges (Zafra-Calvo et al., 2019),
having large, connected, intact areas is well established
in order to reduce biodiversity loss and habitat degrada-
tion and increase grassland preservation (Woodley
et al., 2012).

Large and continuous ecosystems are better able to
withstand global pressures of ecological change (Ponce-
Campos et al., 2013). They also reduce the prevalence of
infectious diseases (Keesing et al., 2010), assist in
preventing pandemics (United Nations Environment Pro-
gramme and International Livestock Research
Institute, 2020), promote biodiversity through improved
habitat (Betts et al., 2017), and allow species to move eas-
ily between landscapes compared with fragmented land-
scapes (Wilcove & Wikelski, 2008). Intact ecosystems are
also more capable of buffering the effects of climate vari-
ability (Martin & Watson, 2016), which is exacerbated by
habitat fragmentation, environmental degradation, and
human intensification (Malhi et al., 2020). They are more
resilient to disturbance and reduce risk of anthropogenic
conversion (Folke et al., 2004) and provide the founda-
tion for large-scale grassland strongholds under
anthropogenically-driven global change. Recently, the
United States Natural Resources Conservation Service of
the United States of America has adopted conservation
frameworks centered around defending intact grassland
systems in the western United States. These frameworks
are based around proactive conservation strategies by

expanding “core intact areas” which is foundational for
grassland conservation this century. These efforts are
likely to be more cost-effective and efficient, than reactive
restorative responses (Natural Resources Conservation
Service: Working Lands for Wildlife, 2021a, 2021b).

Most of our planet's terrestrial ecosystems are not
intact (Plumptre et al., 2021). As a conservation commu-
nity, one of our primary goals are to conserve intact sys-
tems (Mittermeier et al., 2003). Threats such as
fragmentation and habitat decline in general, character-
ize many ecosystems today. Given the importance of
intact systems for biodiversity and ecosystem services
(Williams et al., 2020) in this study, we identify the last
remaining large, intact grasslands in the world, and dis-
cuss their broadly significant policy-relevance to global
grassland conservation.

2 | METHODS

2.1 | Study area selection and current
status of global grassland conservation

We used WWF's global grassland classification system
and extent of grassland ecoregions (Dinerstein
et al., 2017) to align our study with existing global grass-
land conservation efforts. Dinerstein et al. (2017) expands
upon WWF's previous classification system, Terrestrial
Ecoregions of the World (Olson et al., 2001). Grassland
ecoregions were further classified as desert grasslands or
tropical/temperate grasslands using rainfall and temper-
ate data from WorldClim v2 (Fick & Hijmans, 2017), con-
sistent with previous efforts to differentiate grassland
types with contrasting vegetation composition, structure,
and ecological function (Woodward et al., 2004). For
example, meadow steppes in the Palearctic are more
analogous to North American tallgrass prairie than North
American sagebrush steppe. Similarly, less productive
grasslands in North America (e.g., mixed and short grass
prairies) share common ecological resemblances to typi-
cal bunchgrass steppes of Eurasia. In general, desert
grasslands are more arid ecosystems and contain a rela-
tively higher shrub component than temperate/tropical
grasslands (Humphrey, 1974; Paruelo et al., 1998). Tem-
perate and tropical grasslands are more productive eco-
systems located in areas of higher annual precipitation in
more humid to sub-humid environments and are classi-
fied as more treeless “true prairies.” While the majority
of the world's grasslands occur in temperate latitudes,
which exhibit a unimodal temperature distribution, a key
additional distinguishing characteristic between desert
and temperate grasslands is intra-annual differences in
precipitation. Desert grasslands occur in regions with a
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bimodal precipitation distribution, whereas temperate
grasslands occur in regions with a unimodal precipitation
pattern (Humphrey, 1974; Prentice et al., 1992). Based on
these criteria, 70 grassland ecoregions were included in
this study (see Table 2 for a full list of ecoregions).

This analysis focused on broader-scale and histori-
cally contiguous grassland regions, so multiple other
grassland systems embedded within various ecosystem
types were not analyzed in this article (e.g., grassland
mosaics within woodland/forest, flooded grasslands, and
certain meadows such as those found in the Taiga and
tropical and sub-tropical zones of the world). Savanna
ecoregions, which are characterized by the co-existence
of grasses and trees, were also not the focus of this article.
However, similar anthropogenic threats are facing these
other grassy ecosystems and they hold considerable con-
servation importance (Osborne et al., 2018).

2.2 | Data analysis

2.2.1 | Data collection

For each ecoregion, we considered only grassland pixels
classified (discrete classification) by the European Space
Agency's (ESA) Copernicus program (Copernicus Global
Land Cover Layers: CGLS-LC100 collection 3) for 2019 at
100 m resolution. This was the most recent data available
at the time analyses were conducted. These landcover
maps were derived from the PROBA-V 100 m time-series
set, a database of high-quality land cover training sites
and several ancillary datasets, reaching an overall accu-
racy of 74%. For herbaceous vegetation the producer
accuracy was 61.7% and the user accuracy 66.2%
(Buchhorn et al., 2020). In addition, we utilized the Mod-
erate Resolution Imaging Spectroradiometer (MODIS)
land cover product MCD12Q1 v6 (Sulla-Menashe &
Friedl, 2018) for the years 2001 and 2019 at 500 m resolu-
tion to validate findings obtained from the ESA dataset
by (a) conducting the same analysis (for 2019) to assess
data sensitivity based on resolution and (b) to obtain a
temporal indication of grassland intactness over time
(2001 vs. 2019; Figure S2, Table S1).

2.2.2 | Calculating grassland intactness

Grassland intactness was defined by the area of grassland
pixels (discretely classified) that meet the first order
queen contiguity (henceforth, “queens” rule) criteria
(Anselin, 1995). This identifies a focal grassland pixel sur-
rounded by eight other first-order-neighboring grassland
pixels within each ecoregion. Accounting for the entireT
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ecoregion, grassland intactness was calculated by quan-
tifying the area (percent) of the ecoregion that met the
queens rule criteria and discards any grassland pixels
that do not meet this requirement, for example, bound-
ary cells, fragmented cells. The only boundary cells
included are ones that are connected to a focal cell,
where all other cells are connected to the focal cell as
well. This analysis does not account for grassland qual-
ity; all grassland pixels are included under this criterion,
irrespective of land use, which is beyond the scope of
this study.

To supplement our measure of ecoregion intactness,
the largest patch index was calculated to quantify core
area within each grassland. The largest patch index is
the area of the largest grassland patch (i.e., connected
grassland pixels) divided by the total landscape area
(in this case, a grassland ecoregion). The largest patch
index can have values ranging from 0 to 100 inclusive,
where 100 represents a landscape comprised of a single

patch of the specified class type (i.e., a single patch of
grassland in an ecoregion; Jaeger, 2000). Using this
index, the exact area (km2) that makes up the largest
grassland patch can be calculated because the size of
each ecoregion area was obtained from Dinerstein
et al. (2017). We also extracted the percent of low impact
area (obtained from Jacobson et al., 2019) and the mean
and standard deviation of global human footprint index
(obtained from Wildlife Conservation Society
(WCS), 2005) where 0 refers to least influenced for each
ecoregion in our study.

All landcover data was extracted using Google Earth
Engine (Gorelick et al., 2017). All analyses were con-
ducted in program R v3.6.1 (R Development Core
Team, 2017) using the landscapemetrics (Hesselbarth
et al., 2019) and terra (Hijmans et al., 2021) packages.
Rainfall and temperature data for each region were
extracted to characterize the regions annual climate pat-
terns (Fick & Hijmans, 2017).

FIGURE 1 Grasslands intact (% ecoregion area) ranked globally in descending order for desert grasslands and temperate/tropical

grasslands
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3 | RESULTS

Using a simple rule of landscape intactness, only seven
grassland regions remain relatively intact at large scales
(Table 1). In fact, more grasslands are nearly entirely
converted than are relatively intact. Twenty-one of the
world's grassland ecoregions are less than 20% intact,
whereas only 14 are at least 60% intact (Figure 1). Most
of the intact grasslands also contained the largest grass-
land patch index and was, in general, accompanied by a
low Global Human Footprint (according to the
WCS, 2005; Figure S2), but not necessarily representative
of Low Impact area (Jacobson et al., 2019). Results com-
paring intactness to these other indices are summarized
in Table 2 for each ecoregion.

At least one of the top seven most intact grassland
regions occurs on every continent with a grassland
ecoregion considered in this study (Table 1). These
include the Selenge-Altai and surrounding steppes and
the Mongolian-Manchurian and Daurian grasslands in
Asia, the Wyoming Basin steppe and the Nebraska Sand
Hills in North America, the Central Andean Wet Puna in
South America, the Mitchell Downs grassland in
Australia and the Maloti-Drakensberg grassland in
Africa. Of the top seven intact regions, all are adjacent to,
or nested within, other relatively intact grassland

ecoregions (35%–60%; Figure 2) and provide a buffer
against regions that have undergone large-scale conver-
sion. Only the Nebraska Sand Hills is also adjacent to
some of the least intact grassland ecoregions on the
planet (<30%, Figure 2).

Comparing the intactness of grassland ecoregions
between ESA to MODIS revealed strong agreement
(Table 2 and compare Figure 2 with Figure S1 for spatial
reference). Only one ecoregion identified as >60% intact
with ESA was less intact with MODIS (Mitchell Downs
grassland; 66% ESA vs. 29% MODIS). However, multiple
other ecoregions were >60% intact with MODIS. These
included the Ordos Plateau, Snake-Columbia, Eastern
Anatolian montane, and Yarlung Zanbo (Tsangpo) arid
steppes and the Flint Hills prairie, Ghota-Hazarajat
alpine meadow, and Western shortgrass prairie grass-
lands. In general, these ecoregions were also fairly intact
with ESA, but only just below the most intact grassland
regions.

One advantage of MODIS is the longer time series of
the data and opportunity to assess changes in intactness
for the world's grassland ecoregions. MODIS indicates
that most regional grasslands are in a state of decline
since 2000 (47 of 70; Figure S3). Only three ecoregions
showed a >5% increase in intactness area (Figure S3).
These were the Eastern Gobi Desert steppe (48% in 2000

FIGURE 2 The last remaining intact grasslands (>60% area intact) occur in the temperate regions of the northern hemisphere shown

within a close network of relatively intact (35%–60%) grassland systems. Data acquired from ESA Sentinel-2 at 100 m resolution
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vs. 58% in 2019), Ghorat-Hazarajat alpine meadow (63%
in 2000 vs. 71% in 2019), and the Gobi Lakes Valley
steppe (32% in 2000 vs. 38% in 2019).

4 | DISCUSSION

4.1 | Preserving the last grassland
ecoregions on Earth in the Anthropocene

Few intact grassland regions remain on Earth and their
rarity challenges the global grassland conservation com-
munity to mobilize conservation efforts and prepare for
global change pressures. The likelihood of grassland loss
increases as adjacent habitat is converted (Boakes
et al., 2010). Urbanization, industrialization coupled with
commercial agriculture and afforestation are primarily
responsible for global grassland loss this past century
(MacDougall et al., 2013). Only a few large grassland
regions have withstood these global pressures or for vari-
ous reasons have not been targeted for development/land
conversion. For example, some areas could be too remote
and inaccessible (for now). These intact regions are
highly biodiverse areas that preserve rich traditional
knowledge and cultural heritage (Table 1). Yet, there is
no globally unified grassland conservation effort that has
managed to identify these unique ecosystems and priori-
tize their conservation importance as anthropogenic pres-
sures mount in the 21st century. This is, in part, because
programs such as the IUCN TGCI were constrained by
funding resources because grasslands are generally not
viewed as attractive as other systems, for example, forests
(Carbutt et al., 2011, 2017).

The last remaining intact grasslands possess some of
the most unique and iconic wildlife on the planet (Iconic
Species, Table 1). In North America, the Wyoming Basin
hosts some of the last remaining great mammal migra-
tions (Joly et al., 2019). The largest populations of greater
sage-grouse and pronghorn—the fastest land mammal in
North America, are found in the Wyoming Basin. The
Nebraska Sand Hills provides habitat for the only prairie
chicken not extinct or listed as endangered or threatened
(Svedarsky et al., 2000), and serves as key stopover loca-
tions for mass-migration of avian species along North
America's Central Flyway spanning Mexico to Canada
(Johnsgard, 2012). In South America, the Central Andean
wet puna along with the dry puna, is part of the most
widely distributed ecosystem in the tropical Andes
(Herzog et al., 2017). It maintains a high degree of ende-
mism for open habitat species such as the Slender-billed
and dark-winged miner and the Mountain caracara
(Gibbons et al., 2016). In southern Africa, the Maloti-
Drakensberg grasslands provide key breeding habitat for

several grassland-obligate avian species, for example, the
vulnerable yellow-breasted pipit while the high cliffs in
the Drakensberg mountain range is home to the largest
southern core population of the locally endangered
Bearded vulture (Gypaetus barbatus meridionalis) in the
southern Africa (Hugo & Altwegg, 2017; Krüger
et al., 2006). In the Asian grasslands, the Selenge-Altai
and the Daurian-Mongolian-Manchurian regions all form
portions of the Central Asian flyway from Russia to India
(Palm et al., 2015). The Selenge-Altai region is also an
important breeding ground for the vulnerable Great bus-
tard, the critically endangered Yellow-breasted bunting
and the vulnerable Chinese Mountain cat and a number
of endangered raptors (e.g., Steppe eagle, Saker falcon,
and Eastern Imperial eagle). The successfully
reintroduced wild Przewalski's horse roams the vast
Daurian-Manchurian-Mongolian grasslands (Slotta-
Bachmayr et al., 2004), and these grasslands are valued
for continental-scale migrations, for example, Mongolian
gazelle can have ranges up to 32,000 km2 annually
(Olson et al., 2010).

Protected areas are considered vital for biodiversity
persistence in an era of global change, but strategies for
large-scale conservation differ among continents for the
world's most intact grasslands (Laurance et al., 2012). For
example, the Maloti-Drakensberg grasslands are only
about 6% protected (Carbutt et al., 2011). Despite this low
level of protection, the Maloti-Drakensberg grasslands
are the largest and most protected of all temperate grass-
lands in southern Africa (Carbutt et al., 2011) owing to
the Maloti-Drakensberg Park World Heritage Site
(Carbutt & Martindale, 2014). In Mongolia, a national
mandate has achieved two-thirds of its aim to place 30%
of the country's land under national-level protection by
2030 as part of the Mongolian Sustainable Development
Vision 2030. Furthermore, a transboundary agreement
between Mongolia and Russia was established in 1994
comprising of four protected areas to create the Dauria
International Protected Area (DIPA). In the wet puna—
the high elevation deep soil grasslands of South
America—several national parks and reserves are found
within the greater region, yet the area remains one of the
most overgrazed regions in South America (Rolando
et al., 2017). While in North America, the Wyoming
Basin has one of the largest contributions of public lands
in a “checker-board” style of public and private lands
ownership (56% public; Carr et al., 2015). Only the Sand
Hills of Nebraska, the most intact temperate grassland
region in the world, does not contain some form of a
large-scale grassland conservation strategy.

Efforts to conserve large intact regions go beyond
nature conservation; they also better conserve the cul-
tural heritage unique to regional grasslands. Knowledge
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on pastoralism has been passed down over generations
and forms the basis of each region's economy (Davies &
Hatfield, 2007) and cultural identity (Table 1). For exam-
ple, nomadic communities are part of a 1000+ year sus-
tainable pastoral system in the Selenge-Altai and
Daurian-Mongolian-Manchurian regions. This type of
traditional ecological knowledge is at risk of being lost
(Gomez-Baggethun et al., 2013), given global trends of
grassland loss. In Australia, the passing on of “biocultural
knowledge” to younger generations is seen as one of the
major drivers of indigenous land management in the
Northern Territory region of Australia (Hill et al., 2013).
In the Andes of South America, current agricultural prac-
tices are a combination of traditional Incan (>5000 year
old practices such as irrigation systems and agricultural
tools) and modern techniques which are passed along
through community learning (Koohafkan &
Altieri, 2011). Preserving traditional ecological knowl-
edge is a hallmark principle for enhancing resilience to
global change (Sühs et al., 2020), and programs such as
Agenda 2063: The Africa We Want recognize the impor-
tance of preserving cultural heritage early on
(Maciejewski & Drimie, 2019).

The case to conserve the world's last remaining
regional grasslands requires greater societal appreciation
of their unique value as a major global biome (Carbutt
et al., 2017; Curtin & Western, 2008). Even with a simple
measure, few grasslands show high levels of intactness
globally. Our study contributes to a large body of knowl-
edge highlighting the degree to which temperate grass-
land ecosystems have been adversely affected by
anthropogenic impacts (Hoekstra et al., 2005; Jacobson
et al., 2019; Kennedy et al., 2019; Riggio et al., 2020).
Establishing and growing cores areas in these regions
would provide further resilience toward global threats.
Ecoregions characterized by high levels of intactness
were also characterized by large core areas, which is cru-
cial to further global grassland conservation efforts
(Woodley et al., 2012).

There are multiple grassland regions in the world that
are relatively intact and have high human footprints. If
we only consider a protectionist approach to global grass-
land conservation, that is, only targeting areas with low
human impact areas, then we are ignoring many of the
world's most intact grasslands regions. Finding that there
are multiple regions where grasslands are relatively
intact, but have higher human footprints, suggests that
there is hope for grassland conservation in the
Anthropocene. These grassland regions could hold the
clues on how grassland conservation can coexist with
modern human activities and impacts and can serve as a
test for other biome types struggling with similar issues.
We note that many of these regions that are intact with

high human impacts are often viewed as primitive man-
agement systems, with a low-tech approach that relies
instead on a strong cultural association where ecosystems
and food production systems are tightly coupled to the
land and to the ecosystem (Table 1). For example, the
Nebraska Sand Hills in North America, the most intact
temperate grassland in the world, is listed as a low pro-
portion of low human impact according to Jacobson
et al. (2019), but has a long history coexisting with herbi-
vores such as bison in the past, and cattle today. While
the change in dominant herbivore certainly comes with
ecological consequences (Allred et al., 2011), this area
remains intact with a low degree of fragmentation. Some
local landowners in the Nebraska Sand Hills are part of
conservation groups (e.g., Sand Hills Taskforce, Buell
et al., 2013) that actively work on conserving native prai-
ries by engaging in projects such as stream restoration for
water access and Eastern red cedar (Juniperus virginiana)
removal programs—the biggest threat to the Sand Hills
this century. Our study suggests that intact grassland
regions with high human footprints should also be priori-
tized for conservation. Global partners pioneering efforts
such as “International Year of Rangelands and Pastoral-
ists” and “Protecting and restoring endangered grassland
and savannah ecosystems” recognize that the complexi-
ties surrounding grassland conservation in the
Anthropocene requires integration of grasslands and pro-
duction systems (Bengtsson et al., 2019; Carbutt, 2020). If
we assume all regions with cattle as “highly impacted by
humans,” we will ignore some of the most intact grass-
lands remaining today.

5 | CONCLUSIONS

Globally, grasslands are one of the most under-valued
vegetation types (Buisson et al., 2018), so it is no surprise
that only a few intact grassland systems are left. Anthro-
pogenic pressures on global grasslands are mounting this
century (Lark, 2020; Stephens et al., 2008). Not only is
global climate change a pressing concern for grassland
conservation, but also there has been a history of conser-
vation programs and general scientific guidance that
incentivizes their conversion. Some of the last remaining
large grasslands are being prioritized for energy develop-
ment (Allred et al., 2015), agricultural conversion (Lark
et al., 2020), and novel introductions of trees (e.g., the
Bonn Challenge [Verdone & Seidl, 2017]). Trees have no
place in native grasslands as restoration agents nor as a
means to better sequester carbon (Bond et al., 2019;
Veldman et al., 2015, 2019); productive grasslands are
adequately effective at sequestering atmospheric carbon
(Conant, 2010). These are major threats to the grassland
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biome, but the reality for global grassland conservation is
clear. Already, few global grasslands remain intact, and
these regions will follow the same trend observed else-
where if global grassland conservation efforts fail to deal
with biome-scale threats. We have identified some of the
last remaining large, intact regional grassland landscapes,
and they hold some of the greatest promise to withstand
the pressures tied to human-driven global change and
preserve the legacy of grasslands as one of the great
biomes on Earth.
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