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Abstract  26 

Grasslands are under severe threat from on-going degradation, undermining their capacity to 27 

support biodiversity, ecosystem services, and human wellbeing. Yet grasslands are largely 28 

ignored in sustainable development agendas. In this Perspective, we examine the current state 29 

of global grasslands and explore the extent and dominant drivers of their degradation. Socio-30 

ecological solutions are needed to combat degradation and promote restoration. Important 31 

strategies include: increasing recognition of grasslands in global policy; developing 32 

standardised indicators of degradation; using scientific innovation for effective restoration at 33 

regional and landscape scales; and enhancing knowledge transfer and data sharing on 34 

restoration experiences. Stakeholder needs can be balanced through standardised assessment 35 

and shared understanding of the potential ecosystem service trade-offs in degraded and restored 36 

grasslands. The integration of these actions into sustainability policy will aid in halting 37 
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degradation and enhancing restoration success, and protect the socio-economic, cultural and 38 

ecological benefits that grasslands provide. 39 

 40 

Table of Contents Summary 41 

Grasslands provide key ecosystem services, but their protection is often ignored in sustainable 42 

policy. This Perspective describes grassland degradation and sets out the steps needed to 43 

protect these systems and promote their restoration.  44 

 45 

[H1] Introduction 46 

Grasslands, comprising open grassland, grassy shrublands and savannas, cover about 47 

40% of the Earth’s surface and 69% of Earth’s agricultural land area1-3. Grasslands serve as an 48 

important global reservoir of biodiversity, including many iconic and endemic species, but also 49 

provide a wide range of material and non-material benefits to humans. These benefits include 50 

a wide range of ecosystem services, such as food production, water supply and regulation, 51 

carbon storage and climate mitigation, pollination, and a host of cultural services1-3. Despite 52 

the importance of grassland, its degradation is widespread and accelerating in many parts of 53 

the world4-6 , with as much as 49% of grassland area globally having been degraded to some 54 

extent5,7,8. 55 

Grassland degradation poses an enormous threat to the hundreds of millions of people 56 

who rely on grasslands for food, fuel, fibre and medicinal products, in addition to cultural 57 

values9,10. The global cost of grassland degradation on livestock production has been estimated 58 

at $6.8 billion over the period 2001-201111, with the resulting impact on human welfare being 59 

particularly severe in regions where most the population is below the poverty line. Grassland 60 

degradation also creates major environmental problems, as grasslands play a critical role in 61 

biodiversity conservation, climate and water regulation, and global biogeochemical cycles2,4. 62 

For example, the conversion of tropical grassy biomes to arable cropland poses a threat to 63 

biodiversity, given grasslands have vertebrate species richness comparable to forests12. The 64 

expansion of croplands in United States has caused widespread conversion of prairie 65 

grasslands, with considerable cost to wildlife6. Moreover, the conversion of grasslands to 66 

arable cropland and disturbance through overgrazing, fire and invasive species can lead to 67 

substantial soil carbon loss13.  68 

Because of these problems, grassland degradation represents a major global challenge 69 

that must be addressed to achieve the key targets of biodiversity agendas, such as the Aichi 70 

Biodiversity Targets of the Convention on Biological Diversity (CBD) and the United Nations 71 
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Sustainable Development Goals (SDGs), including restoration and sustainable use of terrestrial 72 

ecosystems, hunger and poverty alleviation, and climate change mitigation. Combating 73 

degradation is also central to the UN Decade on Ecosystem Restoration (2021-2030), which 74 

puts a firm focus on the urgent need for restoration strategies for degraded ecosystems, 75 

including grasslands. 76 

There are multiple, co-occurring drivers of grassland degradation, including over-77 

grazing, eutrophication, land conversion to forestry and crops, land abandonment, invasive 78 

species, climate extremes and altered fire regimes (Fig. 1). These drivers are also often closely 79 

linked to socio-economic drivers, such as spatial expansion of humans, the economics of land 80 

use, changes in affluence and dietary preferences, and  in land tenure and a lack of enforcement 81 

of land use rights9. Climate change is further exacerbating grassland degradation, especially 82 

through more frequent and intense fires and droughts 8. Despite the importance of grasslands, 83 

there has been little progress in finding solutions to halting and reversing global grassland 84 

degradation, which is compromising sustainable development and the ecosystem services 85 

grasslands provide. 86 

  In this Perspective, we consider the current state of and ecosystems service provided by 87 

grasslands (open grassland, grassy shrublands, and savanna).  The known extent and dominant 88 

causes of grassland degradation are reviewed. We then consider the challenges that grassland 89 

restoration efforts face, from societal attitudes to practical efforts, and identify actions that are 90 

critical to the development of socio-ecological solutions to combat degradation and promote 91 

restoration of global grasslands. We argue that progress can only be made through increasing 92 

recognition of grasslands in regional and global policy, developing standardised indicators of 93 

degradation and restoration, introducing ecological innovation into restoration, and enhancing 94 

knowledge transfer and data sharing regarding restoration experiences.   95 

 96 

[H1] Defining grasslands  97 

 98 

A key issue in the poor recognition of grassland in policy is a lack of clarity in defining 99 

the grassland biome. Indeed, there are many definitions of “grassland” and the boundaries 100 

between grasslands and other ecosystems are often poorly delineated, which contributes to 101 

variable estimates of their global extent3. For example, some definitions of grassland have a 102 

relatively high tree cover of 30% before they become classed as forest14 and in many regions 103 

there is no clear delineation of grasslands, forests and their distinct transition zones, which in 104 
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Eurasia are called forest-steppes15. This Perspective uses the common definition of grasslands 105 

as areas dominated by grasses or other graminoids, with a low abundance of trees or shrubs3,16.  106 

The definition here includes both temperate and tropical grasslands and considers broad 107 

grassland types based on a gradient anthropogenic influence, ranging from ‘natural grasslands’ 108 

that are climatically determined with minimal human interference, to ‘semi-natural grasslands’ 109 

that have been shaped by centuries of human activity, and ‘intensively managed grasslands’ 110 

that have been substantially modified for agriculture3. As agriculture has become increasingly 111 

intensive over the last century, ‘intensively managed grasslands’ of low plant species diversity 112 

now dominate in some parts of the world, characterised by the use of inorganic fertilisers, high 113 

stocking densities of productive livestock breeds, and often frequent re-sowing with high-114 

yielding plant varieties. While intensively managed grasslands are valued by some stakeholder 115 

groups, here we consider them potentially degraded given that they are fundamentally different 116 

from natural and semi-natural grasslands in terms of their biodiversity and the ecosystem 117 

services they provide17.  118 

Natural grasslands are often considered the most important grassland type. They are 119 

found in both the tropical (namely as savannas, which are extensive in Africa and South 120 

America) and temperate (North American prairies, Eurasian steppes and South American 121 

pampas) regions of the world. Their extent is largely climatically determined, occurring where 122 

the climate and/or soils cannot support woody plant growth, such as above the tree-line or in 123 

drylands. However, climatic factors often interact with natural disturbances, such as by fire or 124 

wild herbivores, which constrain growth of woody plants and maintain the grasses and 125 

associated low-growing plants18. Indeed, changes in the balance of these interacting factors can 126 

trigger radical change. For example, the encroachment of native woody plants into natural 127 

grasslands is occurring in many parts of Africa (and elsewhere), which is linked to a decline in 128 

burned area and herbivore densities along with warmer and wetter climates19. In contrast, the 129 

Holocene transition from extensive grasslands into the Sahara Desert was likely due to the 130 

onset of drier conditions at the end of the African Humid Period20.  131 

Semi-natural grasslands, also referred to as secondary grasslands16, have been created 132 

by clearing natural vegetation such as forest and  by modifying natural grasslands. They are 133 

typically ‘early successional’ systems and would not exist without some human influence3. 134 

This type of grassland is of particularly high concern for conservation in Europe, due to their 135 

importance as reservoirs for biodiversity21 and their historical role in the landscape22. Indeed, 136 

semi-natural grasslands have been produced by centuries of human activity, generally by 137 

traditional, low-intensity agriculture involving livestock grazing, hay-cutting, and sometimes 138 
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management with fire, and are often valued for their aesthetics and are related to a sense of 139 

identity, place and heritage22.  140 

The vegetation of both natural and semi-natural grasslands, while typically dominated 141 

by grasses and graminoids, can have a large forb component23. In terms of species richness, 142 

forbs dominate grasslands worldwide, and are often the most species-rich functional group23. 143 

Natural grasslands are grazed by wild herbivores, but large areas are also used for domestic 144 

livestock. As such, meat, dairy and other livestock products, such as wool, comprise the most 145 

prominent ecosystem services provided by both natural and semi-natural grasslands. Indeed, 146 

the livelihoods and cultures of some traditional pastoralist communities revolve almost entirely 147 

around their livestock systems24, which in turn maintains the diversity of livestock breeds25. 148 

Natural grasslands also support rich biodiversity, hosting numerous species not found in 149 

forests12,26 and distinct assemblages of native large herbivores and their predators, many of 150 

which are threatened by extinction27. Many of these species are charismatic and globally 151 

recognized, such as bison, wolves, rhinos and lions, and hence provide cultural services, such 152 

as ecotourism28.  153 

It is less acknowledged, however, that both natural and semi-natural grasslands provide 154 

other ecosystem services, including holding flood waters, providing clean water, regulating 155 

soil erosion, and providing wild food and medicines10. These services and their importance 156 

vary geographically in relation to local environments and the demands from people10. Cultural 157 

services include aesthetic value, hunting, heritage values and resources for tourism and 158 

recreation, especially where grasslands define the ecology and culture of an area29.  159 

The role of grasslands in carbon storage is often overlooked, but could contain 30% of 160 

the world’s soil carbon stock30, with  natural and sparsely grazed grasslands potentially acting 161 

as a notable global carbon sink and providing an important climate cooling service31. However, 162 

there is a global trend of grasslands transitioning towards a net warming effect on climate due 163 

to increased greenhouse gas emission associated with higher livestock numbers and 164 

management intensification31.  Natural and sparsely grazed grasslands contain “irrecoverable 165 

carbon” that is vulnerable to land use conversion; once lost, this carbon is not recoverable over 166 

timescales relevant to climate mitigation32. Nevertheless, there is high potential for increasing 167 

soil carbon sequestration in grasslands via improved grazing and by arresting grassland 168 

conversion and degradation33.  169 

 170 

[H1] Extent and drivers of degradation 171 

 172 
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Globally, estimates suggest that as much as 49% of the total grassland5,7,8 and about 173 

half of the natural grassland area has been degraded to some extent34. However, specific 174 

estimates of the extent of grassland degradation vary greatly. For instance, about 90% of the 175 

UK’s semi-natural species-rich grasslands have been degraded as result of intensive agriculture 176 

and land conversion since the 1940s17. Up to 90% of the vast grasslands of the Qinghai-Tibetan 177 

Plateau have been degraded due to human activities and climate change35. Over 60% of the 178 

former grassland area of southern Brazil has been lost to unsuitable management and land use 179 

change36.  180 

A key issue when considering grassland degradation is clarifying what it constitutes, 181 

especially since definitions of both grassland and degradation vary. Degradation is broadly 182 

defined as a decline in land condition, or more specifically the human-caused processes that 183 

drive a persistent decline or loss in biodiversity, ecosystem functions or ecosystem services34. 184 

Such a broad definition of grassland degradation can help to inform policy and practice about 185 

the level of grassland degradation in a certain region. However, pinpointing what degradation 186 

constitutes in specific settings can be less clear because it has both ecological and 187 

socioeconomic dimensions37, and different stakeholder groups prioritise different 188 

combinations of ecosystems services38,39. As such, the definition of grassland degradation can 189 

depend upon the stakeholder and needs to be tailored accordingly.  190 

Grassland degradation is defined here from a socio-ecological perspective, where 191 

grassland is considered degraded if the supply of multiple ecosystem services falls short of that 192 

demanded by grassland stakeholders40. In some cases, grassland degradation is apparent to all 193 

grassland stakeholders, for instance when overgrazing leads to loss of vegetation, declines in 194 

soil organic matter and consequent soil erosion41, or when natural or semi-natural grassland is 195 

converted to another land use. However, in many cases, perceptions of degradation could 196 

differ: the increase in plant production but accompanying loss of plant species diversity 197 

resulting from fertiliser use might be considered an improvement by pastoralists (due to 198 

increased forage production), but degradation by conservationists concerned with biodiversity 199 

protection42. Hence, defining grassland degradation from a socio-ecological perspective 200 

recognises that it alters the supply of multiple ecosystem services from grassland relative to 201 

their human demand by different stakeholders40. Moreover, a socio-ecological approach 202 

provides a framework for guiding the restoration of degraded grasslands as it considers the 203 

need to enhance the co-supply of multiple ecosystem services in efforts to meet the needs of 204 

all stakeholders37,40,43.  205 
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Although threats to natural and semi-natural grasslands are present globally (Fig. 1), 206 

the tropics face particularly acute threats18, while degradation of European semi-natural 207 

grassland has largely slowed44. Human activities are the principal drivers of grassland 208 

degradation. For example, increased disturbance from over-grazing or a heightened fire 209 

frequency has reduced vegetation cover, increasing susceptibility to soil erosion and 210 

desertification45.  Conversely, the cessation of livestock grazing associated with extensive land 211 

abandonment of semi-natural grasslands in Europe during the 20th century has led to grassland 212 

degradation due to the expansion of scrub46. Nutrient enrichment of natural and semi-natural 213 

grasslands from fertiliser use and/or atmospheric nitrogen deposition has led to widespread 214 

declines in biodiversity and other ecosystem services17,47. These impacts are especially notable 215 

when combined with the sowing of productive cultivars to support heavy grazing and/or silage 216 

production in intensively managed grasslands3. The conversion of natural and semi-natural 217 

grasslands to other land uses, such as arable farming, built infrastructure and forestry, is also a 218 

major driver of grassland degradation worldwide36,48. One immediate land use threat is the 219 

planting of trees on natural grasslands, ostensibly to meet afforestation targets for climate 220 

change mitigaton49.  221 

Ongoing climate change also poses a threat to all grasslands, as it causes grassland 222 

degradation. Projected future climate change will likely combine with human activities to cause 223 

increased woody plant encroachment in some areas and desertification in others50,51. For 224 

example, natural grasslands in the Americas, Australia and Africa are being degraded due to 225 

woody plant encroachment, with the major causes thought to be a combination of higher 226 

atmospheric CO2 concentrations, warmer and wetter conditions, and changes in grazing 227 

intensity and timing relative to fire, which is key to episodic tree recruitment52. Conversely, in 228 

many parts of the world, such as Central Asia and Africa, over-grazing combined with more 229 

intense and frequent droughts is exacerbating grassland desertification and degradation53.  230 

 231 

[H1] Promoting restoration  232 

 233 

A socio-ecological approach is also key to identifying how restoration of degraded grasslands 234 

might be achieved37,43. Five actions are proposed here that should be deployed to develop 235 

effective socio-ecological solutions to the halting the degradation and promoting the restoration 236 

of global grasslands.  237 

[H2] Policy recognition of grasslands. National and global policy are needed to recognize the 238 
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role of grasslands in addressing climate mitigation, food security, biodiversity conservation 239 

and poverty alleviation. A major factor contributing to the degradation of grasslands is the lack 240 

of representation of grassland in national and international policy. In fact, grasslands are often 241 

underappreciated, with the scientific and political focus of global sustainability policy being 242 

on ecosystems such as oceans, freshwaters, forests and croplands. Indeed, despite suffering 243 

some of the highest rates of degradation of any biome, only 8% of grassland and savanna 244 

biomes are protected54.  245 

The reasons for this neglect of grasslands in sustainability policy are unclear, but it 246 

likely relates to historical factors and misconceptions about grasslands. For example, natural 247 

grasslands are often erroneously considered to be degraded lands or wastelands, a result of 248 

human action, or early successional stages of forest, whereas forests are perceived as more 249 

productive, pristine ecosystems that are rich in diversity18,55. Moreover, natural grasslands 250 

primarily occur in areas where climatic and soil factors only allow for relatively low economic 251 

benefits to land users, whereas their economic value for the provision of ecosystem services 252 

has only been fully recognised over the last twenty years 56. Another reason for this bias might 253 

be that worldwide, forests were the first lands to be converted to agriculture, which has 254 

contributed to greater awareness of the consequences of deforestation for biodiversity and 255 

society. In contrast, most natural and semi-natural grasslands continued to be grazed at low 256 

densities by wild herbivores and livestock until technological barriers hindering agricultural 257 

improvement of grasslands and land conversion were overcome. As such, the consequences of 258 

large-scale grassland degradation, which are also less obvious than cutting down trees, are 259 

newly appreciated57.  260 

Although grasslands are recognised in some national policies on environment and 261 

sustainability, such as China’s Grassland Law, numerous prominent examples exist where they 262 

have been ignored. For example, halting and reversing ecosystem degradation is a central goal 263 

of the SDGs (Goal 15), the UN Framework Convention on Climate Change (UNFCCC), and 264 

the Convention on Biological Diversity (CBD), but there is no explicit mention of grasslands 265 

in any of them. The SDG targets also fail to mention grasslands, whereas forests, oceans and 266 

coastal ecosystems are repeatedly referenced in targets and indicators. Further, while around 267 

half the world’s 234 Centres of Plant Diversity—sites of global botanical importance based on 268 

endemism and species richness—are contained in grassland regions, they were not mentioned 269 

in the Aichi Biodiversity Targets of the CBD. The European Biodiversity Strategy to 2020 also 270 

makes little mention of grasslands relative to forests, which feature heavily. Although the EU 271 

Common Agricultural Policy (CAP) does aim to protect grasslands, there has been widespread 272 
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criticism about the effectiveness of the grassland measures for biodiversity conservation in this 273 

policy58.  274 

Pressures on grasslands have also been accentuated through the unforeseen 275 

consequences of global and national environmental and socio-economic policies. In particular, 276 

natural grasslands are increasingly targeted in carbon sequestration programs that emphasize 277 

tree planting, such as REDD+ and China’s Grain-to-Green Project, which often leads to their 278 

degradation. The Chinese government, for example, has invested heavily in tree planting, with 279 

tree coverage of previously non-forested areas increasing at an average rate of 0.15 million 280 

hectares per year over the last 25 years59. However, there is major concern that tree planting in 281 

arid and semi-arid grasslands with water-demanding trees is exacerbating grassland 282 

degradation, reducing plant diversity, damaging soils, and increasing water shortages60-62.  283 

Similarly, large tracts of natural grassland in Brazil have been identified as targets for 284 

tree planting, posing a major threat to these ancient and highly diverse ecosystems26. An 285 

estimated 7.41 million ha of eucalypt and 2.07 million ha of pine plantation already occupy 286 

mostly former savannas and grassland, at a rapid rate of 0.4 million ha per year from 2013-287 

2017 (Ref63). Indeed, it has been calculated that meeting land restoration and protection targets 288 

would increase global tree cover by 4 million km2, often at the expense of grasslands64. 289 

Furthermore, models of global forest restoration potential have identified natural grasslands as 290 

sites for restoration using tree planting, with potential to contribute to carbon sequestration and 291 

climate mitigation65. The logic of such proposals for climate mitigation, however, is 292 

increasingly been challenged on the basis of their damaging impact on natural grasslands and 293 

because their carbon sequestration potential is considered inflated49,66.  294 

Evidence is mounting that grasslands can be more resilient carbon sinks than forests67, 295 

and afforestation can cause soil carbon loss68,69, soil acidification and nutrient-depletion70, 296 

especially when trees are planted in natural grasslands68, which can make them prone to carbon 297 

loss from fires66. Large-scale afforestation also leads to changes in surface albedo, given that 298 

forests absorb more short-wave radiation than grasslands, thereby creating a warming effect71. 299 

As such, changes in albedo resulting from afforestation can reduce or even negate benefits of 300 

increased carbon capture, potentially leading to a net warming effect of tree planting71. Another 301 

issue is that policies such as REDD+ focus primarily on carbon sequestration in aboveground 302 

tree biomass, while healthy and restored grasslands can store comparable amounts of organic 303 

carbon as forests, but mainly belowground67,72. Grasslands have also been shown to be more 304 

effective than forests in providing soil erosion control and water protection in semi-arid 305 

ecosystems73, and in some situations the conversion of grassland to forest, either through 306 
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natural regeneration or afforestation, can be highly detrimental to people who depend on 307 

grasslands for forage, game habitat, water reserves, and cultural services66,74,75.  308 

The lack of emphasis on grasslands in international and national policies has a long 309 

history. Grasslands in India have been historically undervalued in national policies, and still 310 

today they are widely considered to be unproductive wastelands of limited value, leaving them 311 

vulnerable to land conversion76,77. In Brazil, major progress has been made in the conservation 312 

of forest ecosystems, but non-forest biomes—including the Cerrado and Pampas grasslands—313 

have been largely neglected, despite being among the most species rich grasslands in the 314 

world78. Similarly, and despite their ancient origin, Asian savannas have been considered 315 

degraded forest since colonial times, which has led to inappropriate management and policies 316 

that promote savanna degradation and loss77,79. China’s grassland law now includes policies to 317 

protect healthy and restore degraded grasslands, and progress being made in certain areas80, 318 

but was not incorporated in the Constitution of the People’s Republic of China until 1985. 319 

If grasslands are to be valued and managed sustainably, then both global and regional 320 

policy must change to recognize the value of grasslands as providers of multiple ecosystem 321 

services and hotspots for biodiversity, and to establish targets for their protection and 322 

sustainable management. Approaches could comprise specific inclusion of natural and semi-323 

natural grasslands in conservation laws and policies and ensuring conservation policies do not 324 

have perverse consequences for grasslands, such as promoting fire suppression or afforestation. 325 

New policies to promote and fund appropriate management and restoration of grasslands are 326 

also needed, including penalties for degrading activities such as overgrazing.  327 

 328 

[H2] Standardised assessment. New approaches are needed to enable standardised assessment 329 

of grassland condition globally under different situations. These approaches should assess the 330 

severity of grassland degradation and its consequences for biodiversity and ecosystem services 331 

and evaluate the success of restoration schemes. Currently, restoration efforts are disjointed 332 

across regions and carried out by a wide range of organisations, which often leads to 333 

incompatible and inaccessible datasets, and a lack of communication about successful 334 

methods81. The diversity of grasslands across and within regions, and the many drivers of 335 

degradation, mean a fully uniform set of guidelines is impractical. Yet, standardised 336 

approaches are needed to underpin effective decision-making.  337 

Progress can be made by defining grassland degradation from a socio-ecological 338 

perspective, where the severity of degradation and the relative benefits of different grassland 339 

restoration practices can be assessed by combining measures of ecosystem service supply and 340 
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stakeholder priorities and demands40. Such measures can show how alternative restoration 341 

options differ in their impacts on ecosystem service supply and in their resulting benefits for 342 

different stakeholder groups. We recommend that this goal be achieved via a general five-step 343 

approach for standardising the assessment of grassland degradation and restoration (Fig. 2). 344 

The results of this approach can also be used to support negotiation over restoration 345 

management.  346 

The first step is to assess the demand for, and relative priority of, different ecosystem 347 

services by multiple stakeholder groups, for instance via social surveys of many stakeholders, 348 

or representative community leaders38,82 (Fig. 2). It is vital that all major stakeholder groups 349 

are represented and the full range of relevant ecosystem services considered, including non-350 

material (cultural) benefits.  Otherwise, bad management decisions could result and potential 351 

conflict83. Moreover, it is important that potential power imbalances among stakeholders are 352 

addressed, for instance by strengthening and enforcing land use rights of pastoralists and agro-353 

pastoralists.  354 

Once ecosystem service demand is determined, indicators need to be identified and 355 

measured for each of the services (Fig. 2). These should fall into two classes: general indicators, 356 

which measure ecosystem services for all stakeholder groups (measured in step two); and 357 

specific indicators for services used by a subset of the stakeholder community (measured in 358 

step three). The general indicators measured in step two should be inexpensive and easy to 359 

measure over large scales, and relate to key regulating functions that underpin all other 360 

ecosystem services. Such properties could include the cover and type of vegetation present, 361 

aboveground biomass, and soil properties such as organic matter, nutrient content, and pH 362 

(Table 1). 363 

While the general indicators proposed above provide broadly comparable information 364 

on grassland condition, perceptions of grassland degradation differ between stakeholder 365 

groups84. Therefore, in addition to general indicators, other variables should be identified 366 

locally for these context-specific ecosystem services via stakeholder engagement, and 367 

developed according to local conditions (step three). In the French Alps, for example, surveys 368 

identified that aesthetic value of mountain grasslands was essential to local farmers and 369 

tourists, and related not only to flower diversity, but also to the absence of a build-up of plant 370 

litter85. As another example, the cover of woody species can be used as an indicator of the vital 371 

regulating service of shade provision in East African grasslands86. Visually estimable 372 

indicators can also be employed in such assessments to ensure both relevance and cost-373 

effectiveness. 374 
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In the fourth step, general and specific measures are combined to calculate an integrated 375 

index of grassland condition that can be related to local environmental conditions, management 376 

factors, global change drivers and restoration management. The creation of such indices can 377 

be achieved by adapting approaches developed for measuring the co-delivery of multiple 378 

ecosystem services based on stakeholder preferences40,87, and other participatory multi-criteria 379 

analyses of ecosystem services88. Both approaches can also be used to weigh the measures 380 

included in the calculation of the index, for example by encouraging representatives of different 381 

stakeholder groups to assign scores to the ecosystem services considered86.  382 

In the final step, conclusions from this standardised approach are used to inform 383 

management decisions regarding which restoration options should be employed and where. 384 

Deciding on which restoration options are employed and where  is best resolved in participatory 385 

approaches, so that stakeholders share understanding, and conflict is minimised (Fig. 2). The 386 

best options for whole communities can be estimated by weighting stakeholder groups equally 387 

in a community level metric, or by evaluating which restoration options minimise trade-offs 388 

between groups. As a single restoration practice might not benefit all stakeholder groups, the 389 

compartmentalisation of the landscape into different restoration options should also be 390 

considered (Fig. 2). The approach presented here would not only allow for more detailed 391 

examination of grassland condition with regards to local needs, but also a better means of 392 

assessing the severity of grassland degradation and restoration success at both local and larger 393 

scales (Figures 3 and 4; see Supplementary Material for details on the source of these 394 

estimates).  395 

 396 

[H2] Shared understanding and trade-offs. When assessing grassland restoration options that 397 

best suit different stakeholder groups, there will likely be differences in preferred options (Figs. 398 

3 & 4), which might cause disagreement and conflict. To address these differences, there is a 399 

need for shared understanding, based on best knowledge and practice and operational 400 

constraints, of the potential for different grassland restoration options to supply different 401 

ecosystem services43,89, which can be quantified using the same tools as described here for 402 

assessing degradation. Such an approach could help identify which restoration option might 403 

best deliver the needs of all stakeholder groups, thereby supporting resolution of disagreements 404 

and conflict. 405 

To illustrate these trade-offs and how they could be resolved, two examples are 406 

considered (Figs. 3 and 4). In both, fundamental trade-offs caused by degradation and 407 

restoration options prevent the co-supply of all ecosystem services. The first example is taken 408 
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from permanent agricultural grasslands in Europe (Fig. 3), where extensive management 409 

promotes functions related to water and soil carbon storage, which support ecosystem services 410 

linked to water and climate regulation. In contrast, intensive management with fertiliser use 411 

and high grazing pressures leads to faster rates of nutrient cycling and higher plant productivity, 412 

thereby promoting provisioning services42,90. However, intensive management also reduces 413 

plant and soil biodiversity and causes soil compaction, which diminishes the supply of several 414 

ecosystem services demanded by stakeholders, leading to reduced overall benefits to 415 

stakeholder groups (Fig. 3)90. To reverse these impacts, restoration to high diversity grassland 416 

can enhance the supply of multiple ecosystem services, and therefore provides substantial 417 

benefits to all stakeholder groups. Despite these benefits, the abandonment of agricultural 418 

management altogether, which leads to woody plant encroachment, could be the best option to 419 

provide some of the benefits prioritized by national decision makers, namely water quality and 420 

climate regulation. Given these various trade-offs, and depending on European or national 421 

objectives, and on regional conditions91, collective choice would likely favour a mosaic of all 422 

three grassland types with the restoration of high diversity grassland, accompanied by the 423 

segregation of intensive production and climate regulation into specific regions and 424 

landscapes92.  425 

The second example is taken from natural grasslands in arid and semi-arid regions of 426 

Eastern Africa (Fig. 4). Here, nomadic pastoralists favour provisioning services of forage 427 

production and natural products from grasslands, while charcoal producers derive their 428 

livelihoods from native woody vegetation and, increasingly, from invasive woody species such 429 

as Prosopis juliflora. Because the invasion of P. juliflora transforms grasslands into scrubland 430 

with bare soil93, the supply of most ecosystem services demanded by stakeholders is greatly 431 

reduced, but fuel wood and charcoal production are promoted86. The supply of other services, 432 

such as soil carbon storage, is context-dependent; soil conditions are improved when P. 433 

juliflora invades grasslands degraded by overgrazing and other forms of mismanagement. 434 

However, if undegraded grassland is invaded, the supply of these services is reduced94 and all 435 

stakeholders, apart from charcoal producers, lose ecosystem service benefits and so perceive 436 

the invasion as degradation. This example also clearly demonstrates that successful restoration 437 

depends on stakeholder perspectives as all restoration options benefit the priority services of 438 

some groups, while diminishing those of others. These constraints preclude a single win-win-439 

win restoration option. Therefore, regional-scale restoration that establishes a landscape 440 

mosaic, including livestock grazing and patches of conserved or abandoned land, is likely to 441 

be required for all three stakeholder groups to be satisfied. It should be noted, however, that 442 
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such a landscape mosaic would require continuous management of P. juliflora, otherwise it 443 

will re-invade grasslands and conserved land.  444 

Identifying the presence and cause of trade-offs is a first step towards management and 445 

policy solutions to grassland degradation. We suggest that the approaches presented here could 446 

be combined as a decision support tool in ecosystem management95. This tool can be used as 447 

part of a ‘landscape approach’ to management, which emphasises close collaboration and 448 

shared understanding between stakeholder groups to identify and mitigate land management 449 

conflicts. Depending on context, this approach could allow for the allocation of different 450 

restoration options to different sections of the landscape, as in semi-arid grasslands of Eastern 451 

Africa (Figure 4), or the identification of win-win options where a single restoration practice 452 

might suit multiple stakeholder groups, such as in European grasslands (Figure 3).  453 

These approaches are already considered in existing grassland management 454 

approaches, such as the Participatory Rangeland Management (PRM) approach, which has 455 

been developed to improve the sustainable management of rangeland resources and their 456 

security of access for local rangeland users in arid and semi-arid grasslands96. This approach 457 

includes a step where stakeholder groups, through extensive meetings, discussions and 458 

negotiations, develop a rangeland management agreement that considers the needs of all 459 

stakeholder groups involved. This agreement should ultimately become a binding contract 460 

document between a representative rangeland management institution and the appropriate 461 

government authority. The PRM was initially developed by a consortium including the 462 

International Livestock Research Institute in Ethiopia and has been applied in Kenya and 463 

Tanzania97. A similar approach called Participatory Rangeland Management Planning (PRMP) 464 

has been adopted by the International Union for Conservation of Nature (IUCN)98.  465 

Complex trade-offs might prevent the formulation of simple solutions, and in such 466 

situations multi-criteria decision analysis (MCDA) can be used to support deliberation among 467 

groups and help steer them towards a compromise where local communities have a voice and 468 

multiple perspectives of grassland degradation are accommodated99,100. Advanced MCDA 469 

approaches also allow for the incorporation of socio-economic factors, such as access rights 470 

and ease, and power relationships between stakeholder groups across scales, which will 471 

determine the ultimate benefits of ecosystem services to different groups101. However, to 472 

ensure better outcomes from decision tools such as MCDA it is also important to consider 473 

optimal allocation and prioritisation of limiting resources to actions102, especially since funds 474 

for grassland restoration are often limited.  475 

 476 
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[H2] Knowledge sharing in grassland restoration. Evidence of success or failure of grassland 477 

restoration programmes is scant103,104. Accordingly, there is a need for standardised and 478 

accessible reporting of restoration successes and failures, and ongoing monitoring of grassland 479 

restoration programmes and their outcomes in different parts of the world. Restoration 480 

knowledge must be shared to achieve this goal, which requires the formation of networks of 481 

scientists and practitioners that exchange knowledge on successful, but also unsuccessful, 482 

restoration efforts. Examples of platforms that provide information on successes and failures 483 

of grassland restoration programmes are beginning to emerge. The Society for Ecological 484 

Restoration (SER) launched their Restoration Resource Centre in 2017, an online, publicly 485 

accessible platform for exchanging knowledge and experience through ecological restoration 486 

projects, publications, and other resources from around the world. The World Overview of 487 

Conservation Approaches and Technologies (WOCAT) database provides a format and a 488 

platform for knowledge exchange regarding Sustainable Land Management (SLM) 489 

technologies and approaches and is recognized as the primary recommended database by 490 

UNCCD. The Global Landscape Forum (GLF), led by the Centre for International Forestry 491 

Research (CIFOR) and supported by the UN and World Bank, provides a mobile platform for 492 

discussions leading to action on sustainable land use, including land restoration.  493 

While grasslands are currently underrepresented within these databases, which are still 494 

under development and continually being expanded, they demonstrate the potential for user-495 

driven platforms to provide valuable insight into effective restoration practices in different 496 

parts of the world (Box 1 Fig. 1). To be effective, such platforms should include a wide range 497 

of restoration programmes, both local and regional, and small and large scale. They should also 498 

include less successful programmes and identify why they have not reached their objectives. 499 

Moreover, grassland restoration projects should identify clear aims of restoration and an 500 

inventory before restoration starts to be able to evaluate restoration success105. By comparing 501 

case studies, it is possible to understand how the effectiveness of specific restoration methods 502 

differ geographically and depending on the degree of degradation and socio-ecological context, 503 

the first step towards finding general rules, both social and ecological, for successful 504 

restoration. They could also illustrate the successful translation of research into improved 505 

restoration and management, which should include the co-creation and co-implementation of 506 

technical solutions to grassland restoration, and the political and socio-economic conditions 507 

that made them possible.  508 

Case studies reporting technical solutions to grassland degradation at scales of hundreds 509 

to thousands of hectares are particularly scarce, especially for developing countries in semi-510 
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arid and arid regions of the world. However, previous efforts indicate that grassland restoration 511 

is feasible, at least starting from low levels of degradation, and that technical and socio-512 

ecological solutions often need to be combined to achieve long-term management goals (Box 513 

1). For example, steppe grasslands in Inner Mongolia are challenged with a diverse set of 514 

stakeholder demands, including the need for environmental services, such as increased soil 515 

carbon storage, the local herders’ wish to retain traditional livelihoods while increasing their 516 

income, and an increasing demand for red meat by the wider population in China and 517 

elsewhere80. To address these demands of various stakeholder groups, a grassland management 518 

system was developed that built on optimizing income from livestock production per unit area, 519 

which was achieved by increasing animal growth rates (and thus reaching marketable size 520 

earlier) by decreasing livestock numbers by approximately 50%80. Thus, the system created a 521 

win-win situation by improving local herders’ income and enabling the recovery of steppe and 522 

associated ecosystem services (Box 1.  523 

In northern Ethiopia, several years of excluding livestock from degraded communal 524 

grazing lands led to the recovery of plant species richness, forage and wood production, and 525 

soil health, and thus helped to improve the supply of services prioritised by local 526 

stakeholders106,107. However, the uptake of technical solutions for restoring degraded 527 

grasslands depends on socio-economic factors, including reconciliation with traditional land-528 

tenure systems, well-established communication pathways, and supporting institutional 529 

settings and policies (Box 1. For example, implementation of sustainable grassland 530 

management in Inner Mongolia benefits from efforts of the Chinese government to emphasize 531 

sustainable grassland management in agricultural policies108. The success of the grazing 532 

exclosure programme in northern Ethiopia will depend on successful communication and 533 

negotiations between local stakeholder groups and policy, and among local stakeholders to 534 

ensure land use enforcement and sharing of management responsibilities and harvesting 535 

benefits109. 536 

 537 
 538 
[H2] Research innovation: Innovations in environmental research need to be developed and 539 

employed to improve the assessment of grassland degradation and provide novel solutions to 540 

restoration and sustainable grassland management. At a global and regional scale, 541 

developments in remote sensing offer potential to evaluate both the extent and status of 542 

grasslands and inform the spatial targeting of large-scale restoration efforts. For example, maps 543 

of general degradation indicators, such as primary productivity, standing biomass, soil 544 
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moisture, phenology, soil organic carbon110-112, could be combined with spatial information on 545 

climate, edaphic and socio-economic data to identify national and global patterns of grassland 546 

degradation and pin-point locations where restoration efforts could have the greatest impact. 547 

Although current global maps of primary productivity and biomass carbon still need 548 

improvement, they offer a means to monitor the dynamics of grassland aboveground biomass 549 

and evaluate the degradation of global grasslands113,114. 550 

 There has been a boom in research directed at grassland management for sustainable 551 

agroecosystems since the turn of the 21st Century, leading to improved grazing and fertiliser 552 

management, and reduced reliance on external inputs, nutrient losses and emissions of 553 

greenhouse gases115. However, new ecological understanding could also facilitate grassland 554 

restoration. For example, new research could enable landscape and regional scale restoration 555 

of inter-connected grasslands in regions where semi-natural grassland remnants are fragmented 556 

and persist within a matrix of forested or intensive agriculture land uses. Indeed, there is 557 

increasing evidence that grassland dynamics and function are enhanced by connectivity that 558 

encourages flows of species and biogeochemical processes116,117. In theory, such spatial 559 

networks have improved resilience to perturbations, such as climate extremes, and the ability 560 

to adapt to a changing environment118. These emerging concepts on landscape design could 561 

also be applied to the restoration of ecological flows of species and processes within 562 

landscapes119,120, and at a practical level, there is already considerable opportunity to trial these 563 

approaches in large-scale restoration programmes121. Such approaches also require improved 564 

understanding of the tele-coupling of different landscape elements, whereby human-induced 565 

processes in one area impact on distant areas. For example, pastoralists in arid regions depend 566 

on grazing areas along major water bodies, which are also of interest to other stakeholders for 567 

crop production or biodiversity conservation122. Loss of such grazing areas forces pastoralists 568 

to overgraze rain-fed grasslands elsewhere, leading grassland degradation123.  569 

Another fast-developing area of ecological research that could assist grassland 570 

restoration programmes concerns the application of knowledge of aboveground-belowground 571 

interactions124,125. A wealth of studies show that high grassland plant diversity can enhance 572 

multiple ecosystem functions, both above- and belowground, and increase the resistance of 573 

plant production to environmental perturbations, such as climate extremes126-128; such 574 

knowledge could be applied to degraded grassland to restore ecosystem functions and their 575 

resilience to environmental change129,130. Benefits can also be realised through informed 576 

selection of plant species based on functional traits, especially root traits, which has been 577 

shown to be an effective way of enhancing grassland multifunctionality131 and the physical 578 



 18 

properties of degraded soils132. Research points to the potential of soil inoculation and plant 579 

translocation from donor sites to enhance the recovery of degraded ecosystems and steer plant 580 

community development133,134. Further, there is increasing awareness that diversifying 581 

livestock promotes plant diversity and grassland multifunctionality135, especially at moderate 582 

levels of grazing136, and that interventions can facilitate robust multi-trophic interactions in 583 

restored ecosystems could benefit restoration137.  584 

A potential hurdle to the adoption of new research innovation is that the majority of 585 

scientific knowledge underpinning grassland restoration comes from studies done at a local 586 

scale and in a handful of regions, especially North America, Australasia and Europe. As such, 587 

there is a need for new, long-term research to underpin approaches to large-scale restoration of 588 

degraded grasslands, especially in Asia, Africa and South America where grassland 589 

degradation is widespread138. One solution to these geographic gaps might be the use of meta-590 

level analyses139-140 and data collection using standardised methodology from globally 591 

distributed grassland studies such as the Nutrient Network141 and HerbDivNet142. These can 592 

help to identify generalisable impacts of biotic and environmental drivers and disturbances, 593 

such as grazing and nutrient enrichment, on grassland diversity and function, that could be 594 

transferred to regions where data is lacking. However, that large gaps in environmental and 595 

management conditions still need to be filled, and the ecological context will affect the specific 596 

applicability of any generalisations143. At all scales, new technology and practices need to be 597 

embedded within socio-ecological approaches to grassland restoration to ensure empowerment 598 

of local people and best outcomes for their quality of life.  599 

 600 

[H1] Summary and future perspectives 601 

 602 

Despite progress in understanding the causes and consequences of grassland degradation, and 603 

in developing restoration techniques, there remain many barriers to halting grassland 604 

degradation and effective restoration. Here, we have argued that overcoming these barriers 605 

requires an integrated socio-ecological approach to grassland degradation and restoration, 606 

which not only demands greater recognition of grasslands in global policy, but standardised 607 

approaches for assessing grassland degradation and restoration success. It also requires the 608 

adoption of innovations in environmental science for detecting grassland degradation and 609 

enhancing restoration success, along with enhanced knowledge transfer and data sharing 610 

regarding restoration experiences.  611 
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Many examples exist of national and international sustainability policies that have 612 

ignored grasslands, including the SDGs and CBD. Giving due attention in sustainability policy 613 

to grasslands and the ecosystem services they provide, on a par with other biomes such as 614 

forests, is therefore essential for the future protection of healthy grasslands and restoration of 615 

those that are degraded. The UN Decade on Ecosystem Restoration (2021-2030) and CBD 616 

post-2020 global biodiversity framework provides an opportunity to set future targets for the 617 

protection, sustainable management and restoration of grasslands, and prevent damaging 618 

practices such as the planting of trees in natural grasslands144. Put simply, if grasslands are to 619 

be managed sustainably, then both global and regional policy must be revised to recognize the 620 

value of grasslands for multiple ecosystem services and establish targets for their protection, 621 

restoration and sustainable management.  622 

There is hope in some initiatives, though. The Worldwide Fund for Nature launched a 623 

‘Global Grassland & Savannah Dialogue Platform’ in 2020, with the aim to “develop 624 

consensus around human and biological importance of these ecosystems”. The UN Decade on 625 

Ecosystem Restoration (2021-2030) has added ‘grasslands, shrubland and savannahs’ to their 626 

set of focal ecosystems. Furthermore, while the Aichi targets of the CBD largely ignored 627 

grasslands, and the draft of its post-2020 framework lacks specificity, the most recent synthesis 628 

of the proposals of the parties includes mentions of grasslands (albeit other ecosystems such as 629 

forest and wetlands are discussed more frequently). 630 

Whilst we demonstrate how our five-step approach can be applied using specific case 631 

studies, future research is needed to test this approach in different contexts and at local and 632 

larger scales. Research is also needed to better understand different societal perceptions of 633 

grasslands and the reasons why they have been neglected in sustainability policy, to develop 634 

and test promising new ways of assessing grassland degradation and restoration, and to harness 635 

ecological knowledge for restoration success. This aim will require ambitious, interdisciplinary 636 

national and international research programmes of the kind that could be facilitated by major 637 

research and innovation schemes targeted at achieving Sustainable Development Goals. We 638 

hope the approach we present provides a basis for such future research aimed at the assessment 639 

of grassland degradation and restoration in the context of stakeholder needs.  640 

The actions we raise for developing effective socio-ecological solutions to the 641 

degradation and restoration of global grasslands are not exhaustive and many challenges 642 

remain. Nevertheless, we hope that they provide a guide to future research and policy needs 643 

for halting grassland degradation and achieving restoration success. We also hope that they 644 

serve to raise awareness of the plight of global grasslands and the need for urgent action to halt 645 
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grassland degradation and enhance restoration success, thereby conserving the many socio-646 

economic, cultural and ecological benefits that grasslands provide.  647 

 648 

References 649 

 650 

1. Suttie, J.M. Reynolds, S.G. & Batello, C. Grasslands of the World (FAO, Rome, 2005). 651 

2. O'Mara, F. P. The role of grasslands in food security and climate change. Ann. Bot. 110, 652 

1263–1270 (2012). 653 

3. Wilsey, B.J. The Biology of Grasslands (Oxford Univ. Press, 2018).  654 

4. White, R.P. Murray, S., Rohweder, M., Prince, S.D. & Thompson, K.M. Grassland 655 

Ecosystems. (World Resources Institute, Washington DC, 2000).  656 

5. Gibbs, H.K. & Salmon, J.M. Mapping the world’s degraded lands. Appl. Geogr. 57, 12-657 

21 (2015). 658 

6. Lark, T.J., Spawn, S.A., Bougie, M. & Gibbs, H.K. Cropland expansion in the United 659 

States produces marginal yields at high costs to wildlife. Nat. Commun. 11, 4295 660 

(2020).  661 

7. Abberton, M., Conant, R. & Batello, C. (eds) Grassland Carbon Sequestration: 662 

Management, Policy and Economics (FAO, Rome, 2010).  663 

8. Gang, C. et al. Quantitative assessment of the contributions of climate change and 664 

human activities on global grassland degradation. Environ. Earth Sciecopshere 72, 665 

4273-4282 (2014). 666 

9. Dong, S., Kassam, K.A., Tourrand, J.F. & Boone, R.B. (eds) Building Resilience of 667 

Human-Natural Systems of Pastoralism in the Developing World (Springer, 668 

Switzerland 2016).  669 

10. Bengtsson, J. et al. Grasslands—more important for ecosystem services than you might 670 

think. Ecosphere 10, e02582 (2019). 671 

11. Kwon, H.Y. et al. in Economics of Land Degradation and Improvement: A global 672 

Assessment for Sustainable Development (eds. Nkonya, E., Mirzabaev, A. & von 673 

Braun, J.) 197-214 (Springer, Cham, 2015).  674 

12. Murphy, B.P., Andersen, A.N. and Parr, C.L. The underestimated biodiversity of 675 

tropical grassy biomes. Philos. Trans. R. Soc. B 371, 20150319 (2016).  676 

13. Smith, P. et al. Greenhouse gas mitigation in agriculture. Philos. Trans. R. Soc. B 363, 677 

789-813 (2008). 678 

14. Mermoz, S., Bouvet, A., Toan, T. L. & Herold, M. Impacts of the forest definitions 679 



 21 

adopted by African countries on carbon conservation. Environ. Res. Lett. 13, 8 (2018). 680 

15. Erdős, L, et al. "The edge of two worlds: A new review and synthesis on Eurasian 681 

forest‐steppes. Appl. Veg. Sci. 21, 345-362 (2018). 682 

16. Dengler, J., Janišová, M., Török, P. & Wellstein, C. Biodiversity of Palaearctic 683 

grasslands: a synthesis. Agric. Ecosyst. Environ. 182, 1-14 (2014). 684 

17. Bullock, J. M. et al. in The UK National Ecosystem Assessment Technical Report 685 

(UNEP-WCMC, 2011). 686 

18. Parr, C. L., Lehmann, C. E. R., Bond, W. J., Hoffmann, W. A. & Andersen, A. N. 687 

Tropical grassy biomes: misunderstood, neglected, and under threat. Trends Ecol. Evol. 688 

29, 205-213 (2014). 689 

19. Venter, Z. S., Cramer, M. D. & Hawkins, H. J. Drivers of woody plant encroachment 690 

over Africa. Nat. Commun. 9, 2272 (2018). 691 

20. Palchan, D. & Torfstein, A. A drop in Sahara dust fluxes records the northern limits of 692 

the African Humid Period. Nat. Commun. 10, 9 (2019). 693 

21. Wilson, J. B., Peet, R. K., Dengler, J. & Pärtel, M. Plant species richness: the world 694 

records. J. Veg. Sci. 23, 796-802 (2012). 695 

22. Eriksson, O, & Cousins, S.A. Historical landscape perspectives on grasslands in 696 

Sweden and the Baltic region. Land 3, 300-21 (2014).  697 

23. Bråthen, K., Pugnaire. F.I. & Bardgett, R.D. The paradox of forbs in grasslands and 698 

their legacy of the Mammoth steppe. Front. Ecol. Environ. 2021 (in press).  699 

24. Shava, S. & Masuku, S. Living currency: The multiple roles of livestock in livelihood 700 

sustenance and exchange in the context of rural indigenous communities in southern 701 

Africa. SAJEE 35, (2019). 702 

25. AO. Livestock keepers – guardians of biodiversity (Rome, 2009). 703 

26. Bond, W. J. Ancient grasslands at risk. Science 351, 120-122 (2016). 704 

27. Ripple, W.J. et al. Collapse of the world’s largest herbivores. Sci. Adv. 1, p.e1400103. 705 

(2015). 706 

28. Arbieu, U., Grünewald, C., Martín-López, B., Schleuning, M. & Böhning-Gaese, K. 707 

Large mammal diversity matters for wildlife tourism in Southern African Protected 708 

Areas: Insights for management. Ecosyst. Serv. 31, 481-490 (2018).  709 

29. Lavorel, S. et al. Historical trajectories in land use pattern and grassland ecosystem 710 

services in two European alpine landscapes. Reg. Environ. Change 17, 2251-2264 711 

(2017). 712 

https://www.research.manchester.ac.uk/portal/richard.bardgett.html
https://www.research.manchester.ac.uk/portal/en/publications/the-paradox-of-forbs-in-grasslands-and-their-legacy-of-the-mammoth-steppe(27f9e6fd-d800-4fa9-963c-b26c659f49a0).html
https://www.research.manchester.ac.uk/portal/en/publications/the-paradox-of-forbs-in-grasslands-and-their-legacy-of-the-mammoth-steppe(27f9e6fd-d800-4fa9-963c-b26c659f49a0).html


 22 

30. Scurlock, J.M.O. & Hall, D.O. The global carbon sink: a grassland perspective. Glob. 713 

Change Biol. 4, 229-233 (1998). 714 

31. Chang, J. et al. Climate warming from managed grasslands cancels the cooling effect 715 

of carbon sinks in sparsely grazed and natural grasslands. Nat. Commun. 12, 118 716 

(2021). 717 

32. Goldstein, A. Protecting irrecoverable carbon in Earth’s ecosystems. Nat. Clim. 718 

Change 10, 287-295 (2020).  719 

33. Conant, R.T., Cerri, C.E., Osborne, B.B. & Paustian, K., Grassland management 720 

impacts on soil carbon stocks: a new synthesis. Ecol. Appl. 27, 662-668 (2017). 721 

34. IPBES. The IPBES assessment report on land degradation and restoration (2018). 722 

35. Cao, J. et al. Grassland Degradation on the Qinghai-Tibetan Plateau: Reevaluation of 723 

Causative Factors. Rangel. Ecol. Manag. 72, 988-995 (2019). 724 

36. Andrade, B. O. et al. Grassland degradation and restoration: a conceptual framework 725 

of stages and thresholds illustrated by southern Brazilian grasslands. Natureza & 726 

Conservação 13, 95-104 (2015). 727 

37. Okpara, U.T. et al. A social-ecological systems approach is necessary to achieve land 728 

degradation neutrality. Environ. Sci. Policy 89, 59-66 (2018).  729 

38. Castro, A. J. et al. Ecosystem service trade-offs from supply to social demand: A 730 

landscape-scale spatial analysis. Landsc. Urban Plan. 132, 102-110 (2014). 731 

39. Felipe-Lucia, M.R. et al. Ecosystem Services Flows: Why Stakeholders’ Power 732 

Relationships Matter. PLoS One 10, e0132232 (2015). 733 

40. Manning, P. et al. Redefining ecosystem multifunctionality. Nat. Ecol. Evol. 2, 427-734 

436 (2018). 735 

41. Wang, S. et al. Management and land use change effects on soil carbon in northern 736 

China's grasslands: a synthesis. Agric. Ecosyst. Environ. 142, 329-340 (2011). 737 

42. Allan, E. et al. Land use intensification alters ecosystem multifunctionality via loss of 738 

biodiversity and changes to functional composition. Ecol. Lett. 18, 834-843 (2015). 739 

43. Bullock, J.M., Aronson, J., Newton, A.C., Pywell, R.F. & Rey-Benayas, J.M. 740 

Restoration of ecosystem services and biodiversity: conflicts and opportunities. Trends 741 

Ecol. Evol. 26, 541-549 (2011). 742 

44. Ridding, L. E., Watson, S. C. L., Newton, A. C., Rowland, C. S. & Bullock, J. M. 743 

Ongoing, but slowing, habitat loss in a rural landscape over 85 years. Landsc. Ecol. 35, 744 

257-273 (2020). 745 

45. Hilker, T., Natsagdorj, E., Waring, R. H., Lyapustin, A. & Wang, Y. J. Satellite 746 



 23 

observed widespread decline in Mongolian grasslands largely due to overgrazing. Glob. 747 

Chang. Biol. 20, 418-428 (2014). 748 

46. Poschlod, P. & WallisDeVries, M. F. The historical and socioeconomic perspective of 749 

calcareous grasslands - lessons from the distant and recent past. Biol. Conserv. 104, 750 

361-376 (2002). 751 

47. Stevens, C. J., Dise, N. B., Mountford, J. O. & Gowing, D. J. Impact of nitrogen 752 

deposition on the species richness of grasslands. Science 303, 1876-1879 (2004). 753 

48. Aune, S., Bryn, A. & Hovstad, K. A. Loss of semi-natural grassland in a boreal 754 

landscape: impacts of agricultural intensification and abandonment. J. Lan Use Sci. 13, 755 

375-390 (2018). 756 

49. Veldman, J. W. et al. Where tree planting and forest expansion are bad for biodiversity 757 

and ecosystem services. Bioscience 65, 1011-1018 (2015). 758 

50. Shukla, P. R. et al. Climate Change and Land: an IPCC special report on climate 759 

change, desertification, land degradation, sustainable land management, food security, 760 

and greenhouse gas fluxes in terrestrial ecosystems. (2019). 761 

51. Burrell, A. L., Evans, J. P. & De Kauwe, M. G. Anthropogenic climate change has 762 

driven over 5 million km(2) of drylands towards desertification. Nat. Commun. 11, 11 763 

(2020). 764 

52. Archer, S. R. et al. in Rangeland Systems: Processes, Management and Challenges (ed. 765 

David D. Briske) 25-84 (Springer International Publishing, 2017). 766 

53. Zhang, G. et al. Exacerbated grassland degradation and desertification in Central Asia 767 

during 2000–2014. Ecol. Appl. 28, 442-456 (2018). 768 

54. Dudley, N. et al. Grassland and Savannah Ecosystems: An Urgent Need for 769 

Conservation and Sustainable Management. (WWF Duetchland, Berlin, 2020).  770 

55. Henderson, K.A. et al. Landowner perceptions of the value of natural forest and natural 771 

grassland in a mosaic ecosystem in southern Brazil. Sustain. Sci. 11, 321–330 (2016). 772 

56. Costanza, R. et al. Changes in the global value of ecosystem services. Glob. Environ. 773 

Change 26, 152-158 (2014). 774 

57. Durigan, G., Pilon, N.A.P., Assis, G.B., Souza, F.M. & Baitello, J.B. Plantas Pequenas 775 

do Cerrado: biodiversidade negligenciada. Instituto Florestal, Secretaria do Meio 776 

Ambiente, São Paulo (2018).  777 

58. Assandri, G., Bogliani, G., Pedrini, P. & Brambilla, M. Toward the next Common 778 

Agricultural Policy reform: Determinants of avian communities in hay meadows reveal 779 

current policy's inadequacy for biodiversity conservation in grassland ecosystems. J. 780 



 24 

Appl. Ecol. 56, 604-617 (2019).  781 

59. Liang, L., Chen, F., Shi, L. and Niu, S. NDVI-derived forest area change and its driving 782 

factors in China. PloS One 13, p.e0205885 (2018). 783 

60. Cao, S. et al. Damage caused to the environment by reforestation policies in arid and 784 

semi-arid areas of China. Ambio 39, 279-283 (2010). 785 

61. Cao, S., Wang, G. & Chen, l. Questionable value of planting thirsty trees in dry regions. 786 

Nature 465, 31 (2010). 787 

62. Zastrow, M. China’s tree-planting drive could falter in a warming world. Nature 573, 788 

474-475 (2019). 789 

63. Landau, E., da Silva, G. A., Moura, L., Hirsch, A., & Guimaraes, D. Dinâmica da 790 

produção agropecuária e da paisagem natural no Brasil nas últimas décadas: sistemas 791 

agrícolas, paisagem natural e análise integrada do espaço rural. Embrapa Milho e 792 

Sorgo-Livro científico (ALICE) (2020). 793 

64. Wolff, S., Schrammeijer, E. A., Schulp, C. J. & Verburg, P. H. Meeting global land 794 

restoration and protection targets: What would the world look like in 2050? Glob. 795 

Environ. Change 52, 259-272 (2018). 796 

65. Bastin, J.F., et al. The global tree restoration potential. Science 365, 76– 79 (2019).  797 

66. Veldman, J.W. et al. Comment on “The global tree restoration potential” Science 798 

10.1126/science.aay7976 (2019).  799 

67. Dass, P., Houlton, B. Z., Wang, Y. & Warlind, D. Grasslands may be more reliable 800 

carbon sinks than forests in California. Environ. Res. Lett. 13, 074027. (2018). 801 

68. Jackson, R. B., Banner, J. L., Jobbágy, E. G., Pockman, W. T., & Wall, D. H. Ecosystem 802 

carbon loss with woody plant invasion of grasslands. Nature 418, 623-626 (2002). 803 

69. Jackson, R. B. et al. The ecology of soil carbon: pools, vulnerabilities, and biotic and 804 

abiotic controls. Annu. Rev. Ecol. Evol. Syst. 48, 419-445 (2017). 805 

70. Berthrong, S. T., Jobbágy, E. G. & Jackson, R. B. A global meta‐analysis of soil 806 

exchangeable cations, pH, carbon, and nitrogen with afforestation. Ecol. Appl. 19, 807 

2228-2241 (2009). 808 

71. Kirschbaum, M. U. F. et al. Implications of albedo changes following afforestation on 809 

the benefits of forests as carbon sinks. Biogeosciences, 8, 3687-3696 (2011).  810 

72. Conant, R. T. Challenges and opportunities for carbon sequestration in grassland 811 

systems. A technical report on grassland management and climate change mitigation 812 

(FAO, Rome, 2010). 813 



 25 

73. Wu, G.L., Liu, Y.F., Cui, Z., Liu, Y., Shi, Z.H., Yin, R. & Kardol, P. Trade‐off between 814 

vegetation type, soil erosion control and surface water in global semi‐arid regions: A 815 

meta‐analysis. J. Appl. Ecol.  57, 875-885 (2020).  816 

74. Veldman, J.W. et al. Tyranny of trees in grassy biomes. Science 347, 484–485 (2015). 817 

75. Burrascano, S. et al. Current European policies are unlikely to jointly foster carbon 818 

sequestration and protect biodiversity. Biological Conservation 201, 370-376 (2016). 819 

76. Vanak, A.T., Hiremath, A. & Rai, N. Wastelands of the mind: Identity crisis of India’s 820 

tropical savannas. Current Conservation 7, 16-23 (2014). 821 

77. Ratnam, J., Tomlinson, K. W., Rasquinha, D. N., & Sankaran, M. Savannahs of Asia: 822 

antiquity, biogeography, and an uncertain future. Philosophical Transactions of the 823 

Royal Society B: Biological Sciences 371, 20150305 (2016). 824 

78. Overbeck, G.E. et al. Conservation in Brazil needs to include non‐forest 825 

ecosystems. Diversity and Distributions, 21, 1455-1460 (2015). 826 

79. Kumar, D. et al. Misinterpretation of Asian savannas as degraded forest can mislead 827 

management and conservation policy under climate change. Biol. Conserv. 241, 828 

108293 (2020). 829 

80. Kemp, D. R. et al. Innovative grassland management systems for environmental and 830 

livelihood benefits. PNAS 110, 8369-8374 (2013). 831 

81. IPBES. Summary for policymakers of the assessment report on land degradation and 832 

restoration of the Intergovernmental Science-Policy Platform on Biodiversity and 833 

Ecosystem Services. (Intergovernmental Science-Policy Platform on Biodiversity and 834 

Ecosystem Services, Bonn, Germany, 2018). 835 

82. Lamarque, P. et al. Stakeholder perceptions of grassland ecosystem services in relation 836 

to knowledge on soil fertility and biodiversity. Reg. Environ. Change 11, 791-804 837 

(2011). 838 

83. Hauck, J., Schmidt, J. & Werner, A. Using social network analysis to identify key 839 

stakeholders in agricultural biodiversity governance and related land-use decisions at 840 

regional and local level. Ecol. Soc. 21, 49 (2016). 841 

84. Reid, R. S., Fernández-Giménez, M. E. & Galvin, K. A. Dynamics and resilience of 842 

rangelands and pastoral peoples around the globe. Ann. Rev. Environ. Resour 39, 217-843 

242 (2014).  844 

85. Quétier, F., Rivoal, F., Marty, P., De Chazal, J. & Lavorel, S. Social representations of 845 

an alpine grassland landscape and socio-political discourses on rural development. Reg. 846 



 26 

Environ. Change 10, 119-130 (2010). 847 

86. Linders, T.E.W. et al. Stakeholder priorities determine the impact of an alien tree 848 

invasion on ecosystem multifunctionality. People and Nature 3, 658-672 (2021). 849 

87. Gos, P. & Lavorel, S. Stakeholders' expectations on ecosystem services affect the 850 

assessment of ecosystem services hotspots and their congruence with biodiversity. Int. 851 

J. Biodivers. Sci. Ecosyst. Serv, Manage. 8, 93-106 (2012). 852 

88. Fontana, V. et al. Comparing land-use alternatives: Using the ecosystem services 853 

concept to define a multi-criteria decision analysis. Ecol. Econ. 93, 128-136 (2013). 854 

89. Jellinek, S. et al. Integrating diverse social and ecological motivations to achieve 855 

landscape restoration. J. Appl. Ecol. 56, 246-252 (2019). 856 

90. Lavorel, S. & Grigulis, K. How fundamental plant functional trait relationships scale‐857 

up to trade‐offs and synergies in ecosystem services. J. Ecol. 100, 128-140 (2012). 858 

91. Stürck, J. et al. Simulating and delineating future land change trajectories across 859 

Europe. Reg. Environ. Change 18 733-749 (2018). 860 

92. Lavorel, S. in Grasslands and Climate Change (eds. Gibson, D.J. & Newman, J.A. 131-861 

146 , 2018) (Cambridge University Press, Cambridge).  862 

93. Ayanu, Y. et al. Ecosystem engineer unleashed: Prosopis juliflora threatening 863 

ecosystem services? Reg. Environ. Change 15, 155-167 (2015).  864 

94. Mbaabu, P.R. et al. Restoration of degraded grasslands, but not invasion by Prosopis 865 

juliflora, avoids trade-offs between climate change mitigation and other ecosystem 866 

services. Sci. Rep. 10, 1-13 (2020). 867 

95. Sayer, J. A. et al. Ten principles for a landscape approach to reconciling agriculture, 868 

conservation, and other competing land uses. PNAS 110, 8349-8356 (2013). 869 

96. Flintan, F. & Cullis, A. Introductory Guidelines to Participatory Rangeland 870 

Management in Pastoral Areas (Save the Children USA, Addis Ababa, 2010). 871 

97. Robinson, L.W. et al. Participatory Rangeland Management Toolkit for Kenya 872 

(Nairobi, Kenya, ILRI, 2018). 873 

98. Roba, G. & David, J. Participatory Rangeland Management Planning: A Field Guide. 874 

(IUCN, Nairobi, Kenya, 2018).  875 

99. Langemeyer, J., Gómez-Baggethun, E., Haase, D., Scheuer, S. & Elmqvist. T. Bridging 876 

the gap between ecosystem service assessments and land-use planning through Multi-877 

Criteria Decision Analysis (MCDA). Environ. Sci. Policy 62, 45-56 (2016). 878 

100. Adem Esmail, B. & Geneletti, D. Multi‐criteria decision analysis for nature 879 



 27 

conservation: A review of 20 years of applications. Methods Ecol. Evol. 9, 42-53 880 

(2018). 881 

101. Martin-Lopez, B. et al. A novel tele-coupling framework to assess social 882 

relations across spatial scales for ecosystem services research. J Environ. Manage. 241, 883 

251-263 (2019). 884 

102. Joseph, L.N., Maloney, R.F. & Possingham, H.P. Optimal allocation of 885 

resources among threatened species: a project prioritization protocol. Conserv. 886 

Biol. 23, 328-338 (2009). 887 

103. Wortley, L., Hero, J.M. & Howes, M. Evaluating ecological restoration success: 888 

a review of the literature. Restor. Ecol. 21, 537-543 (2013). 889 

104. Cameron, A. Restoration of ecosystems and ecosystem services, in Ecosystem 890 

Services and Poverty Alleviation: Trade-offs and Governance (eds Schreckenberg, K., 891 

Mace, G. & Poudyal. M.) (Routledge Studies Ecosystem Series, Routledge, Oxford. 892 

2018).  893 

105. Suding, K. N. Toward an era of restoration in ecology: successes, failures, and 894 

opportunities ahead. Annu. Rev. Ecol. Evol. Syst. 42, 465-487 (2011). 895 

106. Mekuria, W., Veldkamp, E., Corre, M.D. & Haile, M., Restoration of ecosystem 896 

carbon stocks following exclosure establishment in communal grazing lands in Tigray, 897 

Ethiopia. Soil Sci. Soc. Am. J. 75, 246-256 (2011). 898 

107. Mekuria, W. & Aynekulu, E. Exclosure land management for restoration of the 899 

soils in degraded communal grazing lands in northern Ethiopia. Land Degrad. Dev. 24, 900 

528–538, (2011). 901 

108. Hu, Y. & Nacun, B. An analysis of land-use change and grassland degradation 902 

from a policy perspective in Inner Mongolia, China, 1990–2015. Sustainability, 10, 903 

4048. 2018. 904 

109. Nedessa, B., Ali, J. & Nyborg, I. Exploring Ecological and Socio- Economic 905 

Issues for the Improvement of Area Enclosure Management. (Oslo, Norway 2005).  906 

110. Hilker, T., Natsagdorj, E., Waring, R.H., Lyapustin, A. & Wang, Y. Satellite 907 

observed widespread decline in Mongolian grasslands largely due to overgrazing. Glob. 908 

Change Biol. 20, 418-428 (2014). 909 

111. Schweiger, A.K. et al. Plant spectral diversity integrates functional and 910 

phylogenetic components of biodiversity and predicts ecosystem function. Nat. Ecol. 911 

Evol. 2, 976-982 (2018). 912 

112. Vågen, T.G. & Winowiecki, L.A. Mapping of soil organic carbon stocks for 913 



 28 

spatially explicit assessments of climate change mitigation potential. Environ. Res. Lett. 914 

8, 015011 (2013). 915 

113. Xia, J. et al. Spatio-temporal patterns and climate variables controlling of 916 

biomass carbon stock of global grassland ecosystems from 1982 to 2006. Remote Sens. 917 

6, 1783-1802 (2014). 918 

114. Spawn, S.A., Sullivan, C.C., Lark, T.J. et al. Harmonized global maps of above 919 

and belowground biomass carbon density in the year 2010. Sci Data 7, 112 (2020).  920 

115. Bellocchi, G. & Chabbi, A. Grassland management for sustainable 921 

agroecosystems. Agron. 10, 78 (2020).  922 

116. Plas, F. et al. Towards the development of general rules describing landscape 923 

heterogeneity–multifunctionality relationships. J. Appl. Ecol. 56, 168-179 (2019).  924 

117. Kimberley, A. et al. Functional rather than structural connectivity explains 925 

grassland plant diversity patterns following landscape scale habitat loss. Landsc. Ecol. 926 

36, 265-280 (2021). 927 

118. Gilarranz, L.J., Rayfield, B., Liñán-Cembrano, G., Bascompte, J. & Gonzalez, 928 

A. Effects of network modularity on the spread of perturbation impact in experimental 929 

metapopulations. Science 357, 199-201 (2017). 930 

119. Smith, F. P., Prober, S. M., House, A. P. N. & McIntyre, S. Maximizing 931 

retention of native biodiversity in Australian agricultural landscapes - the 10:20:40:30 932 

guidelines. Agric. Ecosyst. Environ. 16, 35-45 (2013). 933 

120. Auffret, A. G. et al. Plant functional connectivity – integrating landscape 934 

structure and effective dispersal. J. Ecol. 105, 1648-1656 (2017). 935 

121. Isaac, N.J.B. et al. Defining and delivering resilient ecological networks: nature 936 

conservation in England. J. Appl. Ecol. 55, 2537-2543 (2018).  937 

122. Vörösmarty, C.J. Global threats to human water security and river biodiversity. 938 

Nature 467, 555-561 (2010). 939 

123. Barbier, E.B., The economic linkages between rural poverty and land 940 

degradation: some evidence from Africa. Agric. Ecosys. Environ. 82, 355-370 (2000). 941 

124. Kardol, P. & Wardle, D.A. How understanding aboveground–belowground 942 

linkages can assist restoration ecology. Trends Ecol. Evol. 25, 670-679 (2010). 943 

125. Bardgett, R.D. Plant trait-based approaches for interrogating belowground 944 

function. Biol. Environ. 117, 1-13 (2017). 945 

126. Isbell, F. et al. Benefits of increasing plant diversity in sustainable 946 

agroecosystems. J. Ecol. 105, 871-879. (2017). 947 



 29 

127. Manning, P., et al. Transferring biodiversity-ecosystem function research to the 948 

management of ‘real-world’ ecosystems. Adv. Ecol. Res. 61, 323-356 (2019).  949 

128. Jochum, M. et al. The results of biodiversity–ecosystem functioning 950 

experiments are realistic. Nat Ecol Evol 4, 1485–1494 (2020).  951 

129. Cole et al. Grassland biodiversity restoration increase resistance of carbon 952 

fluxes to drought. J Appl. Ecol. 56, 1806-1816 (2019).  953 

130. Yang, Y., Tilman, D., Furey, G. & Lehman, C. Soil carbon sequestration 954 

accelerated by restoration of grassland biodiversity. Nat. Commun. 10, 718 (2018).  955 

131. Fry, E.L. et al. Soil multifunctionality and drought resistance are determined by 956 

plant structural traits in restoring grassland. Ecology, 99, 2260-2271 (2018). 957 

132. Gould, I.J., Quinton, J.N., Weigelt, A., De Deyn, G.B. & Bardgett, R.D. Plant 958 

diversity and root traits benefit physical properties key to soil function in 959 

grasslands. Ecol. Lett. 19, 1140-1149 (2016). 960 

133. Wubs, E.R., van der Putten, W.H., Bosch, M & Bezemer, T.M. Soil inoculation 961 

steers restoration of terrestrial ecosystems. Nature Plants 2, 16107 (2016). 962 

134. Pilon, N.A., Assis, G.B., Souza, F.M. & Durigan, G. Native remnants can be 963 

sources of plants and topsoil to restore dry and wet cerrado grasslands. Restor. Ecol. 964 

27, 569-580 (2019).  965 

135. Wang, L. et al. Diversifying livestock promotes multidiversity and 966 

multifunctionality in managed grasslands. PNAS, p.201807354 (2019). 967 

136. Wang, X. et al. High ecosystem multifunctionality under moderate grazing is 968 

associated with high plant but low bacterial diversity in a semi-arid steppe 969 

grassland. Plant Soil 448, 265–276 (2020). 970 

137. Pocock, M.J.O., Evans, D.M. & Memmott, J. The robustness and restoration of 971 

a network of ecological networks. Science 335, 973-977 (2012). 972 

138. Buisson, E. et al. Resilience and restoration of tropical and subtropical 973 

grasslands, savannas, and grassy woodlands. Biol. Rev. 94, 590-609 (2019). 974 

139. Lee, M., Manning, P., Rist, J., Power, S.A. and Marsh, C., A global comparison 975 

of grassland biomass responses to CO2 and nitrogen enrichment.  Philos. Trans. R. Soc. 976 

B  365, 2047-2056 (2010).  977 

140. Craven, D. et al. Multiple facets of biodiversity drive the diversity–stability 978 

relationship. Nat Ecol Evol 2, 1579–1587 (2018).  979 

141. Borer, E.T. et al. Finding generality in ecology: a model for globally distributed 980 

experiments. Methods Ecol. Evol. 5, 65-73 (2014).  981 



 30 

142. Fraser, L. H. et al. Worldwide evidence of a unimodal relationship between 982 

productivity and plant species richness. Science 349, 302-305 (2015).  983 

143. Spake, R. et al. An analytical framework for spatially targeted management of 984 

natural capital. Nat. Sustain. 2, 90-97 (2019).  985 

144. Dudley et al. Grassland and savannahs in the UN Decade on Ecosystem 986 

Restoration. Restor. Ecol. 28, 1313-1317 (2020).  987 

145. Yengoh, G. T., Dent, D., Olsson, L., Tengberg, A. E., & Tucker III, C. J. Use of 988 

the Normalized Difference Vegetation Index (NDVI) to Assess Land Degradation at 989 

Multiple Scales: Current Status, Future Trends, and Practical Considerations. 990 

Springer Briefs in Environmental Science (2015). 991 

146. Buchhorn, M. et al. Copernicus Global Land Service: Land Cover 100m, epoch 992 

2015, Globe (Version V2.0.2) [Data set]. Zenodo. DOI: 10.5281/zenodo.3243509 993 

(2019). 994 

147. Mekuria, W. & Aynekulu, E. Exclosure land management for restoration of the 995 

soils in degraded communal grazing lands in northern Ethiopia. Land Degradation and 996 

Development, 24, 528–538, (2011). 997 

148. Rossiter, J., Wondie Minale, M., Andarge, W. & Twomlow, S. A communities 998 

Eden–grazing exclosure success in Ethiopia. International Journal of Agricultural 999 

Sustainability, 15, 514-526 (2017). 1000 

149. Durigan, G., et al. Invasão por Pinus spp: ecologia, prevenção, controle e 1001 

restauração, Instituto Florestal, Sao Paulo, Brazil (2020). 1002 

150. Wang, Z., et al. Effect of manipulating animal stocking rate on the carbon 1003 

storage capacity in a degraded desert steppe. Ecological Research, 32, 1001-1009 1004 

(2017). 1005 

151. Wang, Z., et al. Effects of stocking rate on the variability of peak standing crop 1006 

in a desert steppe of Eurasia grassland. Environmental Management, 53, 266-273 1007 

(2014). 1008 

152. Zhang, R., et al. Grazing induced changes in plant diversity is a critical factor 1009 

controlling grassland productivity in the Desert Steppe, Northern China. Agriculture, 1010 

Ecosystems & Environment, 265, 73-83 (2018). 1011 

153. Wang, Z et al. Impact of stocking rate and rainfall on sheep performance in a 1012 

desert steppe. Rangeland Ecology & Management, 64, 249-256 (2011). 1013 

154. Li, Z., et al. Identifying management strategies to improve sustainability and 1014 

household income for herders on the desert steppe in Inner Mongolia, China. 1015 



 31 

Agricultural Systems, 132, 62-72 (2015). 1016 

155. Shao, Q., Cao, W., Fan, J., Huang, L. & Xu, X. Effects of an ecological 1017 

conservation and restoration project in the Three-River Source Region, China. Journal 1018 

of Geographical Sciences, 27, 183-204 (2017). 1019 

156. Li, X.L., et al. Restoration prospects for Heitutan degraded grassland in the 1020 

Sanjiangyuan. Journal of Mountain Science, 10, 687-698 (2013). 1021 

157. Xu, Y., et al. Trade-offs and cost-benefit of ecosystem services of revegetated 1022 

degraded alpine meadows over time on the Qinghai-Tibetan Plateau. Agriculture, 1023 

Ecosystems & Environment, 279, 130-138 (2019). 1024 

158. Dong, S.K., et al. Farmer and professional attitudes to the large-scale ban on 1025 

livestock grazing of grasslands in China. Environmental Conservation, 34, 246-254 1026 

(2007). 1027 

 1028 

Acknowledgements 1029 

R.D.B and N.O. acknowledge support from BBSRC in the form of a Global Challenge 1030 

Research Fund Impact Acceleration Account Award (GCRF-IAA) (BB/GCRF-IAA/14) and a 1031 

GCRF Foundation Award (BB/P022987/1) “Restoring soil function and resilience to degraded 1032 

grasslands”, and the N8 via an AgriFood Programme pump priming grant. U.S. acknowledges 1033 

support from the Swiss Programme for Research on Global Issues for Development (r4d) 1034 

“Woody invasive alien species in East Africa: Assessing and mitigating their negative impact 1035 

on ecosystem services and rural livelihood” (Grant Number: 400440_152085) and core 1036 

financial support from CABI and its member countries (see http://www.cabi.org/about-1037 

cabi/who-we-work-with/key-donors/).  1038 

Author contributions 1039 

R.D.B. conceived the idea and gained funding with input from N.O. R.D.B wrote the paper 1040 

with significant input from J.M.B, P.M., U.S. and S.L. G.L.P and P.M. designed the figures. 1041 

All authors contributed to the development of ideas and writing of the paper.   1042 

Competing interests 1043 

The authors declare no competing interests. 1044 

Peer review information 1045 

Nature Reviews Earth & Environment thanks [Referee#1 name], [Referee#2 name] and the 1046 

other, anonymous, reviewer(s) for their contribution to the peer review of this work. 1047 

http://www.cabi.org/about-cabi/who-we-work-with/key-donors/
http://www.cabi.org/about-cabi/who-we-work-with/key-donors/


 32 

Publisher's note 1048 

Springer Nature remains neutral with regard to jurisdictional claims in published maps and 1049 

institutional affiliations. 1050 

  1051 



 33 

 1052 
 1053 
Table 1. Common ecosystem services of grasslands and indicators of associated ecosystem 1054 
structure and function parameters 1055 
 1056 
Ecosystem services Ecosystem 

structure / function 
Common indicators  Scale and means of 

measurement 
Forage production 
(quantity) 

Annual aboveground 
biomass production 

Net primary 
productivity (NPP) 
 
Aboveground 
biomass 

NDVI (remote 
sensing) at a 
landscape scale 
 
Direct harvesting at 
a local scale 

Forage production 
(quality) 

Protein content and 
digestibility 

Leaf N content 
 
Presence of species 
of nutritional 
importance  

Remote sensing at a 
landscape scale 

 
Direct measures at a 
local scale 
 

Forage reliability Interannual variation 
in aboveground 
biomass production 

NPP  
 
Species composition  

Remote sensing at a 
landscape scale  
 

Other grassland 
products (medicinal, 
food, hunting) 

Species of particular 
interest 

Species presence 
and/or abundance 

Field survey at a 
local scale 

Biofuels Woody species of 
interest 
 
Grass species of 
particular interest 
(including 
flammable or high 
yielding species) 

Cover or biomass of 
species of interest  

Direct field 
measures or remote 
sensing 

Species of cultural 
value 

Presence of species 
of cultural interest 

Species presence  Local direct 
measures and 
records  
 
Regional surveys 

Aesthetic value Plant community 
composition and 
phenology 

Flower and flower 
colour, and presence 
of ‘unattractive’ 
species 
 
Flowering 
phenology  

Direct surveys 
  
Species list and 
external databases 
for phenology  

Biodiversity 
conservation value 

Plant and animal 
(vertebrate and 
invertebrate) species 
 

Presence and 
abundance of species 
of conservation 
value  

Global Biodiversity 
Information Facility 
 (GBIF) and national 
monitoring schemes 
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at larger scales 
 
Direct surveys at a 
local scale  

Regulation of 
invasive exotics and 
other undesired 
species 

Invasive exotic 
species 
 
Species of negative 
pastoral or cultural 
value 

Presence and  
abundance of 
undesired species 

GBIF and national 
monitoring schemes 
at a larger scale 
 
Direct surveys at a 
local scale 

Global climate 
regulation 

Carbon stocks and 
carbon cycling 
processes 

Soil respiration and 
carbon stocks 
 
Woody species 
biomass and 
vegetation carbon 
stocks 
 
Litter mass and 
depth 

Remote sensing for 
aboveground stocks 
 
Soil sampling and 
interpolation for 
belowground carbon 
stocks and fluxes 
 

Maintenance of soil 
fertility 

Nutrient stocks and 
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 1062 
Figure legends 1063 
 1064 
Figure 1. Degraded grasslands. The extent of degraded grasslands worldwide with 1065 

examples of paired non-degraded (left) and degraded (right) grasslands. Grassland 1066 

classification follows the UN FAO Land Cover Classification System (LCCS) (data 1067 

downloaded at https://lcviewer.vito.be/2015 145 with tundra ecosystems excluded). 1068 

Degradation is measured as greenness changes, as measured by rain use efficiency (RUE) 1069 

adjusted Sum Normalized Differential Vegetation Index (NDVI) between (1981-2015)146 1070 

with regions showing a reduction in greenness of 0.01 being classed as degraded. Therefore, 1071 

much degradation involving vegetation change is not shown. Degradation is caused by many 1072 

factors, including overgrazing, fertilization, tree planting, and invasive species. Image credits: 1073 

United States (L. Brudvig), United Kingdom (L. Hulmes), India (S.K. Chengappa), and 1074 

Australia (S. Prober). Map © Copernicus Service Information year of publication [2015] 1075 

 1076 
 1077 
Figure 2. Standardised assessment of grassland degradation and restoration. Included are 1078 

the steps required to assess grassland condition and select restoration options. These include 1079 

the assessment of demand for different ecosystem services by stakeholders (step 1) and 1080 

identification of universal (step 2) and specific (step 3) ecosystem service, the evaluation of 1081 

grassland restoration and identification of restoration options (step 4), and the shared selection 1082 

and implementation of restoration strategy (step 5).    The relationship between this approach 1083 

https://lcviewer.vito.be/2015%201
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and the other strategies described in this Perspective are shown on the side panel. For specific 1084 

and quantitative examples of steps 1 and 4, see Figures 3 and 4. For steps 2 and 3, which relate 1085 

to identifying indicators, see Table 1. 1086 

 1087 

Figure 3. Assessing ecosystem service trade-offs in degraded and restored European 1088 

grasslands. Steps 1 and 4 from Figure 2 are shown in greater detail so that the quantitative 1089 

methods can be demonstrated. In this system, degradation caused by intensive agriculture 1090 

reduces plant and soil biodiversity and causes soil compaction. This degradation diminishes 1091 

the supply (SD) of ecosystem services demanded (D, represented for each group as D followed 1092 

by a number) by stakeholders, resulting in a low multifunctionality (MF) for all stakeholder 1093 

groups (D x SD). Restoration to high diversity grassland (SR1: Conservation) enhances the 1094 

supply of multiple ecosystem services, though only moderately for fodder production and 1095 

climate regulation through carbon storage. Thus, it provides the greatest multifunctionality to 1096 

all stakeholder groups among restoration options. Restored high diversity grassland also 1097 

provides the best option for priority ecosystem services (PR) for conservationists (see the D1 1098 

x SR1 circle), and for local farmers given their demand for organically-maintained soil fertility 1099 

and cultural identity (D2 x SR2), which could compensate for lower fodder production than 1100 

intensive grassland (as in SR2: Livestock grazing). However, abandonment of agricultural 1101 

management (SR3: Abandoned grassland) could be seen as favourable by some national 1102 

decision makers due to their prioritization of water quality and climate regulation (D3 x SR3 1103 

circle). All MF and PR scores are scaled between zero and one to provide a comparable metric 1104 

and check marks (+, ++) indicate the restoration option with the highest MF or PR.  1105 

 1106 

 1107 

 1108 

 1109 
Figure 4. Assessing ecosystem service trade-offs in degraded and restored grasslands in 1110 

arid and semi-arid Eastern Africa. Steps 1 and 4 from Figure 2 are shown in greater detail 1111 

so that the quantitative methods can be demonstrated. In these regions, invasion of alien woody 1112 

plants such as Prosopis juliflora transforms grasslands into scrubland with bare soil. While the 1113 

supply (SD) of most ecosystem services (ES) demanded (D) by stakeholders is greatly reduced 1114 

by this invasion, fuel wood and charcoal production are promoted (as in D2). The supply of 1115 

other services, such as soil carbon storage, is context-dependent; if grassland previously 1116 

degraded by overgrazing and other forms of mismanagement is invaded, then soil conditions 1117 
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are improved. However, if healthy grassland is invaded, the supply of these services is reduced. 1118 

All stakeholders, apart from charcoal producers, lose ecosystem service benefits (D2 x SD) if 1119 

undegraded grasslands are invaded by P. juliflora, and so perceive it as degradation. 1120 

Restoration options have differing impacts on stakeholder groups. Sustainable livestock 1121 

grazing (SR2) requires fencing off or access restriction but promotes ES supply more than 1122 

conservation (SR1) and supports the greatest multifunctionality (MF) from the perspective of 1123 

all the considered groups. Abandonment does not restore the supply of any ES and even incurs 1124 

ES losses (SR3), because P. juliflora consumes substantial amounts of groundwater. However, 1125 

considering economic priorities towards only the priority ES (PR) of fodder for pastoralists, 1126 

wood products for charcoal producers and ecotourism for tourists would lead these 1127 

stakeholders to respectively favour livestock production, abandonment or conservation as best 1128 

restoration options (highest respective PR scores). All MF and PR scores are scaled between 1129 

zero and one to provide a comparable metric and check marks (+, ++) indicate the restoration 1130 

option with the highest MF or PR.  1131 

 1132 

 1133 

 1134 
 1135 
 1136 
 1137 
 1138 
Box 1 | Case studies of successful grassland restoration.  1139 
 1140 
 1141 
[bH1] Ethiopia (Tigray & Amhara region)  1142 
Ref147-148   1143 
 1144 
[bH2] Restoration - Needs and Actions  1145 
[b1] Drivers of degradation: overgrazing  1146 
[b1] People’s needs: fodder, wood and water  1147 
[b1] Restoration goal: promote soil fertility, herbaceous layer and tree growth, increase water 1148 
retention  1149 
[b1] Actions: time series of area exclosures (5-20 years) protected by community bylaws and 1150 
/or hired guards. 1151 
 1152 
[bH2] Outcomes (+/-) 1153 
[b1] 2 to 3-fold increase in plant species richness, compared to areas outside exclosures  1154 
[b1] 2 to 3-fold increase in vegetation cover  1155 
[b1] Increased soil nitrogen, available phosphorus and cation exchange capacity  1156 
[b1] Erosion and flood perceived to be highly reduced and soil moisture increased  1157 
[b1] Improved provision of fodder for stall-fed livestock  1158 
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[b1] No published information on the economic benefits for local livelihoods. 1159 
 1160 
[bH2] Opportunities and challenges  1161 
 1162 
[b1] Opportunities: government- and NGO-provided incentives including food for work and 1163 
payments for the protection of exclosures  1164 
[b1] Challenges: government has stopped paying incentives in some areas; membership to 1165 
exclosures and distribution of benefits unclear; decision processes and forms of collaboration 1166 
need clarification; limited participation by women in decision processes. 1167 
 1168 
[bH1] Brazil (Cerrado Region) 1169 
Refs 134,149 1170 
 1171 
[bH2] Restoration - Needs and Actions  1172 
[b1] Drivers of degradation: pine plantations (afforestation) and invasions  1173 
[b1] People's needs: water  1174 
[b1] Restoration goal: recovery of herbaceous layer; increase habitat for grassland fauna 1175 
threatened by land conversion and woody encroachment  1176 
[b1] Actions: cutting pines, prescribed burns, transplanting native grasses, controlling re-1177 
invasion by pines and exotic grasses 1178 
[bH2] Outcomes (+/-) 1179 
[b1] Within two years, recovery of 70% the ground cover and 55% plant species relative to 1180 
reference ecosystem.  1181 
[b1] 65 plant species recorded after two years  1182 
[b1] Increase of grassland area in the protected area by 5%  1183 
[b1] Rise in the water table in a cleared watershed  1184 
[b1] Economic benefits not expected nor quantified 1185 
 1186 
[bH2] Opportunities and challenges 1187 
 1188 
[b1] Opportunities: eradication of pines mandatory in protected areas; companies obliged to 1189 
mitigate environmental damage by carrying out restoration work experiments provide 1190 
scientific support for the practices applied  1191 
[b1] Challenges: tendency for woody encroachment and re-invasion by pines from the 1192 
neighbourhood; fire management would be an important tool but there are legal constraints in 1193 
restored ecosystems; invasion by exotic grasses is a permanent threat. 1194 
 1195 
[bH1] China (Inner Mongolia) 1196 
Ref 80,150,151,152,153,154 1197 
 1198 
[bH2] Restoration - Needs and Actions 1199 
[b1] Drivers of degradation: overgrazing  1200 
[b1] People's needs: increased revenue from livestock 1201 
[b1] Restoration goal: mutually beneficial outcome for environmental health and household 1202 
income  1203 
[b1] Actions: reduced stocking rates since 2004; optimization of management practices (such 1204 
as the increased use of feed supplement in winter and spring, and retaining the most 1205 
productive animals) to increase efficiency. 1206 
[bH2] Outcomes (+/-) 1207 
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[b1] Reduction in stocking rate increased aboveground and below-ground biomass, species 1208 
diversity, C sequestration and storage, and net sustainable livestock carrying capacities of 1209 
desert grassland in China  1210 
[b1] Light and moderate grazing led to greater ecosystem stability  1211 
[b1] Low stocking rate, reducing number of old animals and other optimization practices 1212 
increased net household income and alleviated grazing pressure. 1213 
[bH2] Opportunities and challenges 1214 
[b1] adoption of policies for poverty alleviation and grassland restoration, including 1215 
environmental payment schemes, hiring of supervisors to protect grassland ecosystems, or 1216 
funding of warm sheds; adoption of an energy-balance/market-based approach to reduce 1217 
livestock numbers; increased demand for meat in China  1218 
[b1] Challenges: uptake of practices of reducing animal numbers and optimizing livestock 1219 
management by pastoralists. 1220 
 1221 

 1222 

[bH1] China (Qinghai Tibetan Plateau) 1223 

Ref155-158 1224 

[bH2] Restoration - Needs and Actions 1225 
[b1] Drivers of degradation: human disturbance (overgrazing, excessive exploitation), climate 1226 
change, rodent damage as secondary cause  1227 
[b1] People’s needs: reasonable income, sustainable grassland management, water 1228 
conservation  1229 
[b1] Restoration goal: promote herbaceous layer; restore soil health; reduce area of ‘black 1230 
soil’ degraded grassland  1231 
[b1] Actions: planting artificial or semi-artificial grasslands; reducing grazing pressure; 1232 
establishing protected areas. 1233 
[bH2] Outcomes (+/-) 1234 
[b1] Continued degradation in grassland has initially been stopped  1235 
[b1] In a 17-year chronosequence, grassland restoration increased plant biodiversity and 1236 
vegetation cover; soil total nitrogen sequestration improved by 25%–40%  1237 
[b1] Water supply capacity of watersheds has increased 1238 
[b1] No significant change in economic profit along restoration chronosequence 1239 
[bH2] Opportunities and challenges 1240 
[b1] Opportunities: increased awareness that grassland degradation is not only a threat to 1241 
pastoral livelihoods, but also to ecological stability of the region and to people living in other 1242 
regions implementation of environmental payment schemes; government provided funding for 1243 
an ecological conservation and restoration project in the Three-River Source Region  1244 
[b1] Challenges: could affect livelihoods because it restricts access to grazing areas; change in 1245 
grazing system can require high input costs (stalls, new feed sources); collaboration among 1246 
farmers, local officials and extension workers required for technology transfer and policy 1247 
implementation. 1248 
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Kenya 
Decades of overgrazing by cattle and sheep of lowland 
grassland in Kenya has caused excessive soil erosion, and 
loss of biodiversity and ecosystem services. 

United Kingdom 
Ploughing, reseeding and fertilisation has transformed 
species-rich chalk grasslands into ‘improved’ grasslands 
with higher fertility, lower species richness and lower levels 
of many cultural ecosystem services. 

Australia 
In many parts of Australia, livestock grazing can quickly 
break down Themeda swards and promote invasion by 
exotic species. 

Qinghai-Tibetan Plateau, China 
Extensive overgrazing and the increase in rodent population 
have caused widespread degradation of alpine grasslands, 
causing soil erosion and loss of biodiversity and ecosystem 
services. 

Inner Mongolia, China 
Planting of pine trees in semi-arid grasslands can reduce 
plant diversity, damages soils, and increase water 
shortages. 

Brazil 
Cultivation and abandonment of Cerrado grasslands poses 
a major threat to these ancient and highly diverse 
ecosystems. 

India 
Invasion by exotic woody species, primarily Acacia Mearnsii, 
poses a major threat to ancient shola-grassland mosaics in 
the upper reaches of the Nilgiri Biosphere Reserve, Western 
Ghats. 

United States 
Reseeding and fertilisation of tallgrass prairie has 
transformed species-rich prairie grasslands with a mixture of 
native C3 and C4 grasses, sedges and forbs, to species-
poor grassland dominated by Eurasian C3 grasses. 
 

Grasslands 

Other terrestrial biomes 
Degraded grasslands 

0       2500 km 

1 

2 

3 

4 

5 

6 

7 

8 

Global grassland degradation 

1 

2 

3 

4 

5 

6 

7 

8 



50

25

0

Assess demand for different ecosystem 
services by multiple stakeholder groups

Evaluate grassland degradation and 
identify restoration options

Indicator 
measures

Species of 
international 

conservation concern
Climate 

regulation

Soil carbon 
stocks

Presence of 
species

Net primary 
productivity

Biomass 
production

CO2

Ecosystem 
services

Local farmers National 
decision-makers Conservationists

1

Identify universal ecosystem service 
indicators

2

Identify indicators for specific ecosystem 
services

3

Aesthetic 
beauty

Disease 
regulation

Absence of 
plant litter

Wood 
production

FuelwoodEcosystem 
services

Specific 
indicator 
measures

4

Assess 
grassland 
degradation

Perform 
trials of 
restoration 
options

Livestock grazing Abandoned grassland Conservation

Assess 
demand

Stakeholder 
groups

Policy recognition 
of grasslands

Share restoration
knowledge e.g. shared 

platform, databases

Vector 
abundance

Select and implement restoration 
strategy via participatory approaches

5

Selection of 
restoration 
options by 
stakeholders Livestock grazing Abandoned grassland Conservation

%
 la

nd
 a

re
a

Research innovation 
and understanding

Shared understanding 
of grassland degradation 

and restoration

Restoration options



0
0.2
0.4
0.6
0.8
1.0

MF=0.30 PR=0.31

Step 4: Assess stakeholder benefits from restoration
options

D1 x SR1

MF=0.49++ PR=0.71++

D2 x SR1

MF=0.47++ PR=0.63++

0
0.2
0.4
0.6
0.8
1.0

D3 x SR1

MF=0.44++  PR=0.60++

Stakeholder groups

Step 1: Assess demand for different ecosystem services

Step 2: Assess grassland degradation using identified indicators

Supply 
degraded 

(SD)

Step 3: Measure supply gain
from restoration options

Conservation
(SR1)

Livestock 
grazing
(SR2)

Abandoned 
grassland

(SR3)

Ecosystem services

Soil fertility 
maintenance

Climate 
regulation

Water 
quality

Pollination

Aesthetic 
value

Charismatic 
species

Cultural
identity Fodder

Other 
products

Conservationist Local farmer National 
decision-maker

D2

0
1
2
3
4
5

D3

0
1
2
3
4
5

0
1
2
3
4
5

MF=0.11 PR=0.14

D1 x SD

0
0.2
0.4
0.6
0.8
1.0

MF=0.11 PR=0.16

D2 x SD

0
0.2
0.4
0.6
0.8
1.0

D3 x SD

MF=0.11 PR=0.18

0
0.2
0.4
0.6
0.8
1.0

0
1
2
3
4
5

0
1
2
3
4
5

0
1
2
3
4
5

D2 x SR2

MF=0.30+ PR=0.52+

0
0.2
0.4
0.6
0.8
1.0

D2 x SR3

0
0.2
0.4
0.6
0.8
1.0

D3 x SR3

MF=0.36+ PR=0.65+

D1

0
1
2
3
4
5

0
0.2
0.4
0.6
0.8
1.0

D1 x SR2

MF=0.27  PR=0.36

0
0.2
0.4
0.6
0.8
1.0

D3 x SR2

MF=0.29 PR=0.54

0
0.2
0.4
0.6
0.8
1.0

D1 x SR3

MF=0.32+ PR=0.36+

0
0.2
0.4
0.6
0.8
1.0

0
0.2
0.4
0.6
0.8
1.0



Step 4: Assess stakeholder benefits from restoration
options

Stakeholder groups
TouristCharcoal producerPastoralist

Step 1: Assess demand for different ecosystem services

Step 2: Assess grassland degradation using identified indicators

Supply 
degraded 

(SD)
0
1
2
3
4
5

D1 x SD

MF=0.21  PR=0.23

0
0.2
0.4
0.6
0.8
1.0

D2 x SD

MF=0.25  PR=1.18

0
0.2
0.4
0.6
0.8
1.2
1.0

D2

0
1
2
3
4
5

D1

Step 3: Measure supply gain
from restoration options

Conservation
(SR1) 0

1
2
3
4
5

Livestock 
grazing
(SR2)

0
1
2
3
4
5

Abandoned 
grassland

(SR3)
0
1
2
3
4
5

D1 x SR1

MF=0.33+ PR=0.53+

0
0.2
0.4
0.6
0.8
1.0

D1 x SR2

MF=0.45++ PR=0.68++

0
0.2
0.4
0.6
0.8
1.0

D1 x SR3

MF=0.20  PR=0.23

0
0.2
0.4
0.6
0.8
1.0

D3 x SR1

MF=0.37++ PR=1.00++

D2 x SR2

MF=0.41++ PR=0.88++

0
0.2
0.4
0.6
0.8
1.0

D2 x SR3

MF=0.27+ PR=1.47+

0
0.5
1.0
1.5

D3 x SR2

MF=0.43+ PR=0.60+

0
0.2
0.4
0.6
0.8
1.0

D3 x SR3

0
0.2
0.4
0.6
0.8
1.0

Natural 
product

Subsistence 
crops

Ground-
water

Microhabitat

Disease 
regulation

Soil 
condition 
regulation

Ecotourism Fodder

Fuelwood 
and

charcoal

Ecosystem services

0
1
2
3
4
5

D3

0
1
2
3
4
5

D3 x SD

MF=0.21  PR=0.40

0
0.2
0.4
0.6
0.8
1.0

D2 x SR1

MF=0.29  PR=0.59

0
0.2
0.4
0.6
0.8
1.0

0
0.2
0.4
0.6
0.8
1.0

MF=0.17  PR=0.20


	andrew
	Article (refereed) - postprint

	Bardgett et al_accepted version  (1)
	Combatting global grassland degradation
	Abstract
	In this Perspective, we consider the current state of and ecosystems service provided by grasslands (open grassland, grassy shrublands, and savanna).  The known extent and dominant causes of grassland degradation are reviewed. We then consider the c...
	[H1] Promoting restoration
	A socio-ecological approach is also key to identifying how restoration of degraded grasslands might be achieved37,43. Five actions are proposed here that should be deployed to develop effective socio-ecological solutions to the halting the degradation...
	[H2] Policy recognition of grasslands. National and global policy are needed to recognize the role of grasslands in addressing climate mitigation, food security, biodiversity conservation and poverty alleviation. A major factor contributing to the deg...
	The reasons for this neglect of grasslands in sustainability policy are unclear, but it likely relates to historical factors and misconceptions about grasslands. For example, natural grasslands are often erroneously considered to be degraded lands or ...
	[H2] Standardised assessment. New approaches are needed to enable standardised assessment of grassland condition globally under different situations. These approaches should assess the severity of grassland degradation and its consequences for biodive...
	[H2] Shared understanding and trade-offs. When assessing grassland restoration options that best suit different stakeholder groups, there will likely be differences in preferred options (Figs. 3 & 4), which might cause disagreement and conflict. To ad...
	[H2] Knowledge sharing in grassland restoration. Evidence of success or failure of grassland restoration programmes is scant103,104. Accordingly, there is a need for standardised and accessible reporting of restoration successes and failures, and ongo...
	While grasslands are currently underrepresented within these databases, which are still under development and continually being expanded, they demonstrate the potential for user-driven platforms to provide valuable insight into effective restoration p...
	[H2] Research innovation: Innovations in environmental research need to be developed and employed to improve the assessment of grassland degradation and provide novel solutions to restoration and sustainable grassland management. At a global and regio...

	Figures_Bardgett et al
	Figure 1_Bardgett et al 
	Figure 2_Bardgett et al
	Figure 3_Bardgett et al
	Figure 4_Bardgett et al


