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Global priority areas for ecosystem 
restoration

Bernardo B. N. Strassburg1,2,3,4 ✉, Alvaro Iribarrem1,2, Hawthorne L. Beyer5,  
Carlos Leandro Cordeiro1,2, Renato Crouzeilles1,2,3, Catarina C. Jakovac1,2,6,  
André Braga Junqueira1,2,7, Eduardo Lacerda1,2,8, Agnieszka E. Latawiec1,2,9,10, Andrew Balmford11, 
Thomas M. Brooks12,13,14, Stuart H. M. Butchart11,15, Robin L. Chazdon2,16,17,18, Karl-Heinz Erb19, 
Pedro Brancalion20, Graeme Buchanan21, David Cooper22, Sandra Díaz23, Paul F. Donald11,15,21, 
Valerie Kapos24, David Leclère25, Lera Miles24, Michael Obersteiner25,26, Christoph Plutzar19,27, 
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Extensive ecosystem restoration is increasingly seen as being central to conserving 
biodiversity1 and stabilizing the climate of the Earth2. Although ambitious national 
and global targets have been set, global priority areas that account for spatial 
variation in benefits and costs have yet to be identified. Here we develop and apply a 
multicriteria optimization approach that identifies priority areas for restoration 
across all terrestrial biomes, and estimates their benefits and costs. We find that 
restoring 15% of converted lands in priority areas could avoid 60% of expected 
extinctions while sequestering 299 gigatonnes of CO2—30% of the total CO2 increase 
in the atmosphere since the Industrial Revolution. The inclusion of several biomes is 
key to achieving multiple benefits. Cost effectiveness can increase up to 13-fold when 
spatial allocation is optimized using our multicriteria approach, which highlights the 
importance of spatial planning. Our results confirm the vast potential contributions 
of restoration to addressing global challenges, while underscoring the necessity of 
pursuing these goals synergistically.

The effects of ecosystem degradation and conversion on biodiversity 
and climate have driven ambitious targets for ecosystem restoration 
at national, regional and global levels. The United Nations (UN) has 
declared 2021–2030 the ‘UN Decade on Ecosystem Restoration’, and 
the Bonn Challenge and the New York Declaration on Forests aim to 
restore 350 million hectares worldwide by 2030. The conservation of 
the remaining natural ecosystems remains the most important focus 
to safeguard biodiversity3,4, but the large-scale restoration of ecosys-
tems is seen as pivotal to limiting both climate change2 and species 
extinction1. Ecosystem restoration includes the restoration of con-
verted lands back into healthy ecosystems, as well as the restoration of 
degraded ecosystems5. Under the Paris Climate Accord, 137 countries 
highlighted restoration in their plans, and 196 countries agreed to 
the Convention on Biological Diversity Aichi Biodiversity Target 15 on 
ecological restoration.

Restoration benefits and costs vary markedly across space. A previ-
ous global assessment of areas where trees could be planted indicated 
there is considerable scope for carbon drawdown6, but afforestation 
of nonforest biomes is likely to have negative consequences for native 
biodiversity7,8. Analyses within regions9, or subsets of habitat types10 
or ecoregions11, suggest restoration could be achieved at relatively 
low cost12 and identify overlaps between priority areas for different 
objectives10—but also indicate considerable trade-offs among these 
objectives9. In contrast to the assessment of priorities for conservation 
of remaining natural habitats12–14, a global analysis of priority areas for 
restoration has not yet been conducted and the interplay between 
multiple restoration objectives and biomes remains unknown.

We developed a multicriteria approach for optimizing several out-
comes of restoration (biodiversity conservation, the mitigation of 
climate change and costs) that explicitly accounts for biome-specific 
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differences in restoration outcomes, and applied it globally and across 
all terrestrial biomes. Our algorithm uses linear programming to 
optimize the spatial allocation of restoration for our 3 criteria across 
1,200 scenarios. Linear programming identifies exact solutions to 
linear optimization problems15,16—unlike the heuristic algorithms that 
are more commonly used in conservation12–14, which identify feasible 
solutions of unknown optimality17,18. A recent application found the heu-
ristic solution to be at least 30% less optimal than linear optimization 
solutions17. We built on a single-biome and single-target approach9 by 
developing the capacity to optimize across several biomes simultane-
ously (accounting for biome-specific biodiversity and carbon benefits) 
and across several restoration targets.

We considered all lands converted from natural ecosystems to 
croplands or pasturelands. We did not include the restoration of 

unconverted yet degraded natural ecosystems—which can contribute 
substantially to several global challenges5—because their restoration 
costs and benefits are poorly quantified. Converted lands were derived 
from a land-use remote-sensing product19, combined with informa-
tion on grazing intensity (Methods). Ecosystems were grouped into 
five major types19: forests, grasslands, shrublands, wetlands and arid 
ecosystems. Within each 5 × 5-km cell, restoration of each ecosystem 
type was limited to the fraction we estimated to have originally been 
occupied by that ecosystem (Extended Data Fig. 1, Methods), thereby 
preventing undesirable outcomes such as promoting the afforesta-
tion of grasslands7,20. Converted lands were mapped at 300 × 300-m 
resolution, such that our analysis accounted for some the small-
est islands of the world, many of which are crucial for biodiversity  
conservation.
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Fig. 1 | Global priorities for restoration according to various criteria.  
a–e, Priority areas for restoration, focused on biodiversity (a), the mitigation of 
climate change (b), minimizing costs (c), biodiversity and the mitigation of 
climate change (d) and all three criteria (e). All converted lands are ranked from 

highest priority (top 5%) (dark red) to lowest priority (85–100%) (blue). The 
spatial patterns for individual criteria (a–c) vary considerably, which highlights 
the role of joint optimizations (d, e) in capturing synergies.
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Benefits for biodiversity were quantified as the reduction in potential 
extinction debt from habitat loss following ecosystem restoration, 
assessed individually for 20,319 species of mammals, amphibians and 
birds. Our approach incorporated complementarities among planning 
units and nonlinearities in the relation between habitat extent and 
extinction risk9,21–23. Species range maps24, and altitudinal and habitat 
preferences24, were used to develop an area of habitat25 for each species 
(Methods). Restored areas within the area of habitat of each species 
were assumed to become habitat for that species in the long-term, 
thereby reducing extinction risk (Extended Data Fig. 2a). Eight per cent 
(1,666) of the assessed species are expected to become extinct under 
current habitat conditions (Methods)—similar to a recent estimate 
from the Intergovernmental Science–Policy Platform on Biodiversity 
and Ecosystem Services (IPBES) Global Assessment1, of 9% of species 
committed to extinction. Benefits for the mitigation of climate change 
were measured by long-term carbon dioxide sequestration following 
restoration to a reference ecosystem structure in each geographical 
zone, considering above- and belowground biomass26 and soil carbon27 
(Extended Data Fig. 2b, Methods). Opportunity costs from agriculture 
were measured by the net present value of future profits that are poten-
tially foregone by restoring cropland or pastureland back to native 
vegetation (Methods). To estimate total costs, we added restoration 
implementation costs by adjusting estimates from a Brazilian study9 
according to the labour and input costs of each country (Extended 
Data Fig. 2c, Methods).

Priority areas for restoration, and outcomes
Priority areas for restoration that focus solely on biodiversity, climate 
change mitigation or cost minimization (Fig. 1a–c) have different spatial 
patterns, which result in widely variable restoration outcomes. Benefits 
for biodiversity, estimated as reductions in extinction debt, vary sixfold 
for the same area restored (the reduction in extinction debt for 5% 
restoration varies from 7 to 43%) (Fig. 2a). Benefits for the mitigation of 
climate change vary threefold (sequestration of 48–130 gigatonnes of 
CO2 under 5% restoration) (Fig. 2b). To match the extinction reduction 
benefits of a biodiversity-focused 15% target, restoration focused on 
minimizing costs would require restoring 50% of converted lands glob-
ally (Fig. 2a). Variation can also be seen in the distribution of priority 
areas across all 17 IPBES subregions (Extended Data Fig. 3).

Restoring 15% of converted lands globally (consistent with Aichi 
Biodiversity Target 15) could reduce the current global extinction debt 
by 63 ± 4% if concentrated in priority areas for biodiversity (Figs. 2a, 3).  
If focused on the mitigation of climate change, up to 335 ± 35 giga-
tonnes of CO2 could be sequestered (Figs. 2b, 3)—equivalent to 34% of 
the total increase in atmospheric CO2 since the Industrial Revolution 
(about ad 1750). These figures are higher than those often reported for 
restoration2,28, which use average carbon stocks and do not consider 
spatial optimization.

Although single-criterion solutions do not perform well for the other 
criteria, multicriteria solutions can deliver a substantial fraction of 
both sets of benefits simultaneously. The biodiversity-focused solution 
of the 15% target delivers 73% of potential climate-mitigation gains, 
whereas the climate-focused solution provides only 65% of the poten-
tial biodiversity gains. Optimizing for both benefits simultaneously 
(‘biodiversity + climate’ scenario in Fig. 1d) would deliver 95% of the 
maximum biodiversity benefit and 89% of the maximum for climate 
change mitigation (scenario III in Fig. 3).

Introducing cost minimization as an extra objective of the optimiza-
tion markedly improves the cost effectiveness of solutions (trade-off 
curve with point V in Fig. 3) consistent with previous studies9,15. The 
environmental solutions that do not include cost minimization in the 
optimization lead to the highest costs of all unconstrained scenarios (up 
to US$5,835 ± 870 per hectare). The solution that minimizes costs (sce-
nario IV in Fig. 3) is considerably cheaper (US$2,356 ± 563 per hectare), 
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Fig. 2 | Outcomes of restoration for biodiversity, mitigating climate change 
and minimizing opportunity costs. a–c, Outcomes for biodiversity (a), the 
mitigation of climate change (b) and minimizing opportunity costs (c). In each 
graph, outcomes are presented for five selected scenarios across our three 
criteria: maximize biodiversity benefits (green), maximize climate change 
mitigation (black), maximize biodiversity and climate benefits simultaneously 
(brown), minimize opportunity cost (yellow) and multiple benefits (blue). The 
grey line represents outcomes of a restoration that is uniformly dispersed 
across all areas, as a benchmark for no spatial prioritization. The results 
highlight the substantial variation in outcomes for the same area target, 
illustrated in a by the sixfold difference in outcomes for biodiversity (α) for the 
same 5% restoration target depending on the criteria chosen for the spatial 
allocation of restoration.
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but in environmental terms performs very poorly, delivering only 34% 
and 39%, respectively, of the potential benefits for biodiversity and 
climate. Solving the optimization for all three criteria simultaneously 
provides cost-effective multicriteria solutions. One of these, the ‘mul-
tiple benefits’ scenario (Fig. 1e), would— at 5% restoration—increase 
cost effectiveness for biodiversity by 13-fold when compared with a 
‘uniform’ restoration scenario (discussed below). At 15% restoration 
(scenario V in Fig. 3), this scenario would deliver 91% of the potential 
benefit for biodiversity and 82% of that for climate, while reducing costs 
by 27% compared to the biodiversity + climate scenario, reinforcing 
previous findings that optimizing for several benefits can yield valu-
able compromise solutions9,16.

Our results confirm that ecosystem restoration can have a major role 
in the mitigation of climate change at relatively low costs. Although it 
takes time for restored ecosystems to reach carbon stocks of reference 
conserved ecosystems, tropical forests (which make up most of the 
area of restored ecosystems in all but the ‘minimize costs’ scenarios) 
return to 90% of reference carbon stocks in 66 years and to >50% in the 
first 20 years (both median times)29. Biomass corresponds to 92% of the 
sequestered carbon estimate, and soil to the remaining 8%. Across the 
main scenarios, carbon prices of US$10–15 per tonne of CO2 would be 
sufficient to cover costs in targets up to 45% of global converted area 
(Extended Data Fig. 4), which could deliver climate mitigation benefits 
of as much as 702 ± 83 gigatonnes of CO2. This lies at the lower end of 
mitigation cost options according to the Intergovernmental Panel on 
Climate Change (IPCC)2 and below the 2019 market price in the EU 
trading scheme (US$25 per tonne of CO2 equivalent). That said, we 
emphasize that restoration efforts need to be accompanied by strong 
reductions in fossil fuel emissions28.

The relative contribution of ecosystem types
Our analysis highlights the value of considering several biomes simul-
taneously, as these ecosystems vary in their relative contribution to 
the criteria chosen. Of 2,870 million hectares of converted lands we 
identified worldwide, we estimate that 54% were originally forests, 25% 
grasslands, 14% shrublands, 4% arid lands and 2% wetlands (Extended 
Data Fig. 5). Validation of the estimated original ecosystem type using 
data from 1992–2015 indicates high predictive accuracy (total root 
mean square error of 6.73%), consistent across all vegetation classes 
(Extended Data Fig. 6, Methods). Nevertheless, our approach probably 
underestimates the original extent of ecosystems that have suffered 
disproportionally high historical losses, such as wetlands.

Wetlands and forests are of the highest relative importance for bio-
diversity conservation (Fig. 4a) and the mitigation of climate change 
(Fig. 4b), respectively. The focus shifts to arid ecosystems and grass-
lands when the goal is to minimize costs (Fig. 4c). When targeting all 
three outcomes, all biomes have an important role (Fig. 4d). Joint prior-
ity areas for biodiversity and climate are concentrated in wetlands and 
tropical and subtropical forests with high carbon stocks, high diversity 
and marked loss of natural habitat, and are generally located10 in bio-
diversity hotspots30. Converted areas within relatively intact tropical 
forests are also priorities for the mitigation of climate change, and 
South American and African shrublands are additional priorities for 
biodiversity (Fig. 1).

Scale and feasibility constraints
The unconstrained global scenarios are useful benchmarks and might 
support international incentive schemes such as REDD+ (‘reducing 
emissions from deforestation and forest degradation’22), yet involve 
some regions having high proportions of their converted lands prior-
itized for restoration. For example, 96% of the Caribbean converted 
lands are in the top 15% of global priorities for biodiversity (Extended 
Data Fig. 3). Therefore, we investigated the effects of achieving global 

restoration targets while accounting for geopolitical boundaries, land-
scape constraints and the land-sparing potential of improved land 
use. First, we simulated each country restoring 15% of its converted 
lands. Second, we simulated achieving this target dispersed at a finer 
landscape level, treating our 25-km2 planning units as landscapes 
and restoring 15% of the converted lands in each one. Third, for both 
these levels, we limited restoration up to the area potentially spared 
by closing 75% of current yield gaps for all crop types (considering only 
rain-fed attainable yields) (Extended Data Fig. 7) and livestock produc-
tion (Methods). The rationale is that increasing agricultural yields can 
spare lands for restoration while maintaining or increasing overall 
agricultural production (a concept termed ‘land-neutral ecological 
restoration’31), and investigated at several scales23,32.

Applying the 15% restoration target at the national scale would result 
in a 28% reduction in benefits for biodiversity and 29% for climate while 
increasing costs by 52% (scenario VI in Fig. 3) in the multiple benefits 
scenario, when compared to the global unconstrained equivalent. Up 
to 61% of the global priority areas (mostly in the tropics; red in Extended 
Data Fig. 8) would not be restored in these national-level scenarios, 
although they could potentially be targeted by international incentive 
schemes such as REDD+. Constraining targets so that all landscapes 
are restored by 15% (scenario VII in Fig. 3) would reduce biodiversity 
benefits by 67% and the benefits of climate change mitigation by 49%, 
while increasing costs by 92%. This more-dispersed restoration could 
have benefits in terms of increased representation of ecological com-
munities and local benefits of nature to people33,34. National and local 
implementation plans should consider these trade-offs.

In comparison with scenarios that uniformly constrain restoration 
to a fixed 15% of national or landscape units, implementing restoration 
in priority areas while maintaining current agricultural production via 
achievable yield increases would result in far greater environmental 
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benefits and lower costs. At national levels, outcomes would be within 
3% or less of the unconstrained global scenarios (scenario VIII in Fig. 3), 
whereas at landscape levels biodiversity benefits would drop by 12% 
only (scenario IX in Fig. 3), instead of 67% in the uniform scenario. At the 
global level, 55% of converted lands could be restored while maintain-
ing current production. These values suggest the potential for more 
ambitious restoration beyond the 15% Aichi Biodiversity Target 15 and 
highlight the substantial scope for a restoration approach implemented 
through integrated landscape management to provide marked envi-
ronmental benefits while limiting conflicts with agriculture. Although 
agricultural intensification can have detrimental effects on climate, 
biodiversity and human health2,35–39, yields can often be increased with-
out incurring these costs37.

We focused our analysis on current land use, based on a scenario 
in which current remnants of natural ecosystems are successfully 
retained. The sensitivity of our analysis to this assumption was tested 
on our central multiple benefits scenario, using a pessimistic land-use 
change scenario with substantial habitat loss (Methods). The results 
show that the overall distribution of restoration would be very similar 
(total root mean square error of 13%), and differences in outcomes for 
biodiversity, carbon sequestration and costs are all within the margin 
of error for the estimates based on current land-use change (Extended 
Data Fig. 9).

Discussion
Our results demonstrate that differences in the spatial heterogene-
ity of restoration benefits and costs leads to substantial variation in 
outcomes depending on the prioritization criteria used. These varied 
spatial patterns in turn underscore the need to adopt multicriteria 
approaches that incorporate several ecosystem types. The framework 
used in this analysis—which we have named PLANGEA—is already sup-
porting parties to the Convention on Biological Diversity in exploring 
targets for a post-2020 biodiversity framework and informing res-
toration planning in Brazil, with the incorporation of custom-made 
criteria for different biomes that range from water quality benefits in 
the Atlantic forest to poverty reduction through job creation in the 

Caatinga biome. Applying decision-support tools at regional, national 
and local levels can provide further insight for restoration planning and 
implementation, and address local socio-ecological contexts. These 
processes must incorporate the free, prior and informed preferences 
and knowledge of Indigenous peoples and local communities to foster 
success and resilience and avoid negative social outcomes40. Impor-
tantly, restoration should not happen at the expense of the conserva-
tion of remaining natural ecosystems, which is the most cost-effective 
action in most cases41.

Our analysis has many limitations. First, it carries the uncertainties 
associated with the input data, particularly those associated with global 
land-cover maps26, species ranges (although using the area of habitat 
for species limits overestimation of their occurrence25,42,43) and carbon 
estimates (Extended Data Fig. 10, Methods). Second, our approach to 
estimating the original vegetation cover might underestimate the origi-
nal coverage of some ecosystems, although our estimates fall within 
ranges found in the literature5 and validation analyses indicated high 
accuracy (Extended Data Fig. 6). Following previous publications14,44–46, 
and owing to global-level data limitations, we used only three vertebrate 
classes (those for which all species distributions have been mapped, 
and habitat and altitudinal preferences are available) as a proxy for 
biodiversity benefits, which is a limitation both in terms of species rep-
resentativeness and genetic- and ecosystem-level biodiversity benefits. 
However, extinction-risk levels in these groups are broadly comparable 
to those for incompletely assessed groups4. Our analysis focuses only 
on habitat-related extinction risk and assumes that recolonization 
of restored habitat is possible, provided it falls within the ranges of 
species when—in practice—many other threatening processes must 
be addressed47 and species-specific management may be required to 
foster species recovery. We focused exclusively on converted areas, 
but the restoration of degraded ecosystems that have not been fully 
cleared can also provide important benefits5. We did not consider future 
projections of climate change, which would affect spatial distributions 
of species, as well as biomass and agricultural production, and the 
contribution and value of restoration to ecosystem-based adaptation. 
Finally, this work does not consider important socio-economic issues 
that could affect restoration prioritization (for example, social equity 
and cultural priorities) and the operationalization of restoration (for 
example, land tenure and sociopolitical context)48–50, which should be 
appropriately addressed at local and regional scales through culturally 
inclusive decision-making and implementation.

Conclusions
Our findings provide useful insights for research and policy in five main 
ways. First, they quantify the potential for, and outcomes of, ambitious 
restoration targets to deliver biodiversity conservation and the mitiga-
tion of climate change. These gains are most marked if coupled with 
ambitious goals for retaining natural ecosystems4 within landscape 
approaches that integrate conservation, restoration and improved use 
of agricultural lands. For instance, combining the retention of remain-
ing natural ecosystems with the restoration of 30% of converted lands 
in priority areas would mitigate 71 ± 4% of current extinction debt while 
sequestering 465 ± 59 gigatonnes of CO2—equivalent to 49% of all of 
the CO2 increase in the atmosphere since the Industrial Revolution. 
This could form a basis for ambitious 2050 global conservation and 
climate mitigation agendas.

Second, our findings highlight that area alone is an ineffective metric 
for ensuring substantial biodiversity and climate mitigation outcomes, 
with up to sixfold variation in outcomes for the same restored area; 
targets should instead be oriented towards overarching outcomes, 
such as extinction avoidance and the mitigation of climate change. 
Third, at a time at which many restoration targets are forest-focused, 
our results highlight the importance of including several biomes. 
Fourth, we show the complementary roles that different countries 
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have in meeting overarching global targets, highlighting the benefits 
of international cooperation. Fifth, by quantifying and mapping the 
efficiency gains of joint climate and biodiversity prioritization, our 
findings underscore the synergies that arise from bridging the aims of 
the three UN Rio Conventions rather than pursuing their objectives in 
isolation. The coupled challenges that these conventions address are 
some of the greatest faced by humankind, but our declared collective 
ambition to restore nature—if well-planned and implemented—can 
make substantial headway towards addressing them.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

We applied a multicriteria optimization framework (PLANGEA) to 
identify global priority areas for restoration and quantify trade-offs 
and synergies across biodiversity, climate change mitigation and 
costs. To do so, we: (i) estimated current converted areas worldwide 
and their original (before human settlement) ecosystem type; (ii) esti-
mated potential long-term restoration benefits for climate change 
mitigation; and (iii) biodiversity in these areas; (iv) estimated costs; (v) 
implemented a multicriteria optimization algorithm based on linear 
programming; and (vi) simulated different global restoration scenarios 
based on area targets. Our study area includes all terrestrial regions 
of the Earth from −80° to 80° latitude and from −180° to 180° degrees 
longitude. We divided the study area into 5,590,200 planning units of 
4.96 × 4.96 km (about 2,500 ha), used as unit of analysis. The geographic 
information system analysis used a Mollweide projection to ensure 
similar pixel sizes across the study area.

Current land use and cover, and original ecosystem type
We developed two land-use and cover maps: (i) one representing the 
current land use and cover of the world to identify potential areas avail-
able for restoration (hereafter referred to as the ‘current land use and 
land cover map’ (CLULC)) and (ii) one representing the extent of origi-
nal ecosystem types (that is, the land cover before these areas were 
converted to croplands, pasturelands or urban areas) to identify the 
potential type of ecosystem to be restored (hereafter referred to as the 
‘original ecosystem type map’ (OET)). To build the CLULC map, we used 
the European Space Agency Climate Change Initiative (ESA CCI) land use 
and cover maps19 from 1992 and 2015, with 300 × 300-m pixel size. We 
used the ESA CCI reclassification of its original 37 classes into 10 major 
CLULC classes, representing 5 ecosystem types (forests, wetlands, arid 
ecosystems, natural grasslands and shrublands), 2 classes of areas 
potentially available for restoration (croplands and cultivated grass-
lands), 2 classes of nonrestorable areas (rock and ice, and urban areas) 
and 1 class for water bodies. As the ESA CCI map does not distinguish 
cultivated from natural grasslands, we used the ‘Terrestrial Ecoregions 
of the World’51 and the ‘Gridded Livestock of the World v.2.0’52 datasets 
to classify each pixel into natural (not needing restoration) or cultivated 
grasslands (potentially restorable pasturelands). If a pixel classified 
as grasslands (class 130) in the ESA CCI is located within an ecoregion 
of nongrassland ecosystems (for example, forests), and if it presents 
a cattle density equal or higher than 1 head per km2, it was reclassified 
as ‘pasturelands’—otherwise, it was reclassified as ‘native grassland’.

We built the OET map based on either: (i) the CLULC classes and 
amount of remaining ecosystem types inside each planning unit (97% 
of the total number of planning units) or (ii) using the ecoregion classes 
for planning units with no remaining native vegetation (3% of the total). 
In the first case, we applied the following equation:







OET = CET +

CAV × CET
SETi i

i

in which OETi is the percentage of original ecosystem type i in each 
planning unit; CETi is the percentage of native ecosystem type i in the 
CLULC map; CAV is the percentage of anthropic vegetation in each 
planning unit in the CLULC map (croplands, pasturelands and urban 
areas); and SET is the sum of the percentages of all original ecosystem 
types within a planning unit in the CLULC map.

Climate change mitigation
To estimate the carbon potentially sequestered with restoration, 
we built a global map of carbon stock change in the above- and 

belowground biomass and in the soils of restorable areas. To esti-
mate the potential carbon stocks that can accumulate in the long 
term in above- and belowground biomass after restoration, we used 
an approach commonly used in global estimates (for example, ref. 53). 
We sampled maps of current carbon stocks to obtain mean carbon stock 
values from remaining native vegetation and then extrapolated these 
values to restorable areas within the same geographical zone based on 
the ‘Terrestrial Ecoregions of the World’51. We sampled three current car-
bon stock maps that were built using different approaches for carbon 
stock estimation, produced by ref. 26: maps no. 1, 5 and 6 described in 
the methods of the original publication26. Actual carbon stock map no. 
1 is based on typical biomass-stock values from the literature or census 
statistics assigned to the land-use classes. Actual carbon stock maps 
no. 5 and 6 correspond, respectively, to grid-cell-based minima and 
maxima of remote-sensing-derived carbon estimations (for example, 
refs. 54,55). For a detailed description of the methods used to produce 
maps of actual carbon stock in the biomass, see ref. 26.

In each of the three current carbon stock maps, we selected planning 
units that contained 70% of native vegetation cover or more, accord-
ing to ref. 56, totalling 2,816,055 planning units. The land-cover classes 
considered as native were: (i) non-productive and snow; (ii) wilderness, 
no trees; (iii) unused forests; (iv) natural grassland, no trees; and (v) 
natural grassland with trees. In planning units that are not fully covered 
with native vegetation, we applied a correction to generate estimates of 
carbon stock per hectare corresponding exclusively to the remaining 
native vegetation in that planning unit and not influenced by anthropic 
land uses. To do so, we used a reference value of 6 tonnes C ha−1 for 
anthropic land-use (consistent with refs. 26,57) and calculated for each 
planning unit the carbon stocks per hectare of native vegetation using 
the formula:

C
C C

=
( × PU ) − ( × Area )

Areanative
total area converted converted

native

in which Cnative is the carbon stock per hectare of the native vegetation 
in a given pixel, Ctotal is the total carbon stock per hectare in the pixel, 
PUarea is the area of the planning unit (10,000 ha (ref. 26)), Cconverted is the 
reference value of carbon stocks per hectare for anthropic land uses 
(6 tonnes C ha−1), Areaconverted is the area in the planning unit that is not 
covered by native vegetation, and Areanative is the area in the planning 
unit covered by native vegetation.

Once the planning units with ≥70% native vegetation were selected, 
and their C values were corrected for Cnative, we defined geographical 
zones within which these pixels would be sampled, and potential carbon 
stock values would be estimated. Geographical zones were delimitated 
by the ‘Ecoregions of the World’58, containing 848 ecoregions, 14 biomes 
and 9 realms. Within each delimited geographical zone (ecoregion), we 
aimed to estimate the maximum carbon stock that could be achieved 
for each vegetation type; to do so, we performed a calculation that 
combined information of the distribution of carbon stocks in the pixels 
of that ecoregion (which were not specific to each vegetation type) with 
the percentages of each vegetation type in those pixels, according to the 
CLULC map. For each vegetation type in each ecoregion, we calculated 
the weighted 95th percentile of the carbon stock values of the pixels 
(using the function wtd.quantile in the R package Hmisc59), in which 
the weights were the proportion of the respective native vegetation 
type in those pixels. For example, in a given ecoregion, the potential 
carbon stocks of grasslands was given by the weighted 95th percentile 
of the carbon stocks of the pixels in that ecoregion, in which the weights 
were the percentages of grasslands in each pixel. We chose to use the 
95th percentile and not maximum values of the distribution because 
we aimed to estimate the upper limit of carbon stocks that could be 
achieved for each vegetation type (95% of the values in the distribution 
are lower than the calculated value), while avoiding overestimation of 
potential carbon stocks owing to outliers with extremely high values 
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(following ref. 26). We did these calculations independently for the three 
current carbon stock maps from ref. 26 (maps no. 1, 3 and 4 from ref. 26), 
on the basis of which we calculated mean (and s.d.) potential carbon 
stock values (per hectare) per native vegetation type per ecoregion. 
In ecoregions with no planning unit containing ≥70% remaining native 
vegetation (that is, with no sample available for carbon stocks in native 
vegetation), we calculated the weighted 95th percentile values from 
the corresponding intersection of biome and realm51,58, which group 
ecoregions at one level higher. Then, we estimated the potential carbon 
stocks per hectare in each planning unit (pixel) by multiplying the mean 
potential carbon stock per hectare by the proportion of each original 
native vegetation type estimated to cover the pixel after restoration 
(from the OET map), using the formula:

C
C

=
∑ × Area

Area
i

n

stock
nvt= nvt nvt

nv

in which Cstock is the potential carbon stock per hectare in that planning 
unit, i is a given native vegetation type (nvt) of which there are n types, 
Cnvt is the estimated carbon stock per hectare of the native vegetation 
type in the respective geographical zone, Areanvt is the area of the 
native vegetation type estimated to cover the pixel after restoration 
and Areanv is the total area in the planning unit estimated to be cov-
ered by native vegetation after restoration. Finally, we calculated the 
change in biomass carbon stock (delta carbon stock) as the difference 
between the potential and current carbon stocks for restorable areas. 
For restorable areas, we assumed an average current carbon stock 
of 6 tonnes C ha−1, on the basis of reference values used by ref. 26 and 
recommended by the IPCC guidelines57. To estimate uncertainties in 
potential carbon stocks in the biomass, we used the same approach, 
but instead of the mean we used the s.d. of the potential carbon stock 
values (per hectare) per native vegetation type per ecoregion as a basis 
for our calculations.

In addition to aboveground carbon, we also estimated the delta 
carbon stock in the soil based on the most comprehensive dataset 
of soil organic carbon and the predictions for the distribution of 
soil organic carbon in the present (2010) and pre-settlement land 
use (12,000 years ago)27, according to a spatially explicit database 
of historic patterns of human land use (HYDE, History Database of 
the Global Environment60). Assuming that the restoration of native 
vegetation would recover soil organic carbon stocks to pre-settlement 
levels, we subtracted the current soil organic carbon (2010) from the 
pre-settlement soil organic carbon (12,000 years ago) to obtain the 
delta soil carbon for a soil depth interval of 0–30 cm. In comparison 
with biomass carbon, it might take longer for soil organic carbon to 
reach pre-settlement levels61. Finally, we summed the delta biomass 
carbon and delta soil carbon to obtain a total delta carbon stock for 
the restorable areas in the globe.

Our quantification of potential carbon sequestration—similarly to 
other approaches (for example, that of the IPCC)—lacks an explicit 
temporal dimension and does not consider ecosystem feedbacks, 
but only changes in carbon stocks resulting from land-use change. 
The recovery of carbon stocks in the soil and in the biomass can be 
highly variable within and across biomes, taking from a few years to 
centuries depending on a combination of factors such as land-use 
type, climatic conditions and soil types29,62. Our approach of using 
as reference levels the carbon stocks of old-growth vegetation (for 
biomass) and of pre-settlement conditions (for soil) may therefore be 
an overestimation, especially when short-term carbon sequestration 
goals are considered. On the other hand, rates of carbon uptake and 
storage in the biomass and soils can be substantially accelerated; for 
example, by enhancing species diversity and the presence of late suc-
cessional species at the onset of restoration63. Ecosystem models with 
an explicit temporal dimension and that incorporate these feedbacks 
need to be incorporated in large-scale carbon sequestration models 

to provide more accurate estimations of the potential of restoration 
for climate change mitigation

After the optimization, we compute uncertainties for the aggregated 
values of sequestered carbon of a given optimization solution using a 
linear propagation method, considering these uncertainties originate 
from systematic differences in the approaches used for the three maps 
used to generate the s.d. The uncertainties in the aggregated values 
for the sequestered carbon across the restored area selected in each 
scenario (CB) are propagated as
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in which δsi is the s.d. of the sequestered-carbon-per-hectare estimates 
using the three different input maps (as described in ‘Multicriteria 
optimization algorithm’) in the planning unit i.

These uncertainties are mostly due to the uneven distribution and 
overall scarcity of field data for modelling and validating carbon stocks 
in the biomass and soil27,64,65. Our potential and current carbon stock 
estimates (Extended Data Fig. 2b) also have intrinsic uncertainties 
that are combined when delta carbon values are calculated, and these 
uncertainties are probably underestimated given the unknown biases 
introduced by our extrapolation of biomass values from preserved 
areas to converted lands. Upcoming wall-to-wall datasets, such as 
those to be expected from missions such as BIOMASS of the ESA or 
GEDI of NASA may help to reduce uncertainties in potential carbon 
sequestration and their high spatial variability26—in particular if they 
can be linked to particular land-use activities and robustly cover many 
ecosystem types. A comparison of our results with those from a previ-
ous study shows very high agreement across all biome types (Extended 
Data Fig. 10).

Biodiversity
We modelled the change in extinction risk for 5,012 mammals, 6,515 
amphibians and 11,121 bird species (totalling 22,648 species). Spe-
cies distribution maps were accessed from the IUCN Red List24 and 
BirdLife International and Handbook of the Birds of the World66. To 
refine our spatial estimate of current and original habitat for each 
species, we used data from the IUCN Red List on the elevation ranges 
and habitat preferences of each species, reclassified to match our 
five ecosystem types. The resulting distribution of suitable habitat 
for each species is known as the area of habitat25 (also known as the 
extent of suitable habitat67). To estimate the potential benefits of res-
toration to biodiversity, we quantified the reduction in the extinction 
risk of each species resulting from increases in its area of habitat. We 
used a function based on the species–area relationship that estimates 
extinction risk (r) for each species on the basis of the ratio between 
its current and original habitat extent9,21–23: r = 1 − (x/A0)z, in which A0 
is the original area of habitat to the focal species, x is the current area 
of habitat (which can be increased by restoration), and the power z 
describes the rate of diminishing returns in value of additional area of 
habitat at reducing extinction risk. This application of the species–area 
relationship assumes that likelihood of extinction is a function of the 
proportion of original habitat remaining for a species, and is silent 
on absolute amount of habitat, and so may underestimate extinc-
tion risk for naturally restricted-range species and overestimate it 
for widespread ones68.

We evaluate reductions in extinction risk using a z value of 0.25, fol-
lowing refs. 9,20–23, for our central estimate, and incorporated a varia-
tion from 0.15 to 0.35 to derive uncertainty ranges for r. To implement 
this in a linear programming framework, we quantified benefit as the 
tangent to these curves at a given current area of habitat and updated 
these benefit values after solving each of the increments of total res-
toration area target. Hence, if existing area of habitat is small there is a 
large benefit to increasing that area, but as the area of habitat increases 



there is a diminishing benefit for the addition of more habitat area. This 
approach assumes that existing habitat will not be destroyed.

After the optimization, the uncertainties on the aggregated values 
of the reduction of extinction risk (BD) are computed using a standard 
quadratic propagation, assuming that the value of z for each species 
will be in the range 0.15–0.35 with 95% confidence level,
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assuming an uncertainty δz of 0.1 in the value of z, for all species j.

Costs
We estimated foregone benefits of agricultural commodities as a proxy 
for conservation opportunity costs69–71. We computed the opportunity 
costs of agriculture and cultivated pastures separately. For agricul-
ture, we used the extended data of ref. 72—obtained from the IMPACT 
model73—to get equilibrium-price estimates for 31 commodities in their 
SSP2 scenario with no climate change considered (‘SSP2-NoCC’). The 
commodities were selected on the basis of data availability for their 
current and potential productivity, as obtained from GAEZ74. For each 
commodity selected, we computed the present net value (NPV) of one 
tonne of their produce for 40 years using a discount rate of 5% for our 
central estimate. We used each NPV to convert the ref. 74 maps of cur-
rent productivity of each crop in each grid cell from produced quantity 
per area to production value per area. We assumed a 20% margin of 
profit to obtain the opportunity cost for each commodity, as a likely 
conservative (that is, high) estimate based on profit margins in the USA 
(non-small farms75), some EU countries76 and Canada77. We recognize 
this is a simplified assumption and that in reality profit margins vary 
greatly, in particular with farm sizes. We added the resulting maps to 
obtain the opportunity cost layer for agriculture.

For pasture, we used the stocking rate data from the ‘Gridded Live-
stock of the World v2.0’ (ref. 52). We consider pasture to include only 
the planning units with stocking rates in the range between 0.1 to 20 
heads of cow per hectare, assumed to be compatible with pasture-based 
production. Values below 0.1 heads of cow per hectare were classified 
as natural grasslands, whereas values above 20 heads of cow per hec-
tare were assumed to be fully confined and therefore not targeted for 
restoration. We used the values of animal yield per country from the 
IMPACT model to convert the stocking rate from head per hectare to 
tonnes of produced beef per hectare per year. We also used the beef 
NPV from ref. 72 (also using a 40-year time horizon and a discount rate of 
5% for our central estimate) to convert the previous results to produc-
tion value per area. Finally, we assumed the same 20% margin of profit 
as for croplands (as most data sources75–77 reported only aggregate 
profit margins for all farms) to obtain the opportunity cost for pastures. 
To obtain the combined opportunity cost layer, we used the average 
between agriculture and pasture values, weighted by the proportion 
of each land use with respect to the total area of agriculture and pas-
turelands in the planning unit.

To account for restoration implementation costs, we used as the basis 
a cost of US$2,148 per hectare from an earlier study for the Atlantic  
forest9, which is the average value for 100-ha projects across all sce-
narios, and higher (that is, conservative) than costs for most studies 
included in the most-extensive global review of restoration costs avail-
able78. Owing to the absence of spatially explicit data on restoration 
costs for several biomes, we opted to use the values from the previ-
ous application for the Atlantic forest9, as that biome-wide estimate 
reflected implementation costs expected from large-scale restoration 
planning such as the one being modelled here (in contrast to mostly 
projected-based costs included in ref. 78). We adjusted these values to all 
other countries, taking into account their relative costs of agricultural 
labour79 and input (fertilizer80) in relation to Brazil. We assumed that 

labour costs accounts for 70% of the costs and inputs to 30%, on the 
basis of evidence from Brazilian projects81. Although treating imple-
mentation costs as constant per country is a simplification, the previ-
ous application9 shows that 87% of the variation in total costs across 
scenarios was due to variations in the opportunity costs. The total cost 
layer (Extended Data Fig. 2c) was obtained by adding the combined 
opportunity cost layer and the restoration cost layer.

After the optimization, the uncertainties on the aggregated values of 
the opportunity costs (OC) are propagated from assumed uncertainties 
in the prices δP of 25%, and in the discount rate δDR of 5%, which is the 
same as assuming that the discount rate would be in the range 0–10%. 
Specifically, we compute the uncertainties in the opportunity costs 
per hectare ci in each planning unit i as follows
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The final uncertainty in the opportunity costs is then combined as
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Areas potentially spared after closing the yield gap
We estimated areas potentially spared for restoration compatible with 
maintaining current levels of agricultural production. For croplands, we 
used yield gaps based on yields attainable without irrigation (rain-fed) 
from the GAEZ database74. For pasturelands, we used the same approach 
from ref. 21 to estimate the yield gap for extensive pasturelands sys-
tems, also based on rain-fed fodder grass productivity from the GAEZ 
database74. In both cases we assumed that 75% of the yield gap could 
be closed in a sustainable manner, following evidence from the litera-
ture82–84. Our estimate is arguably more conservative as—unlike these 
sources—we did not consider irrigation. We then capped restoration per 
geographical level (either landscape or country) to an area compatible 
with maintaining current agricultural production.

Multicriteria optimization algorithm
To identify the priority areas for restoration, we ran a multicriteria opti-
mization algorithm on the basis of an objective function that defines 
the amount of area to be restored in each planning unit aiming to maxi-
mize benefits (climate change mitigation and/or biodiversity) and/
or minimize costs (opportunity and restoration costs). The objective 
function is
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in which x is the decision variable representing the proportion of an 
ecosystem type to be restored within each planning unit i. The two 
components of the objective function represent the returns (benefit 
or cost) of a type of ecosystem restoration to biodiversity (b) (benefit 
per US$ per km2) summed across all species, and carbon sequestra-
tion (s) (tonnes per US$ per km2), in which the total cost of a type of 
ecosystem restoration is the sum of opportunity and restoration costs 
(c) (US$ per km2). np is the total number of planning units. The first 
constraint limits the total area of habitat to be restored (A) (km2), in 
which A varied depending on the target used for each run. The second 
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constraint ensures that the proportion of the planning unit restored 
ranges from 0 to a maximum value (u), which accounts for the propor-
tion of the planning unit that is already covered by that ecosystem type 
or represents a land use that cannot be restored (for example, urban 
areas). The third constraint, which was implemented only in a subset 
of problems, limits the area of habitat restored within each country (a) 
to a limit (La), in which nc represents the total number of countries and 
Ma represents the set membership of planning units within countries. 
The user-defined parameters wb and ws weight the relative contribu-
tion of the biodiversity and climate change mitigation components, 
respectively, of the objective function. They are required because the 
equivalence of objectives with different units is a subjective decision 
that must be made by decision-makers. The objective function can be 
solved over a range of relative weights to understand how these com-
ponents trade-off. The model was solved iteratively in 20 increments 
of the target area A to approximate the nonlinear function describing 
biodiversity values (that is, the target was not prioritized at once only). 
Alternative scenarios involved removal of components of this model, 
such as the removal of the opportunity costs denominators (c) to maxi-
mize benefits regardless of cost, or the addition of further constraints 
for the scenarios that limited the area of restoration within each country 
or landscape. Exact solutions to this linear programming problem 
were found using the software R Symphony version 0.1-28 (ref. 85).  
Our tool is also capable of optimizing conservation and restoration 
decision on the basis of a target financial budget, which might be useful 
for policy and implementation planning. As targets and policies put 
forward at the global level are area-based, we focused on this type of 
optimization for the present study.

Scenarios
We modelled 1,200 scenarios of restoration prioritization, aiming to 
evaluate trade-offs among climate change mitigation, biodiversity and 
cost for different restoration targets, geographical constraints and 
interplay with land potentially spared from agricultural intensification. 
There are 400 globally unconstrained scenarios (20 restoration targets 
× 10 weights between climate and biodiversity objectives, all of these 
excluding and including costs); another 400 scenarios investigate 
the effects of both country- and landscape-level constraints (for the  
20 restoration targets and 10 weights, always including costs); the 
final 400 scenarios investigate the effects of capping restoration  
to the area made available by closing 75% of the yield gap (again for all  
20 targets and 10 weights, including costs, at both country and land-
scape scales).

The sensitivity test including future land-use change was performed 
using the regional rivalry (SSP3) scenario used by the IPCC86, using data 
available at https://luh.umd.edu/data.shtml.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
All input datasets are available from the references cited. All output 
datasets generated during the current study are available from the 
corresponding author upon request.

Code availability
R codes developed for and used in this analysis are available upon 
request from the corresponding author.
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Extended Data Fig. 1 | Converted lands and their estimated original 
ecosystem type. a, Percentages of converted areas in each planning unit; 
current croplands and pasturelands are included as potentially restorable 
areas. b–f, Percentages of converted lands within each original ecosystem 

type: forests (b), natural grasslands (c), shrublands (d), wetlands (e) and arid 
areas (f). Areas in darker grey in b–f represent the current extent of each 
ecosystem type.



Extended Data Fig. 2 | Benefits of ecosystem restoration for biodiversity 
conservation, the mitigation of climate change and associated costs. a, 
Benefits for biodiversity were calculated as the number of avoided extinctions 
per hectare for all species combined. The map represents the starting situation 
with current vegetation cover before any restoration takes place. b, Benefits 
for climate change are calculated as the difference between the potential 
carbon stored after ecosystem restoration and the carbon currently stored in 
the agricultural lands. ‘Stock’ refers to carbon in the above- and belowground 
biomass and down to 30 cm in the soil, include above and belowground 
biomass and soil carbon sequestration. c, Costs consist of opportunity costs, 
based on the foregone agricultural benefits of areas allocated for restoration, 
and restoration implementation costs.
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Extended Data Fig. 3 | Areas potentially available for restoration and their 
relative priority across subregions. a–f, For each of the 17 subregions of 
IPBES, the horizontal bars show their relative priority percentile for the main 
scenarios focused on biodiversity (a), climate change mitigation (b), 
minimizing costs (c), biodiversity and climate change mitigation (d) and all 
three criteria (e); the last panel (f) shows absolute areas. South America has the 
greatest extent of converted lands that are relatively evenly distributed in the 

top 50% of global priorities, whereas the Caribbean has the smallest extent of 
areas potentially available for restoration—but almost all of them are in the top 
10% of global priorities. The patterns in relative priority for restoration for each 
subregion change substantially across the different restoration scenarios, 
which further highlights the importance of using multicriteria optimizations 
that take into account several benefits of restoration simultaneously.



Extended Data Fig. 4 | Cost-efficiency of climate change mitigation for 
main scenarios. The curves show, for the 5 main scenarios and across 
20 targets ranging from 5% to 100%, the carbon value required to cover both 

opportunity and restoration costs. These results underscore the cost 
effectiveness of restoration as a climate mitigation option, as carbon values are 
in the lower range of low and medium mitigation costs according to the IPCC1.
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Extended Data Fig. 5 | Distribution of major ecosystem types that could be 
restored. Dominant estimated predisturbance ecosystem type in each cell; for 
the fraction of each ecosystem type per cell, see Extended Data Fig. 1.



Extended Data Fig. 6 | Accuracy of original ecosystem-cover predictions. 
a–f, The accuracy of the predictions of the original proportion of each 
ecosystem type in each planning unit was quantified using the root mean 
square error (r.m.s.e.). To better understand any heterogeneity in prediction 
accuracy, we calculated the r.m.s.e. separately for each of the five land-cover 

classes (forest, grassland, shrubland, wetland and desert) in addition to the 
overall r.m.s.e. Overall, predictive accuracy was excellent (total r.m.s.e 6.73%, f) 
with relatively little variation among the five land-cover types: forests, 4.0% (a); 
grasslands, 1.7% (b); shrublands, 4.3% (c); wetlands, 1.2% (d); and arid areas, 
2.6% (e).



Article

Extended Data Fig. 7 | Fraction of converted lands available for restoration after closing yield gaps. Combining yield gaps for croplands and pasturelands, 
the map indicates the fraction of a planning unit that could be spared if 75% of its yield gap were to be closed.



Extended Data Fig. 8 | Global and national priority areas for restoration. 
For the multiple benefits scenario and 15% restoration target, areas in green are 
selected both in the globally unconstrained scenario and in a scenario 
constrained by national boundaries; areas in red are selected only in the global 
scenario and areas in blue are selected only in the national version of the 

scenario. A substantial fraction (69%) of global priority areas would not be 
restored using uniform national targets. As most of these areas are in 
lower-income countries, the results reinforce the role that international 
cooperation mechanisms such as REDD+ can have in achieving cost-effective 
global outcomes through restoration.
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Extended Data Fig. 9 | Sensitivity analysis with future land-use change. a, b, 
In the pessimistic regional rivalries SSP3 scenario83, substantial conversion 
would happen until 2050 (a), and—as a consequence—some priority areas 
would shift towards newly converted areas of high endemic and threatened 
biodiversity that are also rich in carbon, in particular in Africa (b). c–f, Despite 
this, the restored fraction in each planning unit would be very similar to those 

based on 2015 land-use (c) (r.m.s.e. = 13%), and 2050 outcomes for biodiversity 
(d), climate (e) and costs (f) would be within the uncertainty range of 2015 
estimates. Although the reduction in extinction debt would be slightly lower in 
2050 (55% versus 60%), the extinction debt itself would be 25% higher (10% 
versus 8% in 2015), so absolute extinctions avoided would be higher.



Extended Data Fig. 10 | Comparisons between potential biomass carbon 
stocks calculated in this study and other estimates. Comparisons between 
our estimates of potential carbon stocks in biomass (above and below-ground) 
and estimates from ref. 24: Forest Resources Assessment (FRA)-related map 

(FAO) and remote-sensing based map. Box plots are based on pixel-level 
estimates of carbon stocks per ha in each biome, have the same sample size 
(pixels) across maps, and show the median (vertical lines), the interquartile 
range (bounding boxes) minimum and maximum values (whiskers).
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Data collection No software was used for data collection

Data analysis The software used to find exact solutions to this LP problem was R Symphony version 0.1-28, available online: http://R-Forge.Rproject. 
org/projects/rsymphony/ 
R codes developed for and used in this analysis are available upon request from the corresponding author. 
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IUCN species data:https://www.iucnredlist.org/resources/spatial-data-download 
Landcover dataset: ESA-CCI: https://www.esa-landcover-cci.org/ 
Harmonized Land-Use Database for 2050: https://luh.umd.edu/data.shtml 
All output datasets generated during the current study are available from the corresponding author upon request.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description In this study, we applied a multi-criteria optimization framework, PLANGEA, to identify global priority areas for restoration and 
quantify trade-offs and synergies across biodiversity, climate change mitigation and costs. To do so, we: i) estimated current 
converted areas worldwide and their original (prior to human settlement) ecosystem type; (ii) estimated potential long-term 
restoration benefits for climate change mitigation and (iii) biodiversity in these areas; (iv) estimated costs; (v) implemented a 
multicriteria optimization algorithm based on Linear Programming (LP); and (vi) simulated different global restoration scenarios 
based on area targets. 

Research sample To build the current land use and land cover map (CLULC) map, we used the European Space Agency “Climate Change Initiative” (ESA 
CCI) land use and cover maps from 1992 and 2015, with 300 x 300 m pixel size.  
As the ESA CCI map does not distinguish cultivated from natural grasslands, we used the Terrestrial Ecoregions of the World and the 
Gridded Livestock of the World v2.0 datasets to classify each pixel into natural (not needing restoration) or cultivated grasslands 
(potentially restorable pasturelands). 
The Terrestrial Ecoregions of the World was also used as base of geographical zone to the extrapolation of mean carbon stock values 
from remaining native vegetation to restorable areas.  
We modelled the change in extinction risk for 5,012 mammals, 6,515 amphibians and 11,121 bird species, totalling 22,648 species. 
Species distribution maps were accessed from the IUCN Data Portal. 
We computed the opportunity costs of agriculture and cultivated pastures separately. For agriculture, the data was obtained from 
the IMPACT model, to get equilibrium-price estimates for 31 commodities in their SSP2 scenario with no climate change considered 
("SSP2-NoCC"). The commodities were selected based on data availability for their current and potential productivity, as obtained 
from GAEZ database. For each commodity selected, we computed the present net value (NPV) of one ton of their produce for 40 
years using a discount rate of 5% for our central estimate.  
For pasture, we used the stocking rates data from the Gridded Livestock of the World v2.0. We consider pasture to include only the 
planning units with stocking rates in the range between 0.1 to 20 heads of cow per hectare, assumed to be compatible with pasture-
based production. We used the values of Animal Yield per country from the IMPACT model to convert the stocking rate from head 
per ha to tons of produced beef per ha/year.  
We estimated areas potentially spared for restoration compatible with maintaining current levels of agricultural production. For 
croplands, we used yield gaps based on yields attainable without irrigation (rainfed) from the GAEZ database. For pasturelands, 
based also on rainfed fodder grass productivity from the GAEZ database, we estimated the yield gap for extensive pasturelands 
systems.

Sampling strategy No primary data was collected and no sampling was performed

Data collection No primary data collection was performed, and the secondary datasets used are listed above.

Timing and spatial scale No data collection was performed

Data exclusions No data were excluded from the analyses

Reproducibility The findings can be reproduced using the datasets and codes developed, all either publicly available or available upon request

Randomization No data collection was performed

Blinding No data collection was performed, and blinding not applicable to the modeling approach used 

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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