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Supplementary Figure 1: Impacts of regulated development (dashed columns) and compensation policy design 
options (coloured bars) on native vegetation by types (see Supplementary Information A-D for descriptions of 
vegetation types). Policy design options described in Figure 2. Graphs show results when prioritising 
compensation activities Outside PAs. Panels represent four case studies: (a) Brigalow Belt, Australia; (b) Iron 
Quadrangle, Brazil; (c) East Kalimantan, Indonesia; (d) Cabo Delgado, Mozambique. 
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Supplementary Figure 2: Impacts of regulated development (dashed black line) and 18 policy design options 
(coloured bars) on carbon storage (Mt C) per impact on biodiversity (native vegetation extent; Figure 2). Policy 
design options described in Figure 2. Panels represent four case studies: (a) Brigalow Belt, Australia; (b) Iron 
Quadrangle, Brazil; (c) East Kalimantan, Indonesia; (d) Cabo Delgado, Mozambique. 
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Supplementary Figure 3: Impacts of regulated development (dashed black line) and 18 policy design options 
(coloured bars) on sediment retention (Mt) per impact on biodiversity (native vegetation extent; Figure 2). Policy 
design options described in Figure 2. Panels represent four case studies: (a) Brigalow Belt, Australia; (b) Iron 
Quadrangle, Brazil; (c) East Kalimantan, Indonesia; (d) Cabo Delgado, Mozambique. 
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Supplementary Figure 4: Impacts of regulated development (dashed black line) and policy design options 
(coloured bars – when allocating compensation activities outside current PAs) on biodiversity. . Policy design 
options described in Figure 2. For Improvement approaches, stacked bars represent cumulative impacts under 
three alternative  restoration success assumptions: 25% success rate, 50% success rate (as shown in the main 
text), 75% success rate. Panels represent four case studies: (a) Brigalow Belt, Australia; (b) Iron Quadrangle, 
Brazil; (c) East Kalimantan, Indonesia; (d) Cabo Delgado, Mozambique.
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Supplementary Methods 1: Brigalow Belt, Australia 
 
The Australian case study is defined by the northern extent of pre-clearing Brigalow woodlands 
(~2.6 Mha; Supplementary Figure 5; Supplementary Table 1). The Brigalow Belt intersects one of 
Australia’s most productive coal mining regions and has been heavily cleared over the past century 
for cattle grazing1. While less than 42% of remnant Brigalow woodlands remain considerable regrowth 
occurs each year, where regrowth resembles remnant communities in term of species richness and 
vegetation structure after 30 years2, 3. Remnant Brigalow is protected under state and federal 
legislation4, 5; however, clearing for extractive projects is permitted. Recently approved mining 
projects fall within the Abbot Point and Galilee Basin State Development Areas6. Remnant vegetation 
cleared by these projects require some form of compensation7, 8 and thus represent regulated 
development in this case study. We assumed all current vegetation within the State Development 
Areas6 would be cleared.  
 
We obtained 100 m resolution land cover maps from years 2006, 2009 and 20119 and reclassified 
them to depict current (2011) remnant vegetation, woody regrowth and cleared land, using a 12% 
foliage projective cover (FPC) threshold to distinguish cleared land from woody regrowth. The 
counterfactual land use change model was calibrated to simulate four transitions (Supplementary 
Table 2) according to nine spatial determinants (Supplementary Table 3). We validated the model by 
simulating transitions between 2009 and 2011 and comparing simulations with observed land use in 
2011 and a null model. The calibrated model performed better than a null model across all transitions 
(Supplementary Table 4)10. We simulated land use transitions to the year 2020, assuming transition 
rates equalled those observed between years 2006 and 2009 (Supplementary Table 2), to determine 
the extent and distribution of counterfactual vegetation clearing and regrowth. This timeframe was 
used, rather than the more recent 2009–2011 period, because regrowth and clearing rates of Brigalow 
were unusually high during this timeframe11 and so we chose to use the more conservative rate.  
However, using higher rates of clearing would result in greater performance of Averted Loss 
approaches10. To quantify impacts of development and compensation, we used pre-clearing Regional 
Ecosystems12 to disaggregate current (2011) and future (2020) land cover maps by vegetation type 
(Supplementary Table 1).  
 
To assess impacts on above ground carbon storage, we used the VAST model, which calculates pre-
clearing carbon density (t/ha) in above and below ground carbon pools13, 14. We used above ground 
carbon pools (sum of leaf, wood, fine litter, course litter) and assumed cleared areas would have no 
above ground carbon. We used the following datasets to calibrate the sediment retention model: 
DEM15, rainfall erosivity and soil erodibility16, land use and land cover17, watersheds18, cover 
management and supporting practice factors19.  
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Supplementary Figure 5: Brigalow Belt, Australia [2.6 Mha]. Map shows the extent of future regulated 
development requiring compensation and the current extent of protected areas and native vegetation types 
(our indicator of biodiversity; see Supplementary Table 1). Grey areas within study region boundary denote sites 
that did not have historic Brigalow ecosystems and are thus excluded from our case study. 
 
Supplementary Table 1: Regional Ecosystems (indicating vegetation types) listed as threatened Brigalow 
woodlands12, 20. 

Vegetation 
type 

Description Extent (ha) 
Historical Current 

11.11.14 Acacia harpophylla open forest on deformed and metamorphosed sediments 
and interbedded volcanics 

19646 7767 

11.12.21 Acacia harpophylla open forest on igneous rocks; colluvial lower slopes 25388 8220 
11.3.1 Acacia harpophylla and/or Casuarina cristata open forest on alluvial plains 452947 154614 
11.4.3 Acacia harpophylla and/or Casuarina cristata shrubby open forest on Cainozoic 

clay plains 
25513 4487 

11.4.7 Open forest of Eucalyptus populnea with Acacia harpophylla or Casuarina 
cristata on Cainozoic clay plains 

21862 5401 

11.4.8 Eucalyptus cambageana open forest with Acacia harpophylla or A. 
argyrodendron on Cainozoic clay plains 

616453 167857 

11.4.9 Acacia harpophylla shrubby open forest with Terminalia oblongata on Cainozoic 
clay plains 

664501 171856 

11.5.16 Acacia harpophylla or Casuarina cristata open forest in depressions on 
Cainozoic sand plains or surfaces 

12106 5660 

11.9.1 Acacia harpophylla-Eucalyptus cambageana open forest on Cainozoic fine-
grained sedimentary rocks 

408534 114939 

11.9.5 Acacia harpophylla and/or Casuarina cristata open forest on Cainozoic fine-
grained sedimentary rocks 

377119 120856 
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Supplementary Table 2: Land use transitions in Brigalow Belt.  
From To Transition rates Compensation 

model 2006-2009 2009-2011 
Total (ha) Annual (%) Total (ha) Annual (%) 

Remnant  Regrowth 634 0.07 3594 0.58 No change 
Remnant Cleared 432 0.05 2529 0.42 Unregulated losses 
Regrowth  Cleared 3811 0.41 6012 0.73 Unregulated losses 
Cleared  Regrowth*  107444 

(3811) 
(0.06) 100568 

(6012) 
(0.16) Gains 

*Values in parenthesise indicate corrected cleared to regrowth rates when assuming the absolute area of cleared to regrowth equals that 
of regrowth to cleared10. This correction accounts for the unlikely high amount of regrowth detected by our methods, due to seasonal 
effects. 
 
Supplementary Table 3: Spatial determents used to calibrate land use change model in Brigalow Belt. Variables 
were not auto-correlated. See10 for more information on model calibration process. 

Spatial determinants  Data source 
Protected areas 12 
Pre-clearing Regional Ecosystem classification 12. See Supplementary Table 1. 
Soil type 21 
Elevation 22 
Proximity to roads 23 
Proximity to watercourses 23 
Proximity to cleared land Calculated from land cover (Supplementary Table 2) and 

updated in the model at annual time steps. Proximity to regrowth 
Proximity to remnant  

 
Supplementary Table 4: Model calibration scores for individual land use transitions in Brigalow Belt. Model 
performance was calculated as the accuracy of the calibrated model divided by the accuracy of the null model.  

From To Accuracy at 100 m resolution 
Calibration Null Performance 

Remnant  Regrowth 0.024 0.014 1.71 
Remnant Cleared 0.008 0.007 1.14 
Regrowth  Cleared 0.248 0.019 13.05 
Cleared  Regrowth 0.111 0.050 2.22 
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Supplementary Methods 2: Iron Quadrangle, Brazil 
 
The Iron Quadrangle covers 1.9 Mha of Minas Gerais in Brazil (Supplementary Figure 6), represents an 
important mining region (producing 60% of Brazil’s iron ore24) and is located within the Atlantic Forest, 
one of the world’s most threatened yet bio-diverse ecosystems25. Native vegetation has been cleared 
extensively for multiple purposes and clearing is expected to continue over the next 30 years, due to 
mine expansion26. These impacts will negatively affect many ecosystems closely associated with 
metal-rich soils and that are now of high conservation concern27, 28. Mines are legally required to 
compensate for their impacts on biodiversity29, 30 and thus represented our regulated land use. We 
quantified vegetation cleared by mining using the land-use change model (described below) and 
overlaying these maps with maps of current native vegetation extent (Supplementary Table 5).  
 
We obtained 100 m resolution land use maps of years 2000, 2004 and 201026 to determine current 
(2010) extent of five classes: mining, urban, plantations (often Eucalyptus monocultures, used for pulp 
and charcoal), cleared land (grazing or abandoned agricultural fields), and native vegetation including 
forests and savannas; 31. The land use model simulated seven transitions (Supplementary Table 6), 
according to seven spatial determinants (Supplementary Table 7). We validated the model by 
simulating transitions between 2004 and 2010 and comparing simulations with observed land use in 
2010 and a null model. The calibrated model performed better than a null model across all transitions 
(Supplementary Table 8). We simulated land use change to the year 2020, assuming transition rates 
equalled either historical rates (for transitions other than mine expansion) or increased linearly with 
projected steel production26, 32, to determine the extent and distribution of regulated impacts and 
counterfactual biodiversity losses and gains. To assess impacts of development and compensation, we 
used historical vegetation distributions33 to disaggregate 2010 and 2020 vegetation into native 
vegetation types (Supplementary Table 5).  
 
To assess carbon storage, we used a pre-clearing map of above ground biomass (t/ha)34 and assumed 
cleared areas would have no above ground biomass. We used the following datasets to model 
sediment retention: DEM35; land use and land cover26; rainfall erosivity, calculated using 
NetErosividade36; soil erodibility (Supplementary Table 9), cover management and supporting practice 
factors (Supplementary Table 10)37. Soil erodibility was mapped using the soil map for Minas Gerais38.  
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Supplementary Figure 6: Iron Quadrangle, Brazil (1.9 Mha). Map shows the extent of future regulated 
development requiring compensation (i.e. new mines 2020) and the current extent of protected areas and native 
vegetation types (our indicator of biodiversity; see Supplementary Table 5). Grey areas within study region 
boundary denote no data (generally due to cloud occurrence in land cover maps).  
 
Supplementary Table 5: Native vegetation extent for historical and current (2010) conditions31, 33 in Iron 
Quadrangle. Vegetation is classified according to the system originally proposed by39. 

Vegetation types Original classification Extent (ha) 
Historical Current 

Forest Floresta estacional semidecidual 1060894 487267 
Mixed Forest-Savanna Contato savana/floresta estacional 442923 199019 
Montane Forests Floresta estacional semidecidual montana 7280 4827 
Savanna Savana parque sem/com floresta-de-galeria 101188 30596 
Grassy Savanna Savana gramíneo-lenhosa sem/com floresta-de-galeria 106332 72241 
Woody Savanna Savana arborizada com floresta-de-galeria 4530 3943 

 
Supplementary Table 6: Land use transitions used to calibrate and validate counterfactual model for Iron 
Quadrangle.  

From To Observed transition rates Compensation 
model 2000-2004 2004-2010 

Total (ha) Annual (%) Total (ha) Annual (%) 
Cleared Urban 1687 0.03 2988 0.06 No change 

Mining 406 0.00 550 0.01 No change 
Plantation 4961 0.11 15348 0.34 No change 
Vegetation 1115 0.02 1513 0.03 Gains 

Vegetation Cleared 8319 0.16 13881 0.28 Unregulated losses 
Urban 340 0.00 876 0.01 Unregulated losses 
Mining 1390 0.02 3384 0.07 Regulated losses 
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Supplementary Table 7: Spatial determinants used to calibrate land-use change model for Iron Quadrangle. 
Variables were not auto correlated. See 26 for more information on model calibration process. 

Spatial determinants Data source 
Protected areas 40 
Slope 35 
Presence of mining leases 41 
Proximity to cleared Calculated from land use maps26 and 

updated in the model at annual time 
steps. 

Proximity to urban 
Proximity to mining  
Proximity to vegetation 

 
Supplementary Table 8: Model calibration scores for individual land use transitions for Iron Quadrangle. Model 
performance was calculated as the accuracy of the calibrated model divided by the accuracy of the null model.   

From To Accuracy at 100 m resolution 
Calibration Null Performance 

Cleared Urban 0.062 0.006 10.3 
Mining 0.074 0.002 37.0 
Plantation 0.031 0.026 1.19 
Vegetation 0.006 0.003 2.00 

Vegetation Cleared 0.042 0.025 1.68 
Urban 0.046 0.001 46.0 
Mining 0.071 0.001 71.0 

 
Supplementary Table 9: Soil erodibility values for Iron Quadrangle37. Mean values combined from multiple 
sources42, 43, 44, 45, 46, 47 and were applied to a soil map48. 

Soil type K 
Argisol 0.044 
Cambisol 0.023 
Red Latosol 0.009 
Yellow-red Latosol  0.017 
Fluvic Neosol 0.042 
Litholic Neosol 0.045 
Quartzipsamment Neosol 0.144 

 
Supplementary Table 10: Crop and management (C) and supporting practices (P) factor for Iron Quadrangle37 
combined data from multiple sources49, 50, 51. 

Land use C.P 
Urban 0.1 
Mining 1 
Plantation 0.016 
Vegetation 0.012 
Cleared 0.052 
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Supplementary Methods 3: East Kalimantan, Indonesia  
 
East Kalimantan is one of five provinces in Indonesian Borneo; 6.7 Mha remains forested, 33% as 
primary forest, and is home to endangered species such as the Bornean Orangutan (Pongo 
pygmaeus)52.  These forests, however, face increasing pressures from a provincial economy heavily 
reliant on expanding palm oil production, timber plantations, mining and commercial logging53, 54 and 
from associated large-scale infrastructure projects meant to accelerate development of these 
industrial sectors52.  The emerging evidence, at least within the context of oil palm development, of 
the impractically high costs of repairing impaired landscapes to balance against losses from 
development55 has raised the profile of sustainability standards and the role they can play in advancing 
sustainable development.  In Indonesia, few sectors are as far along in the development of these 
standards as oil palm. The dominant certification systems for palm oil are the Roundtable on 
Sustainable Palm Oil (RSPO), established in 2004 through an international multi-stakeholder 
organization, and the Indonesian Sustainable Palm Oil Certification System (ISPO) launched by the 
Government of Indonesia in 201156.  Although implementation and enforcement of RSPO criteria (the 
more stringent of the two standards) has received criticism, in principle, oil palm from a plantation 
cannot be certified until forest clearance has been accounted for and adequate compensation made. 
 
We obtained 30 m resolution land use/land cover maps to represent historical (1996, 2006) and 
current (2015) landscape conditions57 and reclassified maps into eight land use classes at 100 m 
resolution (Supplementary Table 11). The counterfactual land-use change model was calibrated to 
simulate 15 transitions (Supplementary Table 12) according to 10 spatial determinants 
(Supplementary Table 14). We validated the model by simulating transitions between 2006 and 2015 
and comparing simulations with observed land use in 2015 and a null model. The calibrated model 
performed better than a null model across all transitions (Supplementary Table 14). We simulated 
land-use change to the year 2040, assuming transition rates equal to those observed between years 
2006 and 2015 (Supplementary Table 12), to determine the extent and distribution of counterfactual 
clearing and regrowth. To quantify impacts of development and compensation, we used historic 
(1996) land cover maps57 to disaggregate current (2016) and future (2040) primary and secondary 
forests into six specific vegetation types (Supplementary Table 15).  
 
For carbon storage, we used maps of above ground carbon storage of intact and degraded forests 
across East Kalimantan 58. We used this data to estimate average above ground carbon storage for 
vegetation types in 2015 (Supplementary Table 16) and calculated impacts of development and 
compensation, assuming degraded land will have average carbon density of shrublands (rather than 
bare ground), either wet or dry depending on historic (1996) vegetation types, and restoration returns 
carbon density to that of a secondary forests (either wet or dry). We used the following datasets to 
model sediment retention: DEM35, which was resampled to 100 m and then pit-filled in ArcGIS using 
75 m threshold; rainfall erosivity and soil erodibility59, land use and land cover, watersheds (delineated 
from DEM, using minimum drainage area of 200 km), cover management and supporting practice 
factors (Supplementary Table 17).  
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Supplementary Figure 7: East Kalimantan, Indonesia (8.5 Mha). Map shows the extent of future regulated 
development (new mines and oil palm by 2040) requiring compensation and the current extent of protected 
areas and native vegetation types (our indicator of biodiversity; see Supplementary Table 11).  
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Supplementary Table 11: Reclassification of 1996, 2006 and 2015 land use/land cover maps for East 
Kalimantan. Decisions on how to reclassify data were based on the extent of original classes, the area 
transitioning between years, and our need to capture regulated and unregulated losses and gains across study 
region. 

Reclass Original  Definition 
Primary 
forest 

Primary dryland forest  Natural tropical forests growing on non-wet substrates, including lowland, 
upland, and montane forests with no signs of logging activities. The forest 
includes heath forest and forest on ultramafic and limestone, as well as 
coniferous, deciduous and mist or cloud forest, which has experienced no (or 
low) alteration by human activities or logging.  

Primary mangrove 
forest 

Wetland forests in coastal areas such as plains that are influenced by the tides, 
muddy and brackish water and dominated by species of mangrove and Nipa 
(Nipa frutescens), with no or low influence of human activities or logging.  

Primary swamp forest Natural tropical forest that grows on wet swamplands, including brackish 
swamp, marshes, sago, and peat swamp, with no or low influence of human 
activities or logging.  

Secondary 
forest 

Secondary dryland 
forest 

Natural tropical forest growing on non-wet substrates including lowland, 
upland, and montane forests that exhibit signs of logging activities (indicated by 
patterns of road development and frequent patches of canopy damage or 
absence). Secondary forest includes heath forest and forest on ultramafic and 
limestone, as well as coniferous, deciduous and mist or cloud forest.  

Secondary mangrove 
forest 

Wetland forests in coastal areas such as plains that are influenced by the tides, 
muddy and brackish water and dominated by species of mangrove and Nipa 
(Nipa frutescens), and exhibit signs of logging activities as described above  

Secondary swamp 
forest 

Natural tropical forest that grows on wet swamp lands, including brackish 
swamp, marshes, sago, and peat swamp, that exhibit signs of logging activities 
as described above.  

Degraded 
forest 

Dry shrub Highly degraded areas on non-wet substrates that were previously cleared or 
heavily logged, and where natural vegetation is regenerating with scattered 
trees or shrubs. 

Wet shrub Highly degraded areas on wet substrates (as for swamp or mangrove forests 
above), that were previously cleared or heavily logged, and where natural 
vegetation is regenerating with scattered trees or shrubs. 

Bare ground Areas that are bare of any vegetation, including open exposure areas, craters, 
sandbanks, sediments, and areas post fire that has not yet exhibit regrowth 

Timber Plantation forest Forest areas with a regular canopy structure over large areas, dominated by 
homogeneous tree species. Plantation forests include areas of reforestation, 
industrial plantation forest and community plantation forest. 

Oil palm Estate crop Estate areas that have been planted, mostly with perennial crops or other 
agricultural tree commodities. The majority consist of oil palm plantations. 

Urban/rural Settlement areas Settlement areas including rural, urban, industrial and other settlements with 
typical appearance. 

Port and harbour A port or harbour that is large enough to be delineated as an independent 
object. 

Transmigration areas Settlement areas with a unique pattern of association of houses and 
agroforestry and/or gardens at the peripheries. Part of government programs 
of migration from other islands to Kalimantan. 

Mining Mining areas Mining areas exhibit open mining activities such as open-pit mining  
including tailing grounds and ponds. 

Agriculture Pure dry agriculture All land covers associated with agricultural activities on dry/non-wet  
land, such as tegalan (dryland ), mixed garden and ladang (agriculture fields) 

Mixed dry agriculture All land covers associated to agriculture activities on dry/non-wet land that is 
mixed with shrubs, thickets, and logged over forest. This cover type often 
results from shifting cultivation and its rotation. 

Paddy field Rice-farming areas on wet substrates that typically exhibit dyke patterns (pola 
pematang). This cover type includes rainfed, seasonal paddy field, and irrigated 
paddy fields. 

Fish pond/aquaculture Areas exhibit aquaculture activities including fish ponds, shrimp ponds or salt 
ponds. 
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Supplementary Table 12: Land use transitions used to calibrate and validate counterfactual model for East 
Kalimantan.  

From To Observed Compensation 
model 1996-

2006 
2006-
2015 

Primary Secondary 792983 91964 Unregulated loss 
Secondary Mining 8253 13442 Regulated loss 

Agriculture 38131 25156 Unregulated loss 
Shrub 981191 250135 Unregulated loss 
Timber 111657 19425 Unregulated loss 
Oilpalm 43599 196304 Regulated loss 

Shrub Secondary 4234 11272 Gains 
Mining 9733 52766 Regulated loss 
Agriculture 30338 100735 Unregulated loss 
Timber 35831 55510 Unregulated loss 
Oilpalm 35454 543902 No loss 

Agriculture Shrub 63268 13158 Gains 
Oilpalm 795 21559 No loss 

Timber Shrub 13683 38144 Gains 
Mining  Shrub 1937 17161 Gains 

 
Supplementary Table 13: Spatial determinants used to calibrate land-use change model for East Kalimantan. 
Variables were not auto correlated.  

Variables Data source 
Concessions Oil palm 60 

Mining (gold, coal)  61 
Logging 62 
Oil and gas 63 

Biophysical Elevation 35 
Slope 
Proximity to rivers 64 
Orangutan habitat 65 
Protected areas 64 

Socio-
economic 

Near cleared land 57 
Population density 66 
Proximity to roads 67 
Proximity to villages 68 

 
Supplementary Table 14: Model calibration statistics for East Kalimantan. Model performance was calculated 
as the accuracy of the calibrated model divided by the accuracy of the NULL model.  

From To Accuracy at 1 ha resolution 
Calibration NULL Performance 

Primary Secondary 0.163 0.037 4.41 
Secondary Mining 0.133 0.003 44.33 

Agriculture 0.050 0.005 10.00 
Shrub 0.092 0.046 2.00 
Timber 0.039 0.004 9.75 
Oil palm 0.189 0.041 4.61 

Shrub Secondary 0.011 0.002 5.50 
Mining 0.153 0.011 13.91 
Agriculture 0.113 0.022 5.14 
Timber 0.080 0.012 6.67 
Oil palm 0.419 0.122 3.43 

Agriculture Shrub 0.030 0.006 5.00 
Oil palm 0.055 0.017 3.24 

Timber Shrub 0.096 0.067 1.43 
Mining  Shrub 0.269 0.210 1.28 
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Supplementary Table 15: Native vegetation extent for historical (1996) and current (2015) landscape 
conditions East Kalimantan. 

Reclass Vegetation types Extent (ha) 
Historical (1996) Current (2015)  

Primary 
forest 

Primary dryland forest  3082160 2182857 
Primary mangrove forest 53852 36528 
Primary swamp forest 46626 22668 

Secondary 
forest 

Secondary dryland forest 4925328 4219317 
Secondary mangrove forest 179045 179045 
Secondary swamp forest 157786 115740 

 
Supplementary Table 16: Above ground carbon storage for land use land cover types in East Kalimantan 
(Supplementary Table 11)58. 

Land use/land cover Mean 
(Mg/ha) 

Standard 
deviation 

Primary dryland forest 322.10 74.90 
Primary mangrove forest 54.21 22.97 
Primary swamp forest 211.48 100.83 
Secondary dryland forest 257.00 116.48 
Secondary mangrove forest 43.22 23.84 
Secondary swamp forest 105.11 67.19 
Dry shrub 63.42 70.31 
Wet shrub 33.44 43.68 
Bare ground 38.38 63.04 
Mining  14.67 30.05 
Oil palmP 12.74 23.10 

P Note: values are slightly lower than those used in Budiharta, et al. (39+/-7.4 MgC). 
 
Supplementary Table 17: Crop and practice (C.P) factor used in sediment retention model for East Kalimantan.  

Land use/land cover C.P 
factor 

Source region Reference 

Primary dryland forest 0.001 Malaysia, Philippines 69, 70  
Secondary dryland forest 0.033 Malaysia, Philippines, East Kalimantan 69, 70, 71  
Primary mangrove forest 0.001 Malaysia 72 
Primary swamp forest 0.001 Malaysia 72 
Plantation forest 0.13 Indonesia, Philippines 70, 73 
Dry shrub 0.0528 Indonesia, Sarawak, Malaysia, Myanmar 72, 73, 74, 75 
Estate crop 0.2448 Philippines 69, 70 
Settlement areas 0.175 Malaysia, Philippines 70, 72 
Bare ground 0.7625 Philippines 70  
Secondary mangrove forest 0.033 Malaysia 72 
Secondary swamp forest 0.033 Malaysia 72 
Wet shrub 0.0119 Malaysia, Tropics 72, 76 
Pure dry agriculture 0.2338 Sarawak, Malaysia, Philippines 70, 72, 74 
Mixed dry agriculture 0.1441 Malaysia, Philippines, Malaysia 69, 70, 72 
Paddy field 0.0695 Malaysia, Philippines, Malaysia 69, 70, 72 
Fish pond/aquaculture 0.005 Malaysia 72 
Port and harbour 0.175 Malaysia, Philippines 70, 72 
Transmigration areas 0.175 Malaysia, Philippines 70, 72 
Mining areas 0.9527 Cameron Highlands, Malaysia 72 
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Supplementary Methods 4: Cabo Delgado, Mozambique 
 
Cabo Delgado is Mozambique’s northernmost province, occupying approximately 10% of the country’s 
area (Supplementary Figure 8). It is the second poorest province in Mozambique, with the majority of 
its approximately 2.3 million inhabitants reliant on subsistence agriculture77. While extensive tracts of 
native vegetation remain, the province is rich in resources such as gemstones, coal and natural gas 
reserves, and there is substantial attention on developing these industries78, 79. Here, we considered a 
range of potential developments including mining and extractive industries and linear infrastructure 
(an approximately 220 km road and 300 km power line), the broad footprints of which were obtained 
from publicly-available sources. We considered these proposed projects to constitute regulated 
development. 
 
We used 300 m land cover maps (European Space Agency Land Cover Climate Change Initiative (ESA 
LC CCI) 80 for years 1992, 2004 and 2015 to represent five classes: agriculture, natural vegetation, 
wetlands and water, settlements, and bare land (Supplementary Table 18). To simulate future land 
cover change, we incorporated 10 spatial determinants (Supplementary Table 19) relating to two 
transitions: 1. agriculture to natural vegetation (i.e. regrowth); and 2. natural vegetation to agriculture 
(unregulated losses) (Supplementary Table 20). We validated the model by simulating transitions 
between 2004 and 2015 and comparing the simulated map with both the observed 2015 ESA LC CCI 
map and a null model. The calibrated model performed better than the null model for both transitions 
(Supplementary Table 21). Using the calibrated model, we simulated land cover change to the year 
2040 under the assumption that transition rates were equal to those observed for the period 2004–
2015 (Supplementary Table 20) to map counterfactual losses and gains of native vegetation. We used 
a pre-clearing map of vegetation types81 to disaggregate current (2015) and future (2040) natural 
vegetation into vegetation types (Supplementary Table 22). 
 
We obtained data on aboveground carbon storage from a study on ecosystem service trends in 
Mozambique82. We derived current and future maps using average values per land cover class as 
mapped by the European Space Agency GlobCover product83 from Niquisse, Cabral82. Due to the 
compatibility of land cover typologies between GlobCover and ESA LC CCI80, we aligned values from 
Niquisse, Cabral82 with land cover classes by ESA LC CCI. One exception was for ‘Cropland, irrigated or 
post-flooding’; data were not presented for this class, so values were derived from Leh, Matlock, 
Cummings and Nalley (Supplementary Table 23). To create a pre-clearing carbon map, we assigned 
average carbon values from natural areas to pre-clearing vegetation types (Supplementary Table 22). 
To calibrate the sediment retention model, we derived crop management (C) and supporting practice 
(P) factors from Leh, Matlock84 per land cover class (Supplementary Table 23). The K-factor was 
derived aligning published values (tonnes per hectare per erosion index unit) for soil classes from east 
Africa85 with soil classes in Cabo Delgado86 (Supplementary Table 25). Additional data included a 
DEM87 and rainfall erosivity (based on annual rainfall map) 82, 88. 
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Supplementary Figure 8: Cabo Delgado, Mozambique (7.7 Mha). Map shows the extent of future regulated 
development (including mining leases and linear infrastructure) requiring compensation and the current extent 
of protected areas and native vegetation types (our indicator of biodiversity; see Supplementary Table 22). Grey 
areas within study region boundaries denote no data (generally due to cloud occurrence in land cover maps). 
 
Supplementary Table 18: Reclassification of 1992, 2004 and 2015 ESA LC CCI maps for Cabo Delgado.  

Reclass Original  ESA LC CCI 
map code 

Agriculture Cropland, rainfed 
Cropland, rainfed (Herbaceous cover) 
Cropland, rainfed (Tree or shrub cover) 
Cropland, irrigated or post-flooding 
Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover) (<50%) 
Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / cropland (<50%) 

10 
11 
12 
20 
30 
40 

Natural 
(tree cover, 
grassland, 
shrubland) 

Tree cover, broadleaved, evergreen, closed to open (>15%) 
Tree cover, broadleaved, deciduous, closed to open (>15%) 
Tree cover, broadleaved, deciduous, closed (>40%) 
Tree cover, broadleaved, deciduous, open (15-40%) 
Tree cover, mixed leaf type (broadleaved and needleleaved) 
Mosaic tree and shrub (>50%) / herbaceous cover (<50%) 
Mosaic herbaceous cover (>50%) / tree and shrub (<50%) 
Shrubland 
Deciduous shrubland 
Grassland 
Sparse vegetation (tree, shrub, herbaceous cover) (<15%) 
Tree cover, flooded, fresh or brackish water 
Tree cover, flooded, saline water 

50 
60 
61 
62 
90 
100 
110 
120 
122 
130 
150 
160 
170 

Wetlands, 
water 

Shrub or herbaceous cover, flooded, fresh/saline/brackish water 
Water bodies 

180 
210 

Settlements Urban areas 190 
Bare areas Bare areas 

Unconsolidated bare areas 
200 
202 
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Supplementary Table 19: Spatial determinants used to calibrate land-use change model for Cabo Delgado. 
Variables were not auto correlated.  

Spatial determinants Data source 
Protected areas 89 
Elevation 87 
Slope Calculated using elevation data 
Annual average precipitation 88   
Soil carbon 90 
Proximity to rivers 85 

Proximity to roads 91  
Proximity to towns 92 
Population density 93, 94 
Proximity to cleared Calculated from land cover maps81 and updated in the model at annual time steps 

 
Supplementary Table 20: Land use transitions used to calibrate and validate counterfactual model for Cabo 
Delgado. Values in this table are changes in the number of pixels (each pixel is approximately 9.4 ha). All land 
cover transitions in Cabo Delgado are presented in this table, although only two were considered in the land 
cover change modelling: Agriculture to Natural; and Natural to Agriculture – these were by far the largest two 
transitions, and respectively represented regrowth of native vegetation, and unregulated losses of native 
vegetation. 

From To Observed Compensation 
model 1992-2004 2006-2015 

Agriculture Natural  801 2053 Gains 
Settlements 41 101  

Natural (tree cover, 
grassland and shrubland) 

Agriculture 16134 4664 Losses 
Wetlands and water 71 15  
Settlements 82 175  
Bare areas 456 109  

Water and wetlands Agriculture 4 0  
Natural 126 16  
Settlements 9 0  
Bare areas 8 0  

Bare areas Agriculture 0 1  
Natural 19 58  
Settlements 2 8  

 
Supplementary Table 21: Model calibration statistics for Cabo Delgado. Model performance was calculated as 
the accuracy of the calibrated model divided by the accuracy of the NULL model. 

From To Accuracy at 300 m resolution 
Calibration NULL Performance 

Agriculture Natural 0.016 0.010 1.63 
Natural Agriculture 0.029 0.003 8.91 
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Supplementary Table 22: Native vegetation extent for original and current (2015) landscape conditions in Cabo 
Delgado. Vegetation types derived from Flora Zambesiaca map81. We did not seek to align these vegetation types 
with specific mapped ESA LC CCI vegetation classes, instead using these vegetation types to represent areas 
mapped as ‘Natural (tree cover, grassland and shrubland)’, as per the reclassification of the ESA LC CCI mapping. 

Vegetation 
type  

Description Extent (ha) 
Historical Current 

FOR02 Moist semi-deciduous forests of the mesoplanaltic slopes and lowlands of the 
eastern zone (Mozambique) 

55529 55106 

FOR06 Dry, deciduous, lowland forest 492821 443367 
TFC14B Littoral thicket and forest of recent dunes 90113 68019 
THK13 Dry tall mixed thicket (lowland) 177855 161076 
THK14 Dry deciduous thicket (sublittoral) 159148 125862 
TRS45 Discontinuous dry savanna woodland-tree savanna and "tandos" grassland 

(Gorongosa lowland) 
53262 46745 

TRS53 Deciduous tree savanna (lowland, sublittoral) 325528 251978 
WSW23 Deciduous miombo savanna woodland 125956 123351 
WSW27 Deciduous woodland miombo-discontinuous dry forest-savanna mosaic 470 263 
WSW28 Tardily deciduous miombo (north-eastern median altitude) savanna woodland 2113520 1891704 
WSW31 Deciduous dry miombo savanna woodland_discontinuous dry savanna (lowland) 3084771 2871072 
WSW32 Deciduous miombo savanna woodland - deciduous woodland (north-east 

sublittoral) 
648827 603239 

WSW33 Deciduous woodland and thicket_dry deciduous miombo savanna woodland 376684 331293 
 
Supplementary Table 23: Above ground Carbon storage (mg/ha) and crop management (C) and supporting 
practice (P) factors used in sediment modelling. Data based on ESA descriptions, as cited in Niquisse, Cabral 82 
because actual codes differed, unless stated in footnotes.  

Code Description Carbon C.P factor 

10a Cropland, rainfed 9.3 0.500 
11a Cropland, rainfed (Herbaceous cover) 9.3 0.500 
12a Cropland, rainfed (Tree or shrub cover) 9.3 0.500 
20b Cropland, irrigated or post-flooding 7.4 0.200 
30 Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover) (<50%) 116.6 0.250 
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / cropland (<50%) 61.3 0.300 
50c Tree cover, broadleaved, evergreen, closed to open (>15%) 181.6 0.005 
60c Tree cover, broadleaved, deciduous, closed to open (>15%) 181.6 0.005 
61 Tree cover, broadleaved, deciduous, closed (>40%) 227.0 0.001 
62 Tree cover, broadleaved, deciduous, open (15-40%) 147.6 0.010 
90 Tree cover, mixed leaf type (broadleaved and needleleaved) 158.9 0.005 
100 Mosaic tree and shrub (>50%) / herbaceous cover (<50%) 88.7 0.025 
110 Mosaic herbaceous cover (>50%) / tree and shrub (<50%) 82.0 0.059 
120d Shrubland 30.0 0.080 
122d Deciduous shrubland 30.0 0.080 
130 Grassland 50.8 0.080 
150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%) 40.7 0.200 
160 Tree cover, flooded, fresh or brakish water 136.2 0.014 
170 Tree cover, flooded, saline water 115.8 0.050 
180 Shrub or herbaceous cover, flooded, fresh/saline/brakish water 50.8 0.077 
190 Urban areas 3.0 0.100 
200 Bare areas 2.3 0.350 
202 Unconsolidated bare areas 2.3 0.350 
210 Water bodies 0 0.010 

a Niquisse et al. 2017 provided an average value for rainfed cropland, which we applied to classes 10–12.  
b Niquisse et al. 2017 coded irrigated cropland as class 11; we applied this value to class 20.  
c Niquisse et al. 2017 averaged value broadleaved deciduous forests, which we applied to classes 50 and 60.  

d Niquisse et al. 2017 provided an average value for all shrubland, which we applied to classes 120 and 122.  
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Supplementary Table 24: Average above ground carbon storage (Mg/ha) within natural areas (category 2) by 
vegetation type (see Supplementary Table 23). 

Floralegen Carbon  
FOR02 172.63 
FOR06 159.48 
TFC14B 98.45 
THK13 141.61 
THK14 135.23 
TRS45 135.57 
TRS53 134.24 
WSW23 165.58 
WSW27 69.21 
WSW28 99.94 
WSW31 85.22 
WSW32 150.47 
WSW33 143.43 

 
Supplementary Table 25: Soil erodibility values for Cabo Delgado, derived by linking erodibility values from 
Kenya85 to Harmonized World Soil Database mapping units86. 

Soil unit Soil texture class K-factor (t/ha per erosion index unit) 
Haplic Acrisols Sandy clay loam 0.18 
Luvic Arenosols Sand 0.18 
Luvic Arenosols Sand 0.18 
Cambic Arenosols Sand 0.18 
Albic Arenosols Sand 0.18 
Eutric Cambisols Sandy loam  0.28 
Eutric Cambisols Sandy clay loam 0.18 
Ferralic Cambisols Sandy clay 0.11 
Salic Fluviosls Sand 0.28 
Mollic Fluvisols Clay (light) 0.18 
Mollic Gleysols Sandy clay loam 0.11 
Eutric Leptosols Sandy loam  0.28 
Eutric Leptosols Loam 0.42 
Eutric Leptosols Loam 0.42 
Haplic Lixisols Loamy sand 0.28 
Haplic Lixisols Sandy loam  0.28 
Haplic Lixisols Sandy clay loam 0.18 
Haplic Lixisols Sandy clay loam 0.18 
Haplic Lixisols Sandy loam  0.28 
Haplic Lixisols Sandy loam  0.28 
Haplic Lixisols Sandy loam  0.28 
Haplic Luvisols Sandy loam  0.18 
Haplic Luvisols Sandy loam  0.18 
Chromic Luvisols Sandy loam  0.18 
Luvic Phaeozems Clay (light) 0.11 
Eutric Vertisols Clay (heavy) 0.42 
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