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Abstract

We present the results from a new framework providing an assessment of how climate
change risks to natural capital accrue with warming of 1.5-4 °C in six countries (China,
Brazil, Egypt, Ethiopia, Ghana, and India). Unlike typical biodiversity and climate change
studies, this assessment also considers landcover and population changes across a range of
17 ecosystem services. The potential impacts of climate change (alone) on natural capital
at 1.5 °C is greatest in Brazil and least in Ghana. However, when population and landcover
change are included, areas projected to be at high natural capital risk begin to accrue by
1.5 °C in all countries. By 2 °C, Ethiopia and Ghana show increasing areas at high risk,
even though they are at low risk owing to climate alone. Thus, current impacts to biodi-
versity and ecosystem services and changes in potential demand coupled with warming
exceed changes projected by climate alone. However, this also indicates that there is adap-
tation potential, especially with warming of <2 °C, to reduce risk through restoring habitat.
At lower levels of warming, targeted restoration of marginal agricultural habitats would
increase the bank of natural capital for use by people and provide support for remain-
ing agricultural lands. By 3 °C, the adaptation potential from restoration is substantially
less: < 1% in Brazil, India and Egypt; 7-8% in China and Ethiopia; but still 26% in Ghana.
This indicates that restoration as an adaptation option for biodiversity, and thus, natural
capital, rapidly decreases with increasing temperatures. By 2100, factoring in population
change (SSP2), current ecological footprint, and current landcover, even with only 1.5 °C
warming, large parts of Brazil, eastern China, most of Egypt, much of Ethiopia, southwest-
ern Ghana (except for protected areas), and most of India are at high to extreme natural
capital risk with an adaptation deficit potentially equating to a soft adaptation limit.
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1 Introduction

This collection of articles in Climatic Change presents a harmonized assessment of pro-
jected climate change risks in six countries using a consistent set of climate change and
socioeconomic scenarios. Here, we explore the implications of climate change to the eco-
system services provided by biodiversity, and thus to the natural capital of these countries.
The literature is consistent in reporting that decreases in ecosystem services and natural
capital are expected to be associated with climate change-induced biodiversity loss (e.g.,
Parmesan et al. 2022). However, there have been few published studies on natural capi-
tal using quantitative information including one global study on rangelands (Boone et al.
2018), and quantitative analyses for small areas within a country (Lovett et al. 2018). Most
studies of the impact of climate change on biodiversity focuses solely on the climate part
of the impacts (e.g., Warren et al. 2018) who found that nearly half of the insects and more
than 40% of the plants studied were projected to lose more than half of their climatic range
with~3° of warming. Biodiversity, ecosystems, and ecosystem services are deteriorating
worldwide, nature has been significantly altered, and most indicators of ecosystems and
biodiversity are showing rapid decline with an accelerating global extinction risk (IPBES
2019). Since 1970, land use change has had the largest negative impact on nature (op cir).
This study goes beyond modelling the impacts of climate change on biodiversity by quan-
tifying the risk to natural capital by combining the potential impacts of climate change on
biodiversity with an examination of current landcover patterns, and how these might be
influenced by human population growth to 2100.

The six countries in this study were selected to span different levels of development, as
well as different continents: Brazil, China, Egypt, Ethiopia, Ghana and India (exclusive of
the disputed region with China and Pakistan). Risks were quantified for 1.5-4 °C warming
above pre-industrial levels for the year 2100, comparing a case where human population
remains constant at 2010 levels, and one where it evolves as in Shared Socioeconomic
Pathway 2 (SSP2; Jones and O’Neill 2016). These levels of warming span the goal set in
the UNFCCC Paris Agreement of limiting warming to well below 2 °C, as well as higher
levels, e.g., 3 °C, consistent with current national policies under the UNFCCC in terms of
countries’ nationally determined contributions (NDCs) (Rogelj et al. 2016). We provide
estimates on natural capital risk using a new framework, WallaceNC, allowing us to
examine the implications of changes in biodiversity to underlying ecosystem services and
then on to the overall risk to natural capital. We draw upon the work presented elsewhere
in this collection (Price et al. 2024) as well as the Wallace Initiative (WI) database
underpinning Price et al. (2024), and fully described in Warren et al. (2018). This database
examines the potential impacts of climate change on~ 130,000 terrestrial species of fungi,
plants, invertebrates, and vertebrates. Thus, using the WI database allows for a consist-
ent approach across the biodiversity-driven ecosystem services examined. Seventeen dif-
ferent ecosystem services are assessed, 16 of them using changes in biodiversity (in whole
or part) tied to these data with different services drawing from different combinations of
taxa, as appropriate. One ecosystem service, food production, draws not from crop models
but from projected changes in extreme events (e.g., drought (Price et al. 2022) and water
logging).

Many studies have focused on assessing changes to ecosystem services resulting from
landuse change in these countries (Leh et al. 2013; Tolessa et al. 2017; Song and Deng
2017; Liu et al. 2019; Talukdar et al. 2020), but few have included climate change. In the
global scale study on rangelands mentioned above, significant reductions in ecosystem
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services were projected across Ghana, while slight increases were projected for Egypt and
Ethiopia, and China and Brazil showed a mixed response. There is limited research into
natural capital and ecosystem services in Africa, and these either exclude the effects of
climate change (e.g., Woldegerima et al. 2017) or provide a qualitative approach without
quantification (e.g., Pettinotti et al. 2018). Some studies have quantified changes to natural
capital and ecosystem services linked to observed climate change in China (Wang et al.
2016; Jiang et al. 2016; Fu et al. 2017; Tang et al. 2018), but have not considered the pos-
sible impacts of future climate change. In India, natural capital proxies have been used to
estimate regional vulnerability to climate change (Brenkert and Malone 2005), but with-
out quantifying potential changes to natural assets in the future. The only one of the six
countries in this study with previous work quantifying the effects of climate change on
ecosystem services is Brazil, where previous work has explored the risks posed by climate
change to pollination (Giannini et al. 2012, 2013, 2017; Elias et al. 2017) and water-related
services (Ferreira et al. 2019).

Ecosystem services are broken down in different broad categories of service (MA
2005). These broad categories (the services we examine listed in the parentheses) include
provisioning (clean water, wood, food, and medicine (we separate crops from wild food/
medicine), pollination); supporting (soil formation, seed dispersal, biodiversity, habitat);
regulating (flood control, pest control, carbon uptake/storage, clean air, cool temperatures);
and cultural (stewardship, recreation, aesthetics/existence value). There have been several
papers examining the flows of biodiversity through to ecosystem services, and we base our
selection of which taxa are associated with which ecosystem service primarily on these
works (e.g., Mace et al. 2012; Balvanera et al. 2017, Lovett et al. 2018). Most species per-
form several ‘jobs’, i.e., support many different independent ecosystem services. For exam-
ple, forests clean the air, sequester carbon, can reduce flooding, cool the air, and provide
timber. Thus, the impacts of climate change to forests can also impact several different
services. Natural capital is then framed in the context of the overall inventory and how
it changes under different levels of warming. The overall projected potential risk is then
presented as categories ranging from low to extreme in the absence of population growth
with the addition of a category to express the need to import services if population grows
to exceed the supporting capacity of the landscape.

2 Methods

The baseline for any study of ecosystem services and natural capital is biodiversity.
The number of potential ecosystem services and their constituent parts varies from
author to author, as does the way biodiversity is used in calculating these services.
Here, we use lists of potential ecosystem services that feed into natural capital found
in various publications (Mace et al. 2012, Lovett et al. 2018). The biodiversity metric
used in this study is species richness change. The complete breakdown of the services,
the development of the baseline, and the exceptions (stewardship, carbon and food) can
be found in the SM. Each of the 17 ecosystem services were quantified using a simple
scale having a minimum value of O (no service remaining) to 1 (full potential to provide
the service). A sum of the 17 ecosystem service values was used to provide an overall
estimate of natural capital NC in a spatially explicit fashion. The weightings reflect the
landcover of the individual grid cell, excluding, partly including, or fully including it as
appropriate (Table S1, SM). As the purpose of this study was to assess the risk to the six
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study countries to loss of natural capital under climate change, then the analyses of each
of ecosystem services take into consideration the potential impacts of climate change on
biodiversity. However, risk goes beyond the climate risk and extends into past changes
to the underlying base capability of an area of land to provide a service, and how these
changes might increase (or decrease) in the future with population changes.

Biodiversity The biodiversity data used in this study were derived from the well-docu-
mented WI database (Price et al. 2024; Saunders et al. 2023; Parmesan et al. 2022; Warren
et al. 2018). The individual species models are then aggregated into changes in species
richness by taxonomic level (e.g., genera, family) and some specific taxonomic groupings
(e.g., pollinators). More information on the methods, caveats, and potential limitations can
be found in Warren et al. (2018). For this study, an additional step was undertaken to eleva-
tionally downscale the data from 20 to 1 km (Saunders et al. 2023).

Landcover Current anthropogenic impacts on the landscape were assessed using 2015
300-m resolution remote sensing data from European Space Agency (ESA) Climate
Change Initiative (ESA 2017). This landcover dataset was used to assess the baseline like-
lihood of a given 300-m cell being able to support the biodiversity underpinning the eco-
system services. For example, the amount of biodiversity (as measured at the species level)
in intensive agricultural systems is usually less than in surrounding natural areas. While
croplands can play a role in localised flooding reduction, it is not a year-round benefit.
Some ecosystem services, such as carbon uptake/storage, include all agricultural types.
Others, such as stewardship, do not. However, food production, as distinct from wild food
production, is only considered to occur on lands classified as agriculture or grassland. The
biodiversity data was subsequently resampled to match the 300-m resolution of the land-
cover data (ArcGIS Pro Resample, nearest neighbour) to allow for analyses across the ras-
ters. All results presented here are at a 300-m resolution.

Population Human population size, distribution and economic growth are all important
drivers of global change, both historically and into the future. Thus, estimates of change—
both in size and space—are important in understanding how human pressures and demand
on natural resources will change in the future. Population data for 2010 (the closest data to
match the 2015 land cover data and earliest projection available in the data used) and 2100
comes from downscaled 1-km spatial population scenarios (Jones and O’Neill 2016; Gao
2017). The SSPs describe alternate futures and are used in many climate change studies
(O’Neill et al. 2017). SSP2, the pathway used for the studies in this project, is considered a
‘Middle of the Road’ pathway with trends not shifting substantially from current trajecto-
ries. Global population growth is moderate, levelling off in the second half of the century.
Population growth impacts are both direct (e.g., land conversion to build settlements) and
indirect (land conversion to grow food that is then distributed within the country). We treat
the two equally based on published work on the potential impacts of urban growth on bio-
diversity (McDonald et al. 2020). In this study, we explore the implications of different
combinations of climate change (and its regional implications) independently of local pop-
ulation change. This is because whilst climate change is partly driven by a global popula-
tion change, it may be independent of local population changes in the country in question.

Ecosystem services The 17 ecosystem services examined (see SM for more detail) were
food, carbon, stewardship, wood, insect pest control, pollination, seed dispersal, soil
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production, wild food/medicine, overall biodiversity, nature-based recreation, aesthetic/
existence value, cleaning the air, cleaning the water, cooling the air, flood control, and
habitat. The underlying ‘weighting’ (0—1), based on expert judgement, used to determine
the number of potential ecosystem services per different landcover type can be found in SM
Table 1. These weighted values were then summed across the individual ecosystem ser-
vices to generate a baseline of the potential ecosystem services in each cell in each country,
out of 17 (Fig. 1). The sum of these ecosystem services makes up a natural capital baseline
used in an examination of how potential climate change impacts on biodiversity could lead
to increasing risks to natural capital. As would be expected, natural areas support more
ecosystem services than agricultural areas. A different way of looking at this is that natural
areas form the ‘bank’ of services that supports the growth of food in agricultural areas.

W o-10%
W 10-20%
M 20-30%
30- 40%
40 - 50%
50 - 60%
60 - 70%
W 70-20%
W 20-90%
W 90-100%

a) Brazil b) China

e) Ghana f) India

Fig. 1 Percent of ecosystem services (17) present in each cell of each country provided as a percentage as
some ecosystem services (e.g., carbon) are not ‘fully’ present in each cell. Green areas have more natural
land cover, brown more agricultural and white areas, no data (see below)
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2.1 From natural capital to natural capital risk

The summing of the ecosystem services into natural capital represents the ways changes
in the inventory/stock of biodiversity can potentially impact the overall amount of avail-
able capital. However, demand must also be considered. ‘Current’ demand is taken as the
changes that have already occurred over time leading to the landcover distribution in 2015.
These changes are known to have already impacted biodiversity (IPBES 2019; McDonald
et al. 2020). To capture potential future risk, we looked at changes in population as changes
in demand. Much as population demands dictated the current landscape in terms of land
cover; future demands may also change the demand for certain ecosystem services. Popu-
lation increases, in tandem with climate change, would mean an increase in demand and
potential decrease in supply. Furthermore, different countries ‘use’ biodiversity in different
ways. This is often measured by the ecological footprint defined as ‘the quantity of nature
required to support people and their economies’. Thus, the greater the footprint is above
one, the greater the amount of ecosystem services required to support the population. The
footprints (EFs) for each of the countries in this study in 2015 are Brazil (2.9), China (3.7),
Egypt (1.9), Ethiopia (1.1), Ghana (2.0), and India (1.2) (www.footprintnetwork.org). The
equations used to develop the final natural capital risk index can be found in the SM.

The index is calculated by taking the remaining percentage of ecosystem services and
reclassifying it using a non-linear reclassification. A non-linear scoring was chosen owing
to an unknown amount of redundancy among the roles individual species play in an eco-
system, with the expectation that the risk will accelerate with increasing loss of species
(Mace et al. 2012; Parmesan et al. 2022). The risk levels correspond to the following per-
cent of ecosystem services remaining: 0.75-1 low; 0.55-0.75 low to medium; 0.4-0.55
medium; 0.3-0.4 medium to high; 0.2-0.3 high; 0.1-0.2 extreme; and < 0.1 natural capital
would have to be imported.

For each country, results are given for:

(A) Natural capital risk from climate change alone.

(B) Climate change plus 2010 population and 2015 landcover.

(C) Climate change plus 2100 population, 2015 landcover.

(D) Climate change plus 2100 population, 2015 landcover and 2015 ecological footprint.

The difference between C and D can be viewed as potential adaptation from behavioural
changes (i.e., individuals reducing their ecological footprint to match the biocapacity of the
country). Furthermore, the difference between A and B can be viewed as the adaptation
potential from restoration of natural habitats or shifting to a sustainable land use. Of the
countries in this study, only Brazil is in a biocapacity (amount of land necessary to support
the population) ‘surplus’; the other countries exceed the natural capacity of their country to
annually support the population. This difference is either met through importation of goods
or by ‘borrowing’ from the future, using resources in a long-term unsustainable fashion.
While it is true that the biocapacity of the land would also be changing (often reduced),
reducing the ecological footprint would provide some adaptation potential at lower levels
of warming, reducing as warming levels increased (and biocapacity decreased).

In this study, all urban areas are classified as needing to import natural capital. There are
many reasons for this—for many ecosystem services, the value of the urban area is nega-
tive (the urban heat island negates cooling the air, impervious surfaces negate flood con-
trol) as well as spatial scale. A proper assessment of natural capital in urban areas would
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require working with higher resolution data (e.g., 30 m or less as opposed to 300 m) to
capture local green spaces and green rooftops. Thus, a proper urban natural capital risk
assessment would likely need to be done on an urban area by urban area basis as opposed
to a country or global scale.

Finally, some maps in the figures have unshaded areas (white) representing areas with
incomplete data. Otherwise, dark blue represents water, light blue permanent snow and ice,
dark purple are urban areas, and tan represents bare rock/sand.

3 Results

The baseline global state of the underlying ecosystems and potential ecosystem services
can be found in Fig. 1. In the absence of people then all areas would be ‘natural’. While
there is a great deal of fragmentation of habitats globally, there are still areas that, at a spa-
tial resolution of 300 m, have a land cover type that can be considered natural (greener) ver-
sus those predominantly agricultural (brown). One way of considering this is as a depleted
bank for most ecosystem services but a key source for food production. Areas that are dark
green and surrounded by brown (e.g., southwestern Ghana, Fig. 1e) have lost many areas to
other uses (principally agriculture) that would otherwise have high natural capital.

Almost all ecosystem services considered here are reduced if biodiversity loss occurs.
Thus, biodiversity can be considered as the overall available stock (or overall biocapac-
ity) available for different human uses, which in Fig. 1 have been reduced by past land
use change. The projected changes in overall global biodiversity due to climate change
(Figure S2) imply further reductions in ecosystem services. The projected percent loss
of biodiversity stocks due to climate change (as represented by declines in species rich-
ness) in natural versus agricultural lands in each country is presented in Figure S3. While
the percentage declines in species richness differ between countries, within countries, the
percentage declines in species richness are generally very similar at corresponding levels
of global warming, suggesting that there are few differences in underlying potential bio-
capacity, based on climate alone, in natural versus agricultural lands. This suggests that
one key adaptation to loss of ecosystem services is restoration of agricultural lands, or at
least a substantial change to more sustainable farming practices (e.g., regenerative agricul-
ture). Restoring agricultural lands (especially marginal agricultural lands) can improve the
overall number of ecosystem services provided (including improving carbon uptake and
storage) but with the loss of food provisioning. Similarly, regenerative agriculture will sup-
port a greater number of ecosystem services (including food provisioning) than industrial
agriculture.

Figures S2 and S3 show the potential available stocks but does not take into full account
how much potential ecosystem service area has been converted to food production. Fig-
ure S1 shows the percent of each country retaining 75% (50%) of its biodiversity (natu-
ral capital inventory) within land classified as natural, agricultural or urban in 2015 (ESA
2017). Bars labelled as agriculture represent potential adaptation space if restored to nat-
ural habitat, albeit at the loss of food production. The bars labelled green represent not
only the natural capital within natural habitats but also the natural capital bank support-
ing agricultural and urban areas (e.g., by providing services that those landcover types are
unable to support themselves). Urban areas that are modelled as potentially being able to
support large percentages of biodiversity would benefit both people and biodiversity with
a shift to a greener infrastructure. The overall potential adaptation opportunities decline

@ Springer



46 Page 8 of 20 Climatic Change (2024) 177:46

with increasing warming as projected potential losses of biodiversity increase. The greatest
potential adaptation opportunity (via restoration) is available (<25% projected loss in bio-
diversity climate space) at 1.5° versus 2° in Brazil (halving of potential) and India, falling
to almost 0 by 3 °C. In Egypt, the declines are even higher, and even 2° of warming poten-
tially means no available adaptation opportunities for maintenance of 75% of the natural
capital inventory. On the other hand, Ethiopia and Ghana fare well to 2 °C with the greatest
change coming between 2 °C and 3 °C. While far more land is available if a loss of species
richness of 50% is considered acceptable (rather than a loss of 25%), this comes with the
greater risk to ecosystem services (Parmesan et al. 2022).

3.1 Risk accrual within each country

In each of the Figs. 2, 3, 4, 5, 6 and 7 below, the top row of maps shows the natural capital
risk owing to landcover (2015) and population alone (2010 population (top left), landcover
plus 2100 population (top middle), and landcover plus 2100 population and 2015 ecologi-
cal footprint (EF) (bottom right); subsequent rows are warming levels of 1.5, 2, 3 and 4 °C
with column a (leftmost maps) showing risk with climate change alone with no land cover
or population changes, column b showing natural capital risk from combining climate
change impacts on biodiversity with 2015 landcover and 2010 population (combining col-
umn a with the top left map, see SM), column c is equivalent to column b but uses the 2015
landcover and future population (2100), while column d adds EF as well.

3.1.1 Brazil

Current ‘baseline’ natural capital risk (Fig. 2, top left map) in many parts of Brazil is
equivalent to that projected to occur from losses in biodiversity at warming levels of just
over 2 °C. However, in parts of Brazil, especially Amazonia, the risk from loss of natural
capital at 1.5 °C, owing to projected loss of climatic range of biodiversity, is greater than
what has already occurred from other anthropogenic activities. Brazil is projected to
undergo a reduction in natural capital inventory with<?2 °C of warming (Figure S4) with
a substantial reduction by 3 °C. This is shown as an increase in risk to natural capital,
based on projected losses of biodiversity climate space with increasing climate alone
(Fig. 2a). Comparing column a with columns b—d suggests that while landcover change
was formerly a major driver in natural capital risk (top maps), climate change is potentially
a much larger future driver of increasing risk. This is a conservative view as the difference
comes from immediate use of a resource by the inhabitants of the area (or country) versus
impacts driven by expansion of economic activities (e.g., livestock production) for export,
as has been a major driver of deforestation in Amazonia. Large declines in biodiversity
are projected between 1.5 °C and 2 °C, and further declines between 2 °C and 3 °C,
with 80-100% of natural land exposed to severe droughts more than 1 year in length at
3 °C (Price et al. 2022, 2024). Even with 1.5 °C warming, significant biodiversity loss is
projected.

These changes drive reductions in natural capital (Fig. 2a—d), and the potential inter-
nally driven changes in natural capital owing to population growth, even with EF, show
few changes beyond those having already occurred. This is scenario dependent, and dif-
ferent SSPs would have different population patterns and potential impacts on natural
capital. While there are some climate impacts at 1.5 °C (column a), it is the addition of
the current landcover patterns that shift much of southcentral Brazil from medium-low
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No additional
climate associated
change in

biodiversity

Landcover/population 2010  Landcover/population 2100 Landcover/population/EF 2100

W import S

W Exreme

W High

B Medium High
Medium

B Medium Low

W Low

a) climate only b) climate + c) climate + d) climate +
population 2010 population 2100 population 2100 + EF

Fig. 2 Brazil natural capital risk at increasing levels of warming and changes in population. Brazil’s popu-
lation of 165 million in 2000 is projected to increase by 11% in 2100 under SSP2

risk to high risk. Adding in additional climate change rapidly expands the area projected
to be at high risk such that, by 3 °C, few areas are at low risk. The target temperature to
minimize natural capital risk in Brazil is 1.5 °C (or lower).
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W Medium High
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a) climate only b) climate + c) climate + d) climate +
population 2010 population 2100 population 2100 + EF

Fig.3 China natural capital risk at increasing levels of warming and changes in population. China’s popula-
tion of 1.2 billion in 2000 is projected to decrease by 37% in 2100 under SSP2

3.1.2 China

Current ‘baseline’ natural capital risk (Fig. 3, top left map) in many parts of eastern China
is greater than that seen to occur from projected losses in biodiversity, from climate alone,
of greater than 4 °C. China is projected to undergo a substantial reduction in natural capital
between 1.5 °C and 3 °C of warming (Figure S5). This can also be seen across biodiversity
based on climate alone (Fig. 3a). The differences between column a and columns b—d show
little additional impact from population change versus changes that have already occurred.
Indeed, population shifts show a potential reduction in risk in parts of China, especially at
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Fig.4 Egypt natural capital risk at increasing levels of warming and changes in population. Egypt’s popula-
tion of 67 million in 2000 is projected to increase by 94% in 2100 under SSP2

1.5 °C. Changes in climate lead to large declines in plant refugia for biodiversity between
1.5 °C and 2 °C, and further declines between 2 °C and 3 °C (Price et al. 2024). Limit-
ing warming to 1.5 °C rather than 3 °C would potentially avoid 55% of the loss of plant
refugia. Considerable benefits, in terms of reducing natural capital risk, would therefore
accrue if global warming were limited to 1.5 °C. This would limit the amount of adaptation
otherwise required, and potentially allow biodiversity more time to adapt naturally. As with
Brazil, there are significant increases in risk owing to previous land conversion, especially
in eastern China. These are areas where adaptation via restoration of natural habitats could
be beneficial. China shows relatively minor increases in risk between 1.5 °C and 2 °C but
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Fig.5 Ethiopia natural capital risk at increasing levels of warming and changes in population. Ethiopia’s
population of 63 million in 2000 is projected to increase by 203% in 2100 under SSP2

much larger increases above 2 °C. Therefore, the Paris Accords would still lower risk to
natural capital in China.

3.1.3 Egypt
Portions of Egypt that are classified as bare rock/sand are excluded from this study.

The biodiversity contained in these areas is often specialized and may not have been
adequately sampled by the biodiversity models. However, Wadis and other vegetated
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Fig. 6 Ghana natural capital risk at increasing levels of warming and changes in population. Ghana’s popu-
lation of 19 million in 2000 is projected to increase by 195% in 2100 under SSP2

areas greater 90,000 m? (e.g., a single 300 mx 300 m pixel) are included but are difficult
to see in the figures. Some ecosystems services (e.g., wood) are limited, and currently
include exotic species. Overall, only 2% of the country is classified as natural land (as
compared to bare ground), but even within this very small extent, the potential extent of
climate refugia for plants is projected to decline with warming (Price et al. 2024). Current
‘baseline’ natural capital risk (Fig. 4, top left map) in many parts of Egypt is equivalent
to that projected to occur from losses in biodiversity at warming levels of greater than
4 °C along the coast and 1.5 °C along the Nile. However, projected population growth
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Fig. 7 India natural capital risk at increasing levels of warming and changes in population. India’s popula-
tion of 1.0 billion in 2000 is projected to increase by 62% in 2100 under SSP2

(SSP2) increases risk substantially more than that projected to occur from the impacts
of climate change on biodiversity of warming of greater than 4 °C. Most natural capital
is found along a narrow strip of land along the coast (Figure S6), and this area shows
declines between 1.5 °C and 2 °C with substantial declines by 3 °C. The area along the
Nile shows declines even at 1.5 °C (Fig. 4a). Factoring in current population levels,
almost all of Egypt has natural capital at high to extreme risk at 1.5 °C (Fig. 4b). By
3 °C, much of the Nile is projected to be at high risk, with many areas needing to import
natural capital. To avoid most of the natural capital risk in Egypt, warming would have to
be held to below 1.5 °C.
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3.1.4 Ethiopia

Seventy-five percent of Ethiopia is classified as natural, meaning it potentially provides a
very important refuge for biodiversity as climate changes, especially <2 °C warming (Price
et al. 2024). The potential projected impacts from climate alone show that much of Ethio-
pia would be able to maintain large amounts of its natural capital inventory at 2 °C, except
in the river valleys (Figure S7). By 3 °C, lower elevations would already be seeing greater
impacts. Population levels of 2010 and current land cover changes show the natural capital
risk in many lower elevation areas to be moderate-high (Fig. 5b). Projected increases in
population expand the area at high risk, even with 1.5 °C warming (Fig. 5c, d). By 3 °C,
the combination of climate and population pressures potentially shifts much of the country
into the high- to extreme-risk categories. Ethiopia could potentially see substantial reduc-
tion in natural capital risk if temperatures were held to 2 °C or lower and could also see
substantial benefits from land restoration.

3.1.5 Ghana

Limiting warming to<2 °C would potentially allow large amounts of most Ghanaian bio-
diversity to persist in remaining refugia. However, currently, some 50% of these areas are
in agricultural use. Current ‘baseline’ natural capital risk (Fig. 6, top left map) in many
parts of Ghana is greater than that seen to occur from projected losses in suitable climate
for biodiversity of greater than 4 °C. Areas converted to agriculture represent potential
areas for restoration and recovery of natural capital. Figures S8 and 6a show the potential
impacts from climate only, showing large areas maintaining 50% of their natural capital
even at 3—4 °C warming. However, as with Ethiopia, adding in the natural capital demand
via population substantially increases risk. While these areas may retain natural capital
owing to climate change, population growth by 2100 pushes much of the southwestern part
of the country from medium to high risk even at 1.5 °C. By 3 °C, population growth, cou-
pled with the current EF, pushes parts of the country into extreme risk, especially in areas
surrounding cities (Fig. 6d). By 2 °C, only the existing protected areas in the south of the
country maintain their natural capital, with the rest of the southwest part of the country
at high risk. This indicates both the importance of protected areas but also the likelihood
of an increasing amount of pressure on these areas from surrounding population growth.
Natural capital in Ghana would be resilient even at higher levels of warming except from
the pressure from population growth. However, a strong shift toward sustainable develop-
ment could halt or reverse many of these negative projections.

3.1.6 India

Large declines of plant biodiversity in India are projected for 1.5 to 2 °C of warming, and
further between 2 °C and 3 °C warming. Many of areas that could act as plant refugia in
India are already in agricultural use, but there are still important refugia remaining in the
Western Ghats and the Himalayas (Price et al. 2024). Limiting warming to 1.5 °C would
avoid approximately 50% of the plant refugia loss otherwise projected to occur with 3 °C
warming. The potential impacts of climate change on biodiversity (as a whole, as opposed
to just the plants above) can be seen in Figures S9 and 7a. These show that much of India
would retain its natural capital (low risk) at 1.5 °C with large increases in risk by 2 °C.
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With warming of 3 °C, very few areas are at low risk except for the Western Ghats and the
Himalayas, and climate alone places most of the country at medium risk by 4 °C. Current
‘baseline’ natural capital risk (Fig. 7, top left map) in much of India is greater than that
seen to occur from projected climate-induced losses in biodiversity of greater than 4 °C.
Landcover change and population growth (Fig. 7b—d) shows most of the country at high
risk, even at 1.5 °C. By 2 °C, few areas are at low risk. Thus, current human population
pressures (column b) are equivalent to more than an additional 4 °C of warming. While
risk begins to rapidly increase beyond 2 °C of warming, there is the potential for restora-
tion providing adaptation and natural capital benefits at lower levels of warming.

4 Discussion

This paper reports on the initial results from the new framework and tool, WallaceNC. The
modular design of WallaceNC allows for flexibility in its application in other parts of the
world, with different or additional data, or by making other choices in its parameterization.
The flexibility of the framework allows for switching to other climate change or biodiver-
sity data (e.g., results from dynamic global vegetation models (DGVMs), or crop models),
choosing different population growth scenarios, looking at different ecological footprints or
looking at the role of global trade in increasing or decreasing demand on underlying land
uses. WallaceNC provides the potential to use different landcover data, including regional
landcover data at a higher resolution (e.g., 100 m? for the UK vs 90,000 m? used here).
On the parameterization side, different choices could be made for the categorical weight-
ing for most ecosystem services by landcover type. For example, the distance farmland is
from natural habitat is known to play a role in the ability of wild pollinators to reach crops
(Ricketts et al. 2008), and this distance could be used to more quantitatively weight pol-
lination as an ecosystem service in farmlands. Alternatively, a crop filter including/exclud-
ing the need for insect pollination could be part of the weighting. Other uses could include
investigating land-sharing/land-sparing possibilities (Phalan et al. 2011) or habitat restora-
tion as part of mitigation activities.

Natural capital is frequently defined as the sum of the services that ecosystems directly
or indirectly provide to humans. For example, the UK National Ecosystem Assessment
defines “Ecosystem services are the benefits provided by ecosystems that contribute to
making human life both possible and worth living.” Biodiversity is the living (or biotic)
component of ecosystems meaning that it is one of the major components underpinning the
ecosystem services. A given suite of species can have multiple ecosystem services, with
individual organisms providing multiple independent services. Thus, declines in biodiver-
sity, whether they have already occurred, or are projected to occur as the climate changes,
can have a far greater impact on ecosystem services, and thus on natural capital. By exam-
ining the interrelationship between largely anthropogenic changes to landcover, population
change, and projected impacts on species (and thus biodiversity and ecosystems), it is pos-
sible to estimate risk to natural capital with climate change, as well as some potential adap-
tation options.

IPCC assessments have examined the potential impacts of climate change on biodiver-
sity, and local-global extinction risk. This is especially true of the most recent report, AR6
(Parmesan et al. 2022). If one considers changes in the climate space occupied by biodiver-
sity alone, with no current landcover being considered, then the projected impacts of cli-
mate change on the six countries in this study can be seen in Figs. 2a, 3, 4, 5, 6, 7a, S2, and
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S3. Of the six countries examined in this paper, with 1.5 °C warming, the projected bio-
diversity loss (in natural areas) ranges from 11.9% (China) to 33.3% (Egypt) with Ghana
ranking close to China and Brazil close to Egypt. By 2.0 °C, the projected loss ranges
from 15.3% (China, Ghana) to 37.8% (Egypt, Brazil), and by 3.0 °C, it ranges from 21.1%
(Ghana) to 51.8% (Brazil).

While the projected impacts of climate change on biodiversity (as measured through
loss of suitable climate space) are relatively high alone, factoring in the overall projected
natural capital available with no climate change (the sum of the ecosystem services,
Fig. 1a—f) shows that many areas in each country are already depleted in natural capital
owing to changes in landcover over time. This is particularly true for Egypt, India, the
southern third of Ghana (outside of protected areas), parts of Brazil, eastern China and the
middle of Ethiopia. Translating this to natural capital risk, which factors projected changes
in biodiversity, landcover changes in 2015 and population, even considering the potential
for ecosystem redundancy (where some species replace or perform the services of species
potentially becoming locally extinct), a much clearer picture of the potential risks (and sub-
sequent potential damages) of climate change and use of natural resources arises.

In examining the natural capital risk from climate change alone (Figs. 2a, 3, 4, 5, 6 and
7a), even with 3 °C of warming, only some areas in Brazil, along the Nile in Egypt, and a
few areas in Ethiopia and India are modelled as being at high natural capital risk. However,
once ‘current’ landcover and population are added to the framework, large parts of Brazil,
eastern China, Egypt, most of Ethiopia, the southwestern third of Ghana (except for pro-
tected areas) and almost all of India are modelled as being at high to extreme risk with 3 °C
of warming. Even with 1.5 °C warming and current landcover and population, the com-
bined risk to Brazil is similar to that seen between 2 °C and 3 °C from climate alone; whilst
the combined risk in China, Egypt, Ghana and India is greater than the risk from 4 °C
warming, and the combined risk in Ethiopia is greater than that of 3 °C warming alone.
Thus, current land cover and population in these countries has led to substantial adaptation
deficits (equating to the equivalent of 2 °C additional warming or greater), potentially lead-
ing to a soft adaptation limit (and, in some areas, potentially a hard adaptation limit). By
2100, factoring in population change (SSP2), current ecological footprint and current land-
cover, even with only 1.5 °C warming, large parts of Brazil, eastern China, most of Egypt,
much of Ethiopia (approximately equal to the risk from climate alone at 4 °C), southwest-
ern Ghana (except for protected areas) and most of India are at high to extreme risk with an
adaptation deficit potentially equating to a soft adaptation limit.

Limiting warming to 1.5 °C rather than 3 °C substantially reduces natural capital risks,
especially when considered in tandem with projected human population growth. Because
risks remain even with 1.5 °C warming, an adaptation deficit is still present with soft adap-
tation limits in many countries. However, the amount of adaptation needed will be much
less challenging for 1.5 °C warming than at higher levels. At lower levels, targeted res-
toration of agricultural habitats (even if restricted to marginal agricultural lands) would
increase the natural capital bank available for use by people and providing support for
remaining agricultural lands (fewer benefits could be achieved through regenerative agri-
culture, continuing to provide food but also supporting greater amounts of natural capital).
For example, at 1.5 °C warming, converted lands that would have been projected to retain
75% of their biodiversity range from 44% in Ghana to 7.8% in Brazil (Figure S1). This is
less an indication of a reduced land conversion in Brazil than it is a higher climate impact
at lower temperatures. By 3 °C, the adaptation potential from restoration is substantially
less: < 1% in Brazil, India and Egypt; 7-8% in China and Ethiopia; but still 26% in Ghana.
This indicates that adaptation option for biodiversity, and thus, natural capital, rapidly
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decreases with increasing temperatures; what was an adaptation deficit has now become a
hard adaptation limit.

These results look only at a single SSP, and other SSPs would produce different risk
metrics. For example, SSP1 and SSP5 would potentially allow natural capital to start to
recover as populations decline (depending on the spatial distribution of the population).
However, SSP3 projects a substantially higher population, and this would likely lead to
even greater losses of natural capital and higher risk. It is not just the size of the popu-
lation, but also the consumption, measured here by the ecological footprint. None of the
analyses in this paper includes the potential impacts of exporting natural resources on the
overall natural capital, and this is a subject for future work. If developing countries become
affluent and shift their diet and consumption patterns to match developed countries, the
natural capital risk would also be expected to increase. Growth and economic development
can take many different pathways to reach the same point, some with higher, and some
with lower overall footprints. Similarly, this analysis only looked at current landcover, and
not the large number of potential future landcovers that have been developed in integrated
assessment models. However, many of these model outputs would have landcover that
increases the adaptation deficit and natural capital risk. Protected areas, at least in some
areas and up to some levels of warming, can provide important natural capital banks (e.g.,
as seen in Ghana, Fig. 6). However, in other areas, the biodiversity is so exposed to warm-
ing (Figure S2) that warming would need to be held to 1.5°, along with restoration and/or
adaptation to reduce ecological footprints to hold natural capital risk to as low a level as
possible. In these areas, meeting the Paris Accords is not enough to maintain natural capi-
tal; the adaptation deficit is too great (in this study, this includes large areas in India and
Egypt), but all six countries have areas in adaptation deficit at 1.5 °C.
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