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Higheconomic costs of reduced carbon sinks
and declining biome stability in Central
American forests

Lukas Baumbach 1 , Thomas Hickler2,3, Rasoul Yousefpour1,4 &
Marc Hanewinkel 1

Tropical forests represent important supporting pillars for society, supply-
ing global ecosystem services (ES), e.g., as carbon sinks for climate regula-
tion and as crucial habitats for unique biodiversity. However, climate change
impacts including implications for the economic value of these services have
been rarely explored before. Here, we derive monetary estimates for the
effect of climate change on climate regulation and habitat services for the
forests of Central America. Our results projected ESdeclines in 24–62%of the
study region with associated economic costs of $51–314 billion/year until
2100. These declines particularly affected montane and dry forests and had
strong economic implications for Central America’s lower-middle income
countries (losses of up to 335% gross domestic product). In addition, eco-
nomic losses were mostly higher for habitat services than for climate reg-
ulation. This highlights the need to expand the focus from mere
maximization of CO2 sequestration and avoid false incentives from carbon
markets.

The global importance of tropical forests for carbon sequestration and
biodiversity conservation has been acknowledged for a long time1.
While afforestation has become an international standard tool for
offsetting carbon emissions, continuing deforestation activities
threaten the world’s last remaining pristine forests and contribute to
accelerating species extinctions2–5. On top of these human pressures,
changing climatic conditions may affect vegetation growth, composi-
tion and structure and trigger biome shifts, rendering habitats unsui-
table for species with side effects on ecosystem services (ES) and
biodiversity6,7. The economic impacts of thesechanges couldbe severe
for commercial forestry8, but even more so for the multitude of non-
use values that are provided by natural tropical forests9. The biogeo-
graphic region of Central America, which is home to unique old-
growth forests with high levels of biodiversity and high carbon uptake,
already experiences climate change impacts and could become a hot

spot in the future10,11. In addition, growing landuse pressures (cropland
expansion, illegal logging activities, etc.) could further reduce the
extent of natural rain forests3,12,13. The region’s complex topography,
however, presents difficult conditions for climate impact modelling.
The terrain is shaped by mountain ranges that divide the landscape
from north to south and influence climatic conditions at a scale that is
finer than that of standard climate change scenarios. Previous studies
have shown how topography can be a major driver in shaping tropical
forest communities and their productivity14. Due to the lack of high-
resolution future climate scenarios and the high computational effort
associated with fine scale analyses, however, large-scale studies on
vegetation modelling in our study region so far were carried out at
coarse spatial resolutions15,16. In contrast, conservation planning and
activities such as the delineation of protected areas, establishment of
biological corridors or restoration of degraded landscapes usually
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occur at regional to local scales. Furthermore, economic implications
of climate change on Central American forest ES up to date remain
understudied. Existing analyses have been either performed at local or
continental scale and often segregated between ecological and eco-
nomic modelling of climate change impacts17–19. The translation of
ecological outcomes into monetary units is however of high impor-
tance to provide results for decision-makers in an accessible way, raise
awareness for neglected economic implications of ES losses and put
their relevance into perspective with other economic figures such as
the gross domestic product (GDP). Specifically in view of a growing
number of environmental challenges that decision-makers are faced
with, the demand for economic estimates of ecosystem service pro-
vision remains high, whereas studies providing guiding information
are still scarce20.

Therefore, in this study we aim to bridge some of these research
gaps in relation to the following research questions:
1. How may the two ecosystem services climate regulation and

habitat be influenced by climate change?
2. Which approximate economic value could be estimated for the

provisioning of both services? Which economic costs could arise
under climate change?

3. How could these values change when considering national price
levels or temporal discounting?

4. Wheremight we expect hot spots of change which call for action?

We approach these questions by 1) modelling vegetation growth
and dynamics with the dynamic global vegetation model (DGVM) LPJ-
GUESS at a very fine resolution (1 arc-second) and 2) valuing the pro-
visioning of climate regulation and habitat services economically.
Therefore, we estimated net ecosystemexchange in t CO2 (as indicator
for climate regulation) and biome stability (as indicator for habitat
services) for the time period 1985–2100. Due to the uncertainty of
future climate, we ran our simulations for two global climate scenarios
with two socio-economic pathways to cover both low and high climate
forcing. The modelled indicators were then used to calculate eco-
nomicES values by using the social costs of carbon andbenefit transfer
from existing studies.

For this analysis, we consider habitat as a supporting service and
value it through the bundled benefits of other ES that result from it as
part of the ES cascade21,22. We further explored the sensitivity of these
economic estimates towards regionally differing price levels and dis-
counting. Our results are presented as maps showing stable regions
and hot spots of changes (Fig. 1), economic estimates per country and
in relation to national GDPs (Figs. 2–3) andhot spots of economic costs
(Fig. 4). Drawing from the revealed patterns, we finally discuss eco-
nomic implications for the region’s forests. The study findings are of
particular importance to assess coupled ecological-economic climate
change impacts in Central America for the first time and support the
protection of vulnerable and valuable forest ecosystems.

Fig. 1 | Biome stability and CO2 sequestration. Bivariate visualization overlaying
biome stability and the difference of CO2 sequestration (Δ CO2 seq.) between 2071
and 2100 and the reference period 1985–2014 for all climate scenarios (global
climate models: GFDL =GFDL-ESM4, IPSL = IPSL-CM6A-LR; shared socio-economic

pathways: SSP126 = SSP1-2.6, SSP370 = SSP3-7.0). The colours correspond to the
position within the legend matrix (i.e., magenta: BS< 50%, Δ CO2 seq. < 0; blue:
BS> 50%, Δ CO2 seq. <0; orange: BS< 50%, Δ CO2 seq. > 0; green: BS> 50%, Δ CO2

seq. >0).
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Results
Spatial analysis of ES indicators
Our simulations covered four climate scenarios, featuring a combina-
tion of two global climate models (GCMs), IPSL-CM6A-LR (IPSL) and
GFDL-ESM4 (GFDL), and two shared socio-economic pathways, SSP1-
2.6 (SSP126) and SSP3-7.0 (SSP370) (for general trends of these sce-
narios see Fig. S12). To detect long-term changes in our results, we
compared the last 30 years of the historical climate data (1985–2014)

with the last 30 years of the climate projections (2071–2100). Mapping
themodelled CO2 balance and biome stability revealed regional trends
which also varied with climate scenarios. A summary of the directional
trends of both variables is shown as a bivariate map in Fig. 1. For
simplicity, we applied breaks of 50% biome stability and 0 t/ha/year of
CO2 sequestration to the data to be able to distinguish between four
major categories of trends (for a continuous presentation of these
results, see Fig. S1–2). All scenarios resulted in high biome stability

Fig. 2 | Economic costs of projected ecosystem service declines. A Boxplots of
total costs by country as fraction of their GDP (computed across all price, dis-
counting and climate change scenarios).BCosts for ecosystem service declines for
the whole study region (billion $/year) for all combinations of price, discounting

and climate change scenarios (global climate models: GFDL =GFDL-ESM4, IPSL =
IPSL-CM6A-LR; shared socio-economic pathways: SSP126= SSP1-2.6, SSP370=
SSP3-7.0).

Fig. 3 | Country-level distributionof ecosystem service losses (global prices, no
discounting).Bean plots showing the distribution andmedian (bold black lines) of
economic costs for declining habitat services (blue color) and decreased climate
regulation (dark yellow), separated by country (BZ Belize, CO Colombia, CR Costa
Rica, SV El Salvador, GT Guatemala, HN Honduras, MX Mexico, NI Nicaragua, PA

Panama). The affected area for each country is relative to the respective national
total forest area within the study extent. The thin dotted lines show the median
across all countries for each climate scenario (global climatemodels: GFDL=GFDL-
ESM4, IPSL = IPSL-CM6A-LR; shared socio-economic pathways: SSP126= SSP1-2.6,
SSP370 = SSP3-7.0).
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along the Caribbean-facing half of Central America, the southern part
of the Yucatan peninsula and parts of Northwest Central America,
which largely matches the current extent of the tropical rainforest
biome. In the mild (SSP126) scenarios 84.8% and 84.9% (GFDL, IPSL) of

the area showed a biome stability above 50%, while these numbers
slightly dropped to 79.4% and 84.5% in the SSP370 scenarios (also see
Table S1). In termsof CO2 sequestration, a stronger differencebetween
SSPs was found. For the SSP126 scenarios 64.1% and 55.9% of the area

Fig. 4 | Economic hot spots (global prices, no discounting). The here presented
maps show projected economic losses in areas where both ES declined for each
climate scenario (global climatemodels: GFDL=GFDL-ESM4, IPSL = IPSL-CM6A-LR;
shared socio-economic pathways: SSP126= SSP1-2.6, SSP370= SSP3-7.0). Cost

classes refer to the summed costs of declines in both services. The bar plots show
an overlay of the individual ES costs to compare their contribution to overall costs.
Bar width shows the area covered by that class, bar height the average cost (AC).
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were projected to store less CO2 than during the reference period,
while for the SSP370 scenarios lower CO2 sequestration was only
projected for 24.1% and 33.4%, respectively. Overall, a consistent trend
of decreasing biome stability became apparent in parts of current dry
forest biomes along the Pacific coast and in the upper half of the
Yucatan peninsula. These areas also featured hot spots, where both
CO2 sequestration and biome stability decreased, covering between
4.0% and 8.7% of the study area. Notably, the SSP126 scenarios showed
higher decreases of CO2 sequestration, while the SSP370 scenarios
resulted in stronger decreases of biome stability. These changes partly
showed a non-linear relationship over time, with fluctuating CO2

sequestration andbiome stability losses accelerating in the last quarter
of the century (Fig. S10–11).

Economic valuation
Simulated declines in CO2 sequestration and biome stability were
translated to economic terms by a) using social costs of carbon esti-
mates for climate regulation and b) transferring ES values from other
studies for habitat services. Furthermore, we considered influences of
price levels by calculating both a global variant with uniform prices for
the whole study area and a nationalized variant where we adjusted
prices based onper capita GDP23. Also the influence of timepreference
was tested by either applying a discount rate of 2 % or applying no
discounting at all (i.e. a constant ES value over time).

Overall, the economic costs of reduced ES provision ranged
between 29 and 313 billion US$/year for habitat and 1–65 billion US
$/year for climate regulation (Fig. 2, panel B; for details see Table S2). A
major factor for this broad range of results was the application of
discounting. For all scenarios, habitat costs calculated with a discount
rate of 2% were approximately six times higher than without dis-
counting. Since discounting lead to future ES values for habitat ser-
vices always being lower than in the historical period, however, costs
arose in 100% of the study area irrespective of unchanged biome sta-
bility. In contrast, the costs for reduced climate regulation calculated
without discounting exceeded the discounted results by a factor of up
to 30. The consideration of national inequalities through adjusted
prices also showed major effects on the economic outcomes. Gen-
erally, cost estimates using uniformglobal price levels were around 1.6
times higher than estimates with nationally adjusted prices. Regarding
the influence of climate, stronger forcing lead to higher habitat costs
than the mild SSP126 for the GFDL scenarios, but did not result in
higher losses for the IPSL scenarios. While the area with reduced
habitat services did not vary significantly between the climate sce-
narios, the average costs were higher for the SSP370 scenarios. For
climate regulation, the opposite trend appeared with higher costs
under the mild scenarios due to larger affected areas, although the
average costs were again higher for SSP370.

To further break down these trends and cast light from a socio-
political perspective we summarized the results by country. When put
into relation with the size of the economies, total costs from projected
ES declines were most marked for Belize, Nicaragua and Honduras
where some scenarios resulted in losses of up to 335%, 189 and 115% of
the national GDP, respectively (Fig. 2A; for details see Table S3). When
applying a uniform global price for ES and without discounting, the
habitat costs resembled a right-skewed distribution (i.e. showing a
high density of small losses and a longer right tail) for most countries
(Fig. 3, for the national scheme see Fig. S3). An exception were El
Salvador, where the costs rather followed a normal distribution with a
medium to high variance, and Belize, which showed a bimodal dis-
tribution under most scenarios. In terms of CO2 costs, variances in
general tended to be higher than for habitat costs. Here, a very flat,
slightly right-skewed distribution was the most common case with
costs ranging up to more than $ 5000/ha/year. Overall, average CO2

costs were higher than average habitat costs in most scenarios for
Colombia, Panama, Costa Rica, Honduras and Guatemala, whereas the

opposite was the case for Nicaragua, El Salvador and Mexico and no
clear trend emerged for Belize. Under consideration of discounting,
the results for habitat costs changed towards normal distributionswith
a narrow value range around 3100–3200 $/ha/year (Fig. S4, for the
national variant see Fig. S5). An exception was El Salvador, which
showed a rather uniformdistribution of costs. Climate regulation costs
again followed a right-skewed distribution for most cases, although at
much lower levels with averages around 100 $/ha/year and maxima
around 600 $/ha/year.

Economic hotspots
The above analysis already gives important insights into the sources
and distribution of projected costs. From a practical perspective,
however, cost mitigation efforts will have to rely on a prioritization of
areas due to limited resources. Therefore, in an additional step we
filtered areas that showed losses for both services and calculated
overall cost per area. Thus identified areaswith high costswere termed
“economic hotspots”. Additionally, we summed up the affected area
for different cost categories and also directly compared the con-
tribution of declining habitat services and climate regulation to the
total costs. Figure 4 shows the thus uncovered economic hotspots
assuming global prices and no discounting (for other variants see Fig.
S6–8). For this valuation variant costs for both ES were comparable in
most of the area. Only for the highest cost classes the costs for
declined climate regulation largely exceeded those for habitat ser-
vices, yet these only covered small spatial extents. Overall, the most
prominent patterns were dictated by the strength of climate forcing.
Firstly, the SSP126 scenarios showed altogether larger areas where
costs for both ES may arise. Secondly, also the economic hotspots for
the highest cost category differed with scenario strength. With global
pricing and no discounting, the GFDL-SSP126 scenario showed the
highest costs in the Northwest of the study region, particularly over
large parts of the Yucatan peninsula, and in montane regions of Hon-
duras, Costa Rica and Colombia. The corresponding SSP370 scenario
on the other hand showed less of these areas in the Northwest, but
increased costs in the Colombian Andes. The IPSL-SSP126 scenario
showed the highest costs along the mountain ranges of the American
cordillera fromMexico to Colombia. Finally, the IPSL-SSP370 scenario
resulted in a similar pattern, covering less area but showing regionally
higher costs in Honduras, Nicaragua and the Colombian Andes. With
national prices, however, the distribution of these hot spots changed
markedly. There, the highest costs arose in large parts of Mexico, in
Costa Rica and Colombia with equal relations between the mild and
strong scenarios as in the global scheme. Altogether, the share of the
upper cost classes (> 2500 $/ha/year) decreased in all scenarios com-
pared to the global scheme. The application of discounting in combi-
nation with global pricing resulted in less distinct but similarly
distributed economic hotspots as in the variant without discounting.
Finally, the variant using discounting and nationally adjusted prices
showed the least informative outcome, since total costs almost
exclusively differed between countries and thus merely highlighted
costs in the highest income economies.

Discussion
In this study we estimated potential economic implications of climate
change impacts on forest ES. To this end, we successfully applied the
process-based model LPJ-GUESS within Central American conditions.
The adaptation of climate inputs following the “landforms” approach
contributed to an improved representation of temperature, solar
radiation and soil depth, yet model inputs for precipitation could not
be adjusted in the same manner. Some modelling artefacts hinting at
the original 0.5 degree resolution of the input data thus remain. Fur-
thermore, our analysis mainly focused on climate-driven changes of
ecosystems. In addition, anthropogenic impacts like land use change
may have important implications for Central America’s ecosystems in
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the future24. Alas, an estimation of these effects was beyond the scope
of this study.

The here-used valuation techniques (cost-based valuation for cli-
mate regulation, benefit transfer for habitat services) are commonly
applied in studies on the economic value of ecosystem services25–27.
However, it should be noted, that a wide range of other valuation
techniques is available that could yield different perspectives and
results. To cover at least some critical factors influencing economic
outcomes, we provided estimates under a range of assumptions (dis-
counting/no discounting, national/global prices). Nevertheless, parti-
cularly for the social costs of carbon, large uncertainties exist
regarding socio-economic assumptions, damage functions and the
choice of an appropriate discount rate, which altogether stimulate the
current scientific debate28.

The general trendsof potential biome shifts in this study showed a
more conservativepicture than the regional simulations by Lyra et al.29,
who used the Inland dynamic vegetation model for Central America
and projected biome shifts under RCP4.5 and 8.5 from tropical rain
forest to savannas and grasslands for most areas between Mexico and
Costa Rica. On the other hand, our results largely agreed with global
LPJ-GUESS projections by Huntley et al.7, who used climatic forcing
from the HadCM3B-M2.1aD model under RCP4.5 and 8.5. Altogether,
our results suggest that themajor part of the current extent of tropical
rain forests is at a low risk of biome shifts, even under stronger climate
change scenarios. Beyond these areas, however, we found less stabi-
lity, particularly for the montane forest biome. This trend increased in
area and intensity with increasing climate forcing.

Larger CO2 uptake under SSP370 than under SSP126 as projected
by our model is largely driven by stronger CO2 fertilization effects,
which is consistent with other studies30–32. Even though past trends in
vegetation greenness and CO2 uptake by terrestrial ecosystems have
been partly attributed to CO2 fertilization effects33,34, the magnitude of
these effects on carbon sequestration is highly uncertain35. Since the
here used LPJ-GUESS model accounted for nitrogen limitation, our
simulations might at least be more realistic than earlier vegetation
modelling results without nutrient limitation36. In contrast to the biome
stability trends, mild climate change scenarios resulted in reduced net
CO2 uptake in ~60% of the area, while this number was halved in the
SSP370 scenarios. Nevertheless, SSP370 resulted in higher extreme
values and showed larger regional disparities. In addition to CO2 ferti-
lizationeffects, areaswithdecreasingbiomestability but increasingCO2

sequestration may also be explained through increasing shares of
raingreen PFTs with a high carbon use efficiency. While tropical rain
forests have among the highest carbon stocks, tropical seasonally dry
ecosystems have been found to achieve comparable net ecosystem
productivity37,38. On the downside, decreasing biome stability in these
areas may pose severe threats to biodiversity conservation, since they
include someof the last natural dry forest reserves andalready facehigh
pressures from land conversion39. Mountain ranges emerged as further
hot spots of change with generally decreased biome stability and partly
lower CO2 uptake. This may be mainly attributed to increasing tem-
peratures, which could trigger altitudinal shifts of biomes. Overall,
considering the high fragmentation of forest landscapes of Central
America, implications of biome shifts for conservation may be severe,
since species migration is highly restricted and alternative habitat may
not be available.

The projected changes in both ES put high economic values at
stake over a significant portion of the study area. Even the lowest
estimate of 51 billion $/year already represents a considerable fraction
of the region’s aggregated GDP of 655 billion $40. At the same time it
needs to be noted, that these costs may accumulate over the course of
the century and may show non-linear changes over time. Overall, the
application of discounting had the strongest influence on total costs,
followed by the choice of price level and only then the magnitude of
climate change scenarios. Nevertheless, the spatial distribution of

costs was mainly determined by the assumed RCP and to a lesser
extent also by the specificGCM. As an important finding, the estimated
costs for declining habitat services were always higher than the
respective costs for decreased climate regulation for all but one sce-
nario (GFDL-SSP126, no dicscounting).

Importantly, discounting had opposite effects on the here applied
ES values: While the social costs of carbon increase over time, the
classical discounting of the net present value for habitat services
resulted in lower values for the future than for the historical period.
This difference is founded in the underlying logic of the social costs of
carbon, which are defined as economic costs of an additional ton of
CO2 emitted at a particular point in time. Since economic damages
through increasing emissions accumulate over the time, so do the
social costs of carbon41. Higher discount rates do not change this
trend, but reduce the weight of future impacts and thus result in lower
social costs of carbon. For continuously supplied ES like habitat on the
other hand, discounting results in a stronger preference for short-term
gains and reduced valuation of future income in the long term. These
inherent differences between both concepts need to be kept in mind
when jointly interpreting the discounted results.

From a more social perspective, it needs to be noted that the
costs appeared to be unequally distributed over countries and could
reinforce existing inequalities. For example, the lower-middle
income economies El Salvador and Honduras showed consistenly
high ES declines,whereas projected losses were always lower for the
region’s highest-income countries Panama and Costa Rica. Also with
regards to GDP, lower-middle income economies such as Belize,
Honduras and Nicaragua emerged as most affected countries with
losses that may exceed their respective GDP and thus highlight the
economic relevance of these services. In accordance with these
regional disparities, the choice of price levels also played an impor-
tant role for overall costs. At the global scale, adverse effects on
biodiversity andCO2 sequestration are equally severe, irrespective of
where they occur. The economic reality may differ, however, since
actual payments are likely to follow national income levels42. In the
valuation variantswith national prices, the areaswith the lowest costs
due to declining ES quite naturally occurred in the lowest income
countries, where mitigation cost per area would thus be lowest. In
fact, similar considerations have also been dominating environ-
mental investments in the past, for example in the form of clean
developmentmechanisms or voluntary carbon offsets, which usually
take place in developing countries43,44. In contrast, a uniform pricing
of ES could better reflect the ecological reality and global external-
ities of ES declines.

The here applied social costs of carbon, though well within the
current range of estimates from negative values up to more than
2000 $/tCO2

45, are still subject to intense scientific debates. A pivotal
point in these discussions is their sensitivity towards the applied dis-
count rate, which influences both magnitude (the lower the rate, the
higher the costs) and temporal dynamics of the value (the higher the
rate, the higher the difference over time). Nevertheless, over the
course of the short life span of this concept, estimates have been
constantly increasing so far and may continue to do so in the future28.
Equally,methods for the economic valuationof habitat services are not
standardized yet and can vary considerably based on the included
proxy ES, valuation techniques, scope or study region. The here
applied perspective emphasizes the importance of stable habitat
(approached through biome stability) for supporting the provisioning
of a bundleof other services along the ecosystemservice cascade21,46. It
needs to be noted, however, that the placement of “habitat” in the
context of ecosystem services is still debated because of its complex
relations to other services (including classifications as an “ecosystem
function” or “intermediate service”)47. Apart from these conceptual
challenges, also valuation methods are in need of better standardiza-
tion. Particularly for existence or option values economic estimates

Article https://doi.org/10.1038/s41467-023-37796-z

Nature Communications |         (2023) 14:2043 6



may by far exceed six-digit figures (in $/ha/year), whereas other “free”
services may be valued at close to zero48. To navigate these uncer-
tainties, there is thus both a need for more accurate estimates that
consider context dependency and a need for the application of robust
metrics when making use of such estimates.

The here projected economic losses, while still being subject to
large uncertainties, give a general impression of the magnitude of
climate change-related impacts on ecosystem services and associated
implications for society. As such, these results may inform incentives
that aim at the reduction of greenhouse gas emissions, the conserva-
tion of ecosystems or financial compensation for foregone benefits.
A common contemporary practice in this regard are payment for
ecosystem service programmes. These have received increasing
popularity in Central America, ranging from projects via government-
funded programs to carbon taxes49–51. Also globally the number and
financial volumeof payments for ecosystem services are growing52 and
there are calls for their extension throughout the tropics (e.g., carbon
taxes)53. However, the impacts of such payment schemes on the state
of nature may differ significantly depending on the targeted ES.
A programme purely focused on CO2 sequestration could incentivize
forest management regimes that solely aim to optimize productivity.
This could lead to more intensive management and promote a shift
towards less butmoreproductive tree species or evenmonocultures54.
At the same time, the fluctuation of CO2 prices may greatly influence
profitability. Over the past decades, more and more markets and tax
schemes have been introduced across the globe with a variety of
internal mechanisms and gaping price ranges from below $1 up to
$119/t CO2

42. Still, these remain far below most current estimates for
the social costs of carbon.

Incentives for habitat conservation on the other hand could
mainly promote do-nothing strategies, which could result in trade-offs
with climate regulation55,56. To make conservation-based PES schemes
work, there would also need to be an economically and ecologically
worthwhile long-term perspective to prevent species turnover due to
frequently changing management or deforestation after the end of a
payment cycle. To control tradeoffs and negative side effects, modern
market instruments should additionally aimat an integrative approach
considering multiple ES57,58. As shown in our analysis, the individual
costs for climate regulation and habitat conservation could be very
high. Mitigation of climate change impacts in the areas shown in Fig. 4
could, however, result in co-benefits for both services as other studies
have shown59,60. Through careful design of a PES scheme that avoids
the above-mentioned pitfalls, synergies between CO2 and habitat
conservation may be better harnessed. To this end, differentiations in
the guidelines and conditions for payments also need to be made
between natural forest ecosystems and degraded landscapes or sec-
ondary forests25. Any PES scheme, however, hinges on the imple-
mentation of accurate and cost-efficientmonitoring of the affected ES,
which often still limits the application of advanced schemes and needs
urgent improvement61,62.

In summary, our study investigated climate change effects on
Central American forest ecosystems and their climate regulation and
habitat services. We successfully adapted a dynamic global vegeta-
tionmodel to simulate growth-based indicators for both services at a
high spatial resolution. By applying different economic valuation
approaches, we derived rough estimates for the development of
climate regulation and the provisioning of climatically stable habitats
under various climate change scenarios. Our results provide an
overview over hot spots of change and potential costs to society in
monetary terms and for the first time give an impression at the fine
scale needed for local to regional conservation planning. While there
is still room for model improvement and opportunities for the
application of different valuation techniques, this study takes a first
step in linking DGVM simulations with economic value perspectives
for Central America.

Methods
Study area
The biogeographic region of Central America – as demarcated by the
Mesoamerican biodiversity hot spot63 – covers the landmass between
Mexico andColombia, thus being an ecological bottleneck between the
Americas. It comprises a wide variety of ecosystems ranging from
montane cloud forests to xeric shrublands condensed in a comparably
small geographic area. As a result of topographic complexity and cli-
matic variability, the region is estimated to host at least 17,000 plant
species, 1124 bird species, 580 amphibians, 686 reptiles, 509 freshwater
fish species and 440mammals, many of which are endemic64. While the
overall extent of the hot spot covers 1,130,019 km2, the remaining
habitat in the early 2000swas only 20% and recently shrank to 14.1%12,64.
In this study, we focus on the areas hosting tropical forest biomes. We
therefore excluded the Northwestern Mexican part of the biodiversity
hotspot, but in turn incorporated parts of the neighbouring biogeo-
graphic regions of South America for comparison. The southeastern
limit was set to the transition area between the Colombian Andes and
the Llanos lowlands, which mark a hydrological border and represent
difficult edaphic conditions for vegetationmodelling due to underlying
laterite soils65. The thus selected study extent covered the area between
73 and 100 °W and 4–24 °N. Areas strongly influenced by human land
use (croplands, urban and mosaics) were excluded from our analysis.

Environmental forcing data
Bias-corrected climatic inputs were obtained from the ISIMIP3b data
set66–69 at a spatial resolution of 0.5 degrees and at a daily temporal
resolution from 1850 to 2100. For nitrogen deposition we used data
from Lamarque et al.70, whereas CO2 data was taken from71. For ele-
vation data we used the SRTMGL1 dataset72 at 1 arc-second resolution,
which equals our output resolution. Land cover data formasking areas
with human land use was retrieved from the CCI land cover data set v2.1

73. A summary of all datasets used in this study is shown in Table S4.

Vegetation model description
For the purpose of modelling vegetation responses to climate
change we used the dynamic global vegetation model LPJ-GUESS
(Lund-Potsdam-Jena General Ecosystem Simulator, version 4.0.1.)74,75.
This climate-sensitive process-basedmodel has been successfully used
in a large number of vegetation growth studies at a variety of scales
(for an overview see https://web.nateko.lu.se/lpj-guess/resources.
html, last accessed 05/01/2022). It is organized as a framework of
modules that represent main ecosystem processes and functions
including but not limited to: assimilation, respiration, resource allo-
cation/growth, establishment, mortality, disturbance, carbon and
nitrogen cycling. The vegetation is modelled as plant functional types
(PFTs), which are characterized by functional traits describing phy-
siological attributes and environmental tolerances (Table S5.1, 2).
To realize themodel at a very fine spatial resolutionwhich accounts for
the topographic complexity of our study region, we followed the LPJ-
GUESS “landforms” approach introduced by Werner et al.76. In a nut-
shell, we created subversions for eachmodelling unit based on a topo-
climatic classification (for a detailed description and evaluation see
Supplementarymethods & Fig. S13–14). While our landformmodelling
approach improved the representation of topographic effects on cli-
mate, we did not fully capture the spatial heterogeneity of precipita-
tion. Artefacts caused by the original coarse resolution of 0.5 degrees
for precipitation data are thus sometimes still visible in the resulting
maps. To improve accuracy, a proper downscaling of precipitation
data also with respect to wind fields would be necessary, which alas
was beyond the scope of this study.

Ecosystem service indicators
The estimation of climate regulation through CO2 sequestration was
based on net ecosystem exchange (NEE) outputs from LPJ-GUESS.
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The raw outputs (kgC/m2) were converted from carbon to CO2 by
multiplying with the factor 3.67 (ratio of atomic weights) and to the
more practice-oriented notation of t/ha. Subsequently, these values
were used to calculate the net CO2 uptake for the reference period
1985–2014 (last 30 years of the historical climate input data) and the
future period 2071–2100 (last 30 years of the simulation). Habitat
services may on the other hand be approached through other eco-
system services downstream the “ecosystem services cascade”21,77.
Since theprovision ofmanyecosystemservices dependsonecosystem
functionality and constancy of supporting services, i.e., habitat, an
increasing tendency for biome shifts is also likely to destabilize the
provision of ecosystem services and could signal a critical transition
as discussed in previous studies by Roche & Campagne (relations
between ecosystem stability, functions, and services), Grimm et al.
(biome shifts impact ecosystem functioning), and Armsworth &
Roughgarden (economic value of ecological stability)78–80. Following
this, we approximated the reliable provision of habitat through the
stability of the underlying biome, i.e., the likelihood of changing
vegetation types under changing environmental conditions. To this
end, we first classified each stand into one of eight major biomes. The
classification mainly followed the biomization scheme by Snell et al.16.
An exceptionwere the tropical needle-leaved forests (TrNE), which are
not parameterized as a seperate PFT in LPJ-GUESS. While in trial runs
we tested implementing anadditional TrNE class similar to Snell et al.16,
this new PFT showed very little growth, probably due to strong com-
petition with the temperate broadleaved evergreen (TeBE) and C4
grass PFTs. Within the natural forests of Central America the pre-
dominant conifers are pines, which co-occur with temperate broad-
leaves (mostly oaks) and inhabit areas with seasonal drought81. With
regard to these characteristics, we decided to adjust our classification
for this biome and base it on TeBE and precipitation seasonality
instead (for the full biomization scheme see Table S6). Finally, the
biome stability was calculated by comparing the projected biomes for
each year of the future period 2071–2100 to the mean biome of the
reference period 1985–2014 (for average maps see Fig. S9). The num-
ber of years with unchanged biomes was then divided by the length of
the investigated future period (see Eq. 1).

stabilityi %ð Þ=
Pn

1 biomeref erence � biomei,n
� �

n
*100 ð1Þ

where i = stand and n = number of years

Economic valuation
The constant provisioning of ES forms the foundation for human well-
being. In the future, however, someof thesebenefitsmaybe lost due to
a changing climate. Following this, we approached the economic value
of the investigated ES from a societal point of view. To this end we
estimated net present values for both the historical and future period
and calculated their difference as potential costs to society. Since the
economic value of costs and benefits may vary considerably depend-
ing on the time preference of society, we performed all economic
calculations 1) assuming a discount rate of 2% (average from an expert
survey by Drupp et al.82) and 2) without discounting for comparison.
Moreover, with regard to socio-economic inequalities across the study
region, the assumed price levels may play an important role for overall
economic values. Therefore, we also considered both 1) a global per-
spective with uniform prices across all countries and 2) a national
perspective, for which we adjusted the global price for each country
based onper capita GDP in 202023 in relation to the global average (see
Table S9). For the definition of GDP and respective data we referred to
the World Bank database40. The classification of countries by income
(e.g., lower-middle income economy) used throughout the text also
refers to the World Bank classification, which is based upon gross
national income per capita and uses the World Bank Atlas method83.

For the estimation of the economic value of climate regulation,we
used estimates for the social costs of carbon by Yang et al.84.While new
studies with updated estimations for the social costs of carbon are
being published every year, we preferred Yang’s study since data was
available at 5-yearly intervals, for all SSPs 1 through 5 and for a range of
damage functions and discount rates. From this dataset we first com-
puted averages across all damage functions for each time interval, SSP
and discount rate. Tomatch these estimates with our study setting, we
then extracted the values for the year 2015 for the historical period
(closest available year) and for the year 2085 for the future period
(central value). In the calculations without discounting, we used the
values for the year2085 at0%discount rate andkept themconstant for
both the historical and future period.

For the valuation of habitat services, we used a benefit transfer
approach. While this approach is not without its caveats20, it repre-
sented the most suitable option for our case due to a lack of primary
studies in our study region and a lack of resources to conduct our own
analysis. To reduce uncertainties and biases related to specific study
settings, we aimed to include a broad database and approximate a
central estimate irrespective of the underlying ecosystem. This is also
in line with our biodiversity conservation perspective and preferrable
to other strategies of unit value transfer20. Also, this approach avoids
the pitfalls of assigning values by habitat type, which may result in a
habitat “ranking” and economic implications that are counter-
productive for the conservation of species. Therefore, we searched
the Ecosystem Service Valuation Database48, which is currently the
largest compilation of ES value estimates frommore than 950 studies.
Within this database estimates for our study region were still very
scarce, hence we extended the data selection to the tropics (South
America, Africa and Asia). We further cleaned the data by removing
rows with missing entries and duplicates and selected only values
within the 5–95%quantiledue to the presenceof extremeoutliers from
0 to 2.25e + 10 $/ha/year. While we aimed to include a broad spectrum
of ES that are supported through habitat services, we excluded climate
regulation (for obvious reasons) and also provisioning services
(food, raw materials, water, medicinal resources) from the data set.
The latter was done for two reasons:firstly, our simulations focused on
natural forests and did not include forestmanagement and secondly, a
high and still growing share of forest products is obtained from
plantations85,86, whereas natural forests are mainly valued for regulat-
ing, cultural and supporting services87. The thus obtained data selec-
tion comprised 246 records (for a summary and overview over applied
filters see Supplement, Table S7). However, the data showed a strong
bias towards tropical rain forest ecosystems. To account for the variety
of ecosystems in the study region and arrive at a more general esti-
mate, we grouped all estimates by major biomes (tropical rain forest,
tropical dry forest, montane forests, temperate forests and grassland),
computed average values for each ecosystem service by biome and
summed the results for each biome (similar to the total economic
value framework21). Finally, we used the average across these biomes
and inflation-corrected the value to the year 2015 as baseline for
valuing habitat services. For the variants with discounting, we pro-
longated this baseline value for the historical period (central year 1999,
Eq. 2) and discounted it for the future period (central year 2085, Eq. 3).

HSV 1999 =HSV 2015* 1 +dð Þ2015�1999 ð2Þ

HSV 2085 =HSV 2015*
1

1 +d2085�2015 ð3Þ

where HSV= habitat service value and d = discount rate
The such obtained economic values were finally multiplied with

the values for the ecological indicators for both time periods. An
overview over all ecosystem service values used for each respective
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valuationvariant and (where applicable) standarddeviations is given in
the Supplementary (Table S8).

Data availability
ISIMIP3b climatic data is available fromthe ISIMIP repository at https://
data.isimip.org/. Atmospheric CO2 concentrations can be obtained
fromhttps://greenhousegases.science.unimelb.edu.au and SRTMDEM
data from https://lpdaac.usgs.gov/products/srtmgl1v003/. Economic
values for ecosystem services from ESVD are available from https://
www.esvd.net/. Estimates for the social costs of carbon arenot publicly
available, but may be requested from authors of the study of Yang
et al.84. GDP related data is available from https://data.worldbank.org/.
Source data underlying graphs in themain figures is available from the
Supplementary Data https://doi.org/10.5281/zenodo.7737544.

Code availability
Access to the LPJ-GUESS source code is restricted and can be reques-
ted from the Department of Physical Geography and Ecosystem Sci-
ence, Lund University, Sweden. Code including the ‘landforms’
extension may be requested from the BiK-F research group ‘Biogeo-
graphy and Ecosystem Ecology’.
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