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Nature-based solutions (NBS) can deliver many benefits to human wellbeing,
including some crucial to climate adaptation. We quantitatively assess the global
potential of NBS strategies of protection, restoration, and agroforestry by
modeling global climate change mitigation and local ecosystem services
(water availability, sediment retention, runoff, pollination, nitrogen retention,
green water storage, and coastal protection). The strategies with the most
potential to help people do not necessarily deliver the most climate change
mitigation: per area of conservation action, agroforestry provides substantial
benefits (>20% increase in at least one local ecosystem service) to three times
more people on average than reforestation while providing less than one tenth
the carbon sequestration per unit area. Each strategy delivers a different suite of
ecosystem service benefits; for instance, avoided forest conversion provides a
strong increase in nitrogen retention (100% increase to 72 million people if fully
implemented globally) while agroforestry increases pollination services (100%
increase to 3.0 billion people if fully implemented globally). One common
disservice shared by all the NBS strategies modeled here is that increased
woody biomass increases transpiration, reducing annual runoff and in some
watersheds negatively impacting local water availability. In addition, the places
with the greatest potential for climate change mitigation are not necessarily the
ones with the most people. For instance, reforestation in Latin America has the
greatest climate change mitigation potential, but the greatest ecosystem service
benefits are in Africa. Focusing on nations with high climate mitigation potential
as well as high local ecosystem service potential, such as Nigeria in the case of
reforestation, India for agroforestry, and the Republic of Congo for avoided forest
conversion, can help identify win-win sites for implementation. We find that
concentrating implementation of these three conservation strategies in critical
places, covering 5.8 million km2, could benefit 2.0 billion people with increased
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local ecosystem services provision. These critical places cover only 35% of the
possible area of implementation but would provide 80% of the benefits that are
possible globally for the selected set of ecosystem services under the NBS
scenarios examined here. We conclude that targeting these critical places for
protection, restoration, and agroforestry interventions will be key to achieving
adaptation and human wellbeing goals while also increasing nature-based carbon
mitigation.

KEYWORDS

climate adaptation, climate mitigation, nature-based solutions (NBS), nature’s benefits to
people, natural climate solutions (NCS)

1 Introduction

There has been much research and modeling of the potential
role of nature-based solutions (NBS) in providing multiple benefits
to human wellbeing, including climate mitigation. NBS has been
defined as actions addressing “societal challenges through actions to
protect, sustainably manage, and restore natural and modified
ecosystems, benefiting people and nature at the same time”
(Cohen-Shacham et al., 2019). Sometimes the term natural
climate solutions (NCS) (Griscom et al., 2017) is also used to
specify a specific type of nature-based solution (NBS) that has
climate change mitigation as a primary goal (Ellis et al., 2024). In
this study we will use the term NBS, discussing conservation actions
that have both climate change mitigation and local ecosystem service
benefits. Examples of NBS include avoided forest conversion,
reforestation, and the appropriate use of agroforestry, for which
case studies have shown benefits and disbenefits for climate change
adaptation and human wellbeing (Chausson et al., 2020; Chang
et al., 2024). These three conservation actions, if implemented
properly, are nature-based solutions in the sense of the Cohen-
Shacham definition. For instance, reforestation is an action to
“restore” (increase forest cover back toward past levels) a
“natural ecosystem” (a forest) in order to address a societal
challenge (climate mitigation as well as some potential wellbeing
benefits, like reduced soil erosion).

Climate change is one of the most pressing challenges affecting
human society, and urgent actions are needed to avoid catastrophic
impacts (IPCC, 2023). In order to avoid more than 2°C average
warming, total net emissions of greenhouse gasses (GHG) need to be
reduced beyond current Nationally Determined Commitments
(NDCs) by an additional 6–14 Pg of carbon dioxide equivalent
per year (Pg CO2e yr−1) by 2030 (Shukla et al., 2022). One study
estimated the maximum global potential of NBS for climate
mitigation is 20–37 Pg CO2e yr−1, of which 11.3 Pg CO2e yr−1 is
cost-effective (<100 USDMgCO2

−1) and 4.1 Pg CO2e yr
−1 of which is

low cost (<10 USD MgCO2
−1) (Griscom et al., 2017).

Mitigating climate change could ameliorate catastrophic hazards,
but communities around the world are already experiencing impacts
from a changing climate (IPCC, 2023). Major impacts from climate
change include increased freshwater flooding (Hirabayashi et al., 2013)
andwater shortages (Li et al., 2009; Flörke et al., 2018), as the hydrologic
cycle is altered (Kundzewicz, 2008), and coastal flooding (Toimil et al.,
2020) as sea levels rise (Mimura, 2013) and tropical storms become
more intense (Walsh et al., 2016). NBS for adaptation (Turner et al.,
2022)— sometimes called by the related but distinct term of ecosystem-

based adaptation (Colls et al., 2009)— can play an important role in
helping reduce these impacts. Examples of NBS for adaptation include
reforestation of steep slopes to slow water’s movement and decrease
peak flows in rivers during floods (Kabisch et al., 2016; Tellman et al.,
2018), or protection or restoration of coastal habitat to reduce hazards
to communities in the low-elevation coastal zone (Spalding et al., 2014).
While there have been many case studies of NBS providing adaptation
benefits in particular places to particular communities (Chausson et al.,
2020), it remains scientifically difficult to map and quantify the global
potential of NBS as an adaptation tool.

NBS can provide many other benefits (MEA, 2005; McDonald,
2015; Kabisch et al., 2016), sometimes referred to as “co-benefits” in
the context of climate mitigation but often of significant importance
in their own right (Ürge-Vorsatz et al., 2014). Natural habitat, for
instance, supports pollination of many crops (Kremen et al., 2007), a
service which has been valued at $195–387 billion per year globally
(Porto et al., 2020). The roots of trees and other vegetation can
stabilize soil and encourage rainwater infiltration (Vogl et al., 2017),
decreasing erosion and increasing retention of nutrients like
nitrogen and phosphorus that can be harmful to water bodies if
released in excess (Hopkins et al., 2018; Keeler et al., 2019). A recent
global mapping exercise assessed a suite of ecosystem services—also
sometimes referred to by the similar but not identical concept of
nature’s contribution to people (Pascual et al., 2023)— delivered by
current natural habitats, designating critical natural assets as the 30%
of total global land area that provides 90% of the current magnitude
of ecosystem services (Chaplin-Kramer et al., 2023).

However, there remains little knowledge globally of how NBS,
which cause changes in land cover and land use, will change ecosystem
service provision. In particular, the degree to which key sites for climate
change mitigation overlap with key sites for local ecosystem services for
adaptation and other facets of human wellbeing remains unclear. Most
previous global research has focused on one kind of NBS, rather than
consideringmultiple potential actions, and hasmodeled one or a couple
benefits to human wellbeing. There has been much rhetoric about win-
win opportunities for NBS for mitigation and adaptation, and some
empirical research on when such win-wins occur (Nelson et al., 2009;
Mueller et al., 2014; Hegwood et al., 2022). However, there is little
quantitative global data on how often key sites for the provision of these
ecosystem services overlap spatially.

This paper addresses the following research questions.

• Where are the areas where NBS, conservation actions such as
protection, reforestation, or agroforestry, have the greatest
potential to enhance local ecosystem services?
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• Which NBS have positive and negative impacts on local
ecosystem services? How many people will benefit and how
much will they benefit?

• Where are areas in which NBS are the most effective, in terms
of benefits to people per area over which the action is
implemented?

• What is the spatial overlap between critical places for NBS
supporting human wellbeing, and priority places identified for
carbon mitigation?

2 Materials and methods

Our analysis proceeded in six steps: 1) defining a conceptual
framework for ecosystem services and their relationship to
adaptation benefits; 2) selecting the input scenarios of
conservation action; 3) selecting other key global datasets needed
for our analysis; 4) ecosystem service modeling in biophysical terms;
5) calculating and mapping of beneficiaries; and 6) prioritization
analysis to select sites for conservation action with high human
wellbeing benefits. Below, we discuss each of these six phases in
greater detail.

2.1 Ecosystem services and relationship to
adaptation benefits

Our analysis began by defining a set of societal problems,
from climate change or otherwise, that have a potential solution
in ecosystem services, and for which there are well-studied global
ecosystem service models (Table 1). For instance, a loss of
pollination services is a challenge for crop production of
insect-pollinated crops. Similarly, degraded water quality due
to sedimentation and nutrient pollution can impact suitability
and treatment costs for human water use. For climate risks
specifically, we follow the definition of the IPCC: “The
consequences of realized risks on natural and human systems,
where risks result from the interactions of climate hazards,
exposure, and vulnerability” (Allen et al., 2018). Our working
definition of adaptation follows that of the IPCC: “The process of
adjustment to actual or expected climate and its effect” (IPCC,
2018). This paper primarily considers metrics of ecosystem
services provision that relate to the reduction in hazard or

exposure, leaving aside the mapping of vulnerability, which is
often context and society-specific and hence difficult to model
globally. For example, we looked at metrics related to having too
little water (drought) or too much water (floods), overlaid with
population.

We then identified common NBS that aim to increase
ecosystem service provision, selecting three that are often used
to achieve climate change mitigation as well as other societal
goals: reforestation (e.g., Bastin et al., 2019), avoided forest
conversion (e.g., Houghton and Nassikas, 2018), and
agroforestry (e.g., Zomer et al., 2022). Each NBS delivers a
bundle of ecosystem service benefits, providing all the
ecosystem services listed in Table 1 (and described below), but
to differing degrees. We always measure ecosystem services
benefits of these interventions relative to a baseline case in
2020, calculating the change in ecosystem service provision
from this baseline case. For ecosystem services related to
climate adaptation, we tallied the number of beneficiaries.

2.2 Input scenarios of NBS

We reviewed available datasets of these three types of NBS that
define where the actions are possible, looking for datasets that met
the following global requirements, and adjusting as necessary. First,
datasets had to be globally complete and spatially detailed, with a
pixel size of at least 1 km, to roughly match the spatial scale of the
ecosystem service models we used. Second, we ensured consistency
in land cover classification between the baseline scenario and the
conservation action scenario, to allow for their direct comparison.
Below, we describe each NBS type and define our input data sources
that map where it is possible.

2.2.1 Reforestation
Targeted reforestation efforts, such as planting trees on

degraded historically forested lands, can contribute to carbon
sequestration and provide multiple co-benefits, including
improved water quality. Reforestation potential was mapped
using the areas of opportunity from Griscom et al. (2017).
This analysis mapped reforestation potential using a
combination of the Atlas of Forest Restoration Opportunities
(Potapov et al., 2011) and MODIS-derived vegetation continuous
fields data (Hansen et al., 2003). Reforestation was restricted to

TABLE 1 Conceptual relationship between societal problems and ecosystem services used in this study.

Problem Ecosystem service that is a partial solution

Climate risks

Coastal flooding and wind Coastal protection

Freshwater flooding Flood regulation (Green water storage)

Water insecurity Runoff Water availability

Other

Greenhouse gas emissions cause climate change Carbon sequestration and storage

Non-point source pollution to water Sediment retention Nutrient retention
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biomes that naturally have some tree cover (Olson et al., 2001), in
places not currently used for cropland or developed land uses,
among other restrictions. More information can be found on
pages 48–52 of the Supplementary Material of Griscom et al.
(2017). Note that in the special case of ecosystems with only
partial tree cover, such as savannahs, we assumed reforestation
up to percent canopy cover observed in that biome. For
reforestation carbon sequestration potential, we followed the
methodology of Cook-Patton et al. (2020), which calculates
the carbon sequestration rate of natural regeneration from
2020 to 2050.

2.2.2 Avoided forest conversion
Protecting existing forests is another strategy for climate

mitigation. Trees absorb carbon dioxide and store it in their
biomass, so by preventing deforestation in at-risk places, annual
carbon sequestration and total carbon storage can be maintained
over time (Mollicone et al., 2007). This is different than assessing
current provision of ecosystem services (e.g., Chaplin-Kramer
et al., 2023) because the likelihood of conversion or loss of the
ecosystems is considered, along with the counterfactual of what
the ecosystem is likely to be converted to. Avoided forest
conversion was mapped using the Avoided Forest Conversion
v1.1 product, described in Avoidable Forest Conversion Map.
Average annual forest cover loss rates were measured using
Landsat-defined forest cover maps (Hansen et al., 2013) from
2000 to 2018. Avoided forest conversion is distinct from other
NBS in that the baseline is not current land cover, but instead the
reduced forest cover that will remain if current forest loss
continues. We therefore constructed a map of forest cover loss
to 2050 by extrapolating the annual rate of loss forward for our
analysis. The effect of avoided forest conversion is then to avoid
this forest loss, maintaining current forest cover.

2.2.3 Agroforestry
Integrating trees into agricultural landscapes, a practice known

as agroforestry, helps sequester carbon, while also improving soil
health, conserving water, and providing shade and windbreaks
which all support more sustainable food production
(Ramachandran Nair et al., 2009). Agroforestry potential
mapping followed the Foodscapes report (Bossio et al., 2021).
This report assessed potential for adding trees to the landscape in
both croplands (silviculture) and grazing lands (silvopasture). See
page 71–73 of the report for more information on methodology
used. Note that agroforestry was mapped as possible for most of the
cropland and rangeland globally, which makes the spatial extent of
this NBS larger than for reforestation or avoided forest conversion.
However, as only a small fraction of the agricultural area if
revegetated, the increase in carbon sequestration per hectare is
less than for reforestation or avoided forest conversion (Leavitt
et al., 2021).

2.3 Other data sources and data
harmonization

Our baseline land cover for this project was the European Space
Agency’s Climate Change Initiative (CCI) Medium Resolution Land

Cover (MRLC) data set for 2020 (Harper et al., 2022), version 2.0.
This baseline was chosen since it was a globally consistent, long-term
time series of land-cover, important characteristics for other linked
analyses of this project (Hülsen et al., 2023). The 300 m spatial scale
of the MRLCmatches the resolution of the other input data layers to
the ecosystem service models we used for this analysis, and helps
align our results with those derived in the Critical Natural Assets
(Chaplin-Kramer et al., 2023) paper.

The land cover classification and pixel size of each input NBS
scenario was harmonized to this baseline land cover by making a set
of simple decision rules that applied the logic of the NBS scenarios to
the MRLC data. For reforestation, we applied the logic from
Griscom et al. (2017). We define as reforestable all pixels that are
within the reforestation potential areas of Griscom et al. (2017) and
that do not have currently an urban or cropland use in the MRLC
data. Note that Griscom et al. (2017)’s definition of what can be
reforested includes information on natural land cover in an
ecoregion, so reforestation is not considered possible in areas
that do not have natural forest cover.

For agroforestry, we used the area of potential for silvopasture
and silviculture defined in the Foodscapes report (Bossio et al.,
2021). Pixels that were grassland currently and identified as
potential silvopasture were switched from grassland to a new
silvopastoral category. Similarly, pixels that were cropland in the
base year (2020) and within the area of potential agroforestry were
switched in the NBS scenario from cropland to the mosaic crop/
natural class for silviculture and from grassland to savanna for
silvopasture.

For avoided forest conversion, we needed to estimate a map of
forest cover in 2050, if current trends continue. This “status quo
2050” map was then run through the ecosystem service models.
The ecosystem service value of avoided forest conversion is then
the extra service provision from retaining forest cover
(i.e., baseline provision minus “status quo 2050” provision).
This “status quo 2050” layer had to be harmonized with the
MRLC data. Wherever the 2050 tree cover fell below 40% (for
forested pixels) or below 15% (for intermediate forest or
savannah) we convert the pixels to another land-use category.
To do this, we needed spatial information on the drivers of
conversion, to better understand what land-use forested pixels
might become. To be consistent with the Avoided Forest
Conversion (AFC) dataset, we used Curtis et al. (2018), which
provides 10 km resolution data on the drivers of deforestation. If
the driver was urbanization, then the pixel was shifted to an
urban land-use in this NBS scenario. If it was shifting agriculture
or commodity-driven conversion it was moved to an agricultural
land-use class.

Our base population for this project was taken from Landscan
(Dobson et al., 2000) for 2020. Landscan is one of the most spatially
resolved of global population datasets, interpolating census
estimates of population using other ancillary datasets such as
information on infrastructure and nighttime lights. Note that
while our analysis looks at scenarios of NBS implementation, we
do not attempt to project future population distribution. Rather, our
dominant research question is “If NBS is implemented in the short-
term, who will benefit?”

For country boundaries, we used the Natural Earth’s
(naturalearthdata.com) country boundary file at the most
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spatially detailed spatial resolution (1:10), with lakes and Antarctica
excluded from our analysis. Countries are referred to by three letter
ISO codes, to save space. Note that the use of this boundary file and
country names is not a political endorsement of any contested
boundary or territory.

2.4 Ecosystem service models

2.4.1 Carbon storage and sequestration
To assess the carbon stock for the baseline land cover, we

mapped zones based upon unique combinations of the MRLC
land cover (in 2010, to match the carbon data) and ecoregions
(Olson et al., 2001; Dinerstein et al., 2017). Within each zone, we
calculated the average carbon per hectare, based upon the above-
ground and below-ground biomass carbon for 2010 from Spawn
et al. (2020). These average carbon densities, for a given MRLC
land cover type, in each ecoregion, were then applied to the
current and scenario maps. Where certain land cover types were
missing from certain ecoregions, gaps were filled first within the
same biome. If the land use type was missing from the whole
biome, then the global average value of the land use type was
used. This approach was taken so ecosystem service benefits
including carbon could also be consistently estimated for
historical land-use cover, going back to 1992, for another
related research project (Hülsen et al., 2023).

Methodology to calculate the carbon benefits of NBS varied
by conservation action, to match as much as possible
methodology used in the previously published studies that
mapped potential areas of implementation. For reforestation,
areas of reforestation were assumed to add carbon at rates from
Cook-Patton et al. (2020), who spatially mapped the rate of
carbon accumulation in natural forest regeneration globally.
For agroforestry, we followed the assumption of the
Foodscapes report methodology (Bossio et al., 2021) that 10%
of each agricultural pixel would be allowed to increase in woody
biomass. We assumed this increase in woody biomass occurred at
the rate mapped by Cook-Patton et al. (2020). For all three
scenarios of conservation action, note that because the spatial
resolution of our analysis differs from some of the input datasets,
our total estimate of carbon also varies, even if the spatial
patterns of carbon sequestration are globally similar. In
general, maps of global forest cover at 30 m resolution tend to
estimate greater forest cover and carbon than maps at 1 km
resolution, for instance. This is an example of the modifiable areal
unit problem (Jelinski and Wu, 1996).

2.4.2 Water availability
This ecosystem service was assessed with WaterWorld

v2.92 using the water stress module. WaterWorld is an open-
access global hydrological model that runs entirely from global
datasets and can be applied for analysis at scales from local
through global. It is widely used as a decision support tool and
includes modules for wind-driven rainfall, fog inputs, snow and
ice, water balance and surface runoff as well as a model for water
quality and its transmission downstream (Mulligan, 2013;
Mulligan and Soesbergen, 2017). The model is applied here
for 2020 land cover, land use, and population, as well as for

average climate according to WorldClim (Hijmans et al., 2005).
Annual mean water stress (% of water demand not supplied or
contaminated) is the ratio of the supply of water (the simulated
clean water balance after evaporative water use) and water
demand (estimated from per capita domestic and industrial
demand and population), assessed monthly. Clean water is
considered as 100 minus the WaterWorld Human Footprint
on Water Quality (HFWQ), an indicator of the impact of
upstream human land use on water quality, measured as the
percent of water affected by upstream human land use (Mulligan,
2009). For consistency with other ecosystem services, in this
paper we express our results in terms of water availability
(i.e., 1–annual mean water stress ratio), so that conservation
actions that have positive benefits to human wellbeing have a
positive sign.

2.4.3 Water runoff for water provision
Annual total runoff was assessed with the runoff module of the

WaterWorld v2.92 model, and relates both to problems (e.g., too
much runoff can lead to flooding) and opportunities (e.g., runoff can
be abstracted for human uses, and it maintains base flow in streams).
Runoff is the cumulative water balance along the HydroSHEDS
(Lehner et al., 2008) flow network, calculated on a monthly basis.
Note that many scenarios that increase biomass increase
evapotranspiration and hence decrease runoff, but that there are
places globally in which vegetation growth increases precipitation
and thus runoff, such as through fog-interception in cloud forests.

2.4.4 Green water storage for flood mitigation
This ecosystem service was assessed with the flood storage

module of the WaterWorld v2.92, and is the sum of components
of canopy water storage, wetland storage capacity, and soil storage
capacity (Gunnell et al., 2019). This metric relates to flood risk
reduction through natural flood storage, and identifies the upstream
places where canopies, wetlands, and soils can take up and
temporarily store rainfall, which is then slowly released, to the
benefit of downstream communities.

2.4.5 Sediment retention
This ecosystem service measures how vegetation helps prevent

erosion and stabilize soils, which is important for improving water
quality for downstream populations. Sediment retention is modeled
using the InVEST Sediment Delivery Ratio model (Tallis et al.,
2013), which estimates erosion using the Revised Universal Soil Loss
Equation (Renard et al., 2017), based on climate, soil texture,
topography, and land cover. In this case, we use the global
implementation established in Chaplin-Kramer et al. (2023).
Sediment movement is estimated with a conductivity index based
on the upslope and downslope areas of each pixel. Ideally sediment
retention would be estimated for reservoirs, canals, and other water
infrastructure most impacted by sedimentation, but as there is no
comprehensive global dataset identifying all such infrastructure, we
measure the beneficiaries simply as the total number of people
downstream.

2.4.6 Nitrogen retention
This ecosystem service measures how vegetation and natural

ecosystems prevent the movement of nitrogen downstream, which
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helps to regulate water quality for downstream populations.
Nitrogen retention is modeled using the InVEST Nutrient
Delivery Ratio model run at 300 m resolution (Tallis et al.,
2013), again using the global implementation developed in
Chaplin-Kramer et al., 2023. This model estimates nutrient
export based on fertilizer application, precipitation, and the
retention capacity of vegetation. The people benefiting from
nitrogen retention are those downstream who might be exposed
to nitrogen contamination in their drinking water, which again, in
absence of global information about drinking water sources, we
represent as the total number of people downstream.

2.4.7 Pollination
Natural habitat can play an important role in supporting native

pollinators that also help pollinate certain insect-pollinated
agricultural crops that human livelihoods depend on. Pollination
services are mapped using the methodology described in Chaplin-
Kramer et al. (2023), based on the sufficiency of habitat within 2 km
(the typical flight range of a pollinator). Pollinator habitat sufficiency
is modeled based upon natural MRLC types at 300 m. This overall
value of natural habitat for supporting pollinators also depends on
pollinator-dependent agricultural production, determined by the
mixture of crops (as mapped by Monfreda et al., 2008) and the
percent of yield reductions in absence of pollination (reviewed by
Klein et al., 2007). The equivalent number of people fed from the
pollinated portion of production on each farmed pixel is then
mapped back to natural habitat that supplied the pollination benefit.

2.4.8 Coastal protection
Coastal protection is the reduction in risk from coastal hazards

that human communities receive due to natural ecosystems. Coastal
protection is modeled with the InVEST Coastal Vulnerability model
(Tallis et al., 2013), using information on terrestrial and coastal/off-
shore habitats and a global implementation developed in Chaplin-
Kramer et al., 2023. In this case, following the methodology of
Chaplin-Kramer et al. (2023), the value of coastal protection is
assigned to the natural habitat that caused the benefit. Coastal risk
depends on the physical exposure to coastal hazards (such as wind,
waves, storm surge, sea level rise, geomorphology, and bathymetry,
and the presence of protective natural habitat), and the risk
reduction is measured as the difference between the coastal risk
with and without the existing (current or scenario) level of natural
habitat. This risk reduction measured at the shore was then mapped
back to the habitat protecting it according to the protective distance
of the habitat (ranging from 500 m for sea grass to 2,000 m for coral
reefs and mangroves).

2.5 Number of people benefiting

Different ecosystem services were assessed with very different
biophysical units (e.g., tons of sediment avoided, liters of runoff,
etc.). It was beyond the scope of this paper to attempt to estimate the
total economic value of all these services. To facilitate comparison
among ecosystem services, we calculated the percent change in
provision with implementation of the conservation action. This
provides a unitless, comparable metric of the change in the “supply”
of an ecosystem service.

To quantify the number of beneficiaries for each ecosystem
service (the “demand”), we defined areas where proximate
populations would receive direct benefits. This is related to
the “serviceshed” concept (Tallis et al., 2012), the area of
ecosystem service transportability (McDonald, 2009).
Servicesheds (or “benefit-sheds” as we delineate here) differ in
spatial scale depending on the ecosystem service (McDonald,
2015), and the flow of water determines the benefit-shed for
many of the ecosystem services in this study. However, for
pollination and coastal protection, the proximity of habitat at
distances relative to pollinator flight and wave attenuation,
respectively, was delineated. Calculation of these benefitting
areas was generally done with the WaterWorld and InVEST
frameworks, following the methods described in Chaplin-
Kramer et al. (2023). These benefit-shed maps (defined
separately for each scenario of land cover, for each ecosystem
service) were then used to estimate the number of direct
beneficiaries using our spatial population data (Dobson et al.,
2000). For some calculations, we wished to assess only those with
a meaningful change in ecosystem service provision, defined as
at least a 20% change in biophysical provision. Note that this can
be positive (a service) or negative (a disservice). For instance, the
reduction in runoff due to increasing biomass can be thought of
as a disservice.

2.6 Prioritization analysis

The different NBS have very different areas of potential
implementation, as defined in the scientific literature.
Agroforestry, for instance, might be practiced in many
agricultural landscapes globally, while avoided forest conversion
is only viable as a conservation action in landscapes with actual
deforestation. To account for these different areas of
implementation, we calculated carbon benefits per area of
implementation and local ecosystem service beneficiaries per area
of implementation, both globally and by country. We also calculated
these metrics in major hydrologic basins, which are useful summary
units of analyses since many ecosystem services that are hydrological
in nature have service-sheds that follow watershed, not country,
boundaries.

For our simple prioritization analysis, we used the number of
beneficiaries normalized by intervention area as a simple metric of
efficiency, in the absence of a spatially explicit global dataset on the
costs of these actions per square kilometer of implementation. We
ranked major hydrological basins by the beneficiaries per square
kilometer achieved using the NBS with the greatest value of our
metric of efficiency. This allowed us to construct an accumulation
curve and estimate the percent of watersheds that would need
conservation benefit to achieve a certain percentage of the
maximum possible total global human wellbeing benefits from
the three NBS we assessed.

3 Results

There are many ways NBS can benefit people, several of which
we model as ecosystem services. Each strategy delivers a unique set
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of services, and each service benefits people within a specific
serviceshed that depends on the service in question. At one
extreme, carbon sequestration anywhere provides climate
regulation services globally (McDonald, 2009) since the
atmosphere’s carbon dioxide concentration is well mixed. At the
other extreme, pollination services must be provided in proximity of
animal-pollinated crops.

Moreover, patterns of ecosystem service provision vary among
services. Notably, the NBS with the most potential to directly help
people are not necessarily the ones with the most carbon mitigation
potential. Figure 1 shows change in provision of ecosystem services,
in biophysical units, per area of conservation action. Both avoided
forest conversion and reforestation have high carbon sequestration
potential, as measured in tons of carbon sequestered per square
kilometer of conservation action, with a large increment of biomass
compared to the base case of no conservation action. However, at a
global average level, these two strategies significantly (i.e., a greater
than 20% increase in one local service) benefit a relatively small
number of people per square kilometer of conservation action,
simply because where these two strategies are feasible is often in
relatively rural, sparsely populated landscapes. Conversely,
agroforestry has relatively low carbon sequestration potential per
square kilometer due to our definition of agroforestry. However,
agricultural landscapes tend to have more people nearby sites where
agroforestry would be implemented, resulting in higher numbers of
people benefiting from agroforestry implementation. In sum,
different conservation strategies have different potentials for
climate mitigation and benefits to people, and conservation
planners must pick the appropriate strategy based upon their goals.

In percentage terms, pollination in the agroforestry scenario and
nitrogen retention in the avoided forest scenario demonstrate some
of the biggest increases (>100%) in ecosystem service provision
(Figure 2). The greatest percentage increase in carbon sequestration
is under the reforestation scenario, because the denominator
(carbon storage in the baseline case) is often low. In terms of
people benefitting, carbon sequestration under any of the three
NBS scenarios delivers the greatest number of beneficiaries, since
carbon sequestration is a global ecosystem service. Other strategies
that provide many people with a significant benefit include sediment
and nutrient retention from agroforestry.

NBS may also locally result in disservices, negative
consequences of their implementation for some people
(Figure 2). Among the ecosystem services modeled here, the
major disservice is associated with water resources. Increasing
biomass, as happens in any of our three NBS, tends to increase
transpiration above the baseline case of no NBS (e.g., Jaramillo
et al., 2018), which decreases runoff but increases green storage by
tree canopies. While the increase in green water storage could be
important for reducing flood risk--a risk that is projected to
increase from climate change in many other studies (see review
in Wasko et al., 2021)—the reduction in runoff will lead to lower
base flows in rivers and to decreased flow into groundwater. In
some watersheds globally, the implementation of any of these three
NBS decreases water availability for people (i.e., water stress
increases). NBS that are good for climate change mitigation
(carbon sequestration) may reduce flood risk but increase water
insecurity, with implications of NBS needing to be carefully
considered within the local and downstream hydrological context.

FIGURE 1
Global average benefits per area of conservation action for three conservation actions. Shown are the carbon sequestration (x-axis) and the people
benefiting from a significant increase in other ecosystem services provision (y-axis). Significant benefit is defined to be at least one local (non-carbon)
ecosystem service increasing by at least 20%.
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We also find differences in climate change mitigation and local
ecosystem service benefits when examining overlap in terms of
normalized benefits per unit area (Figure 3). For agroforestry, the
greatest potential for carbon sequestration per square kilometer is in the
tropics, but the greatest number of beneficiaries per square kilometer is
concentrated in the largest agricultural production areas of the world:
the Indian subcontinent and southeast and east Asia. Similarly, for
reforestation and avoided forest conversion, the greatest potential for
carbon sequestration per square kilometer is in tropical rainforest
ecosystems, which have high carbon density of mature forests and
fast growth rates, while the greatest number of beneficiaries per
implementation area for both NBS is in Africa, particularly west
Africa and portions of the headwaters of the Nile basin that are in
forest ecosystems.

At a country-level, normalized for area of NBS, the carbon
sequestration potential is not correlated with the number of people
significantly benefited by any NBS. For each NBS, it is possible to find
countries with similar carbon sequestration potential, but different
numbers of people benefitting significantly. For instance, each
square kilometer of avoided forest conversion in Gabon (GAB)
removes more than 10,000 Mg carbon but provides significant
ecosystem service benefits to less than 5 people (Figure 4).
Conversely, in the Democratic Republic of Congo (COD) there is a
similar level of carbon potential but almost 100 people benefited per
square kilometer of conservation action. Of course, many other aspects
differ between these two countries in terms of population density
(9 people/km2 in Gabon versus 45 people/km2 in the DOC),

governance, and cost and feasibility of conservation action, and
these other factors must also be considered when choosing where
NBS are implemented. Indeed, these other factors may make NBS for
carbon mitigation more cost-effective to implement in rural, less
populated landscapes. Similar patterns can be found for agroforestry
(Supplementary Figure S1) and reforestation (Supplementary Figure
S2). Our results suggest that while it is possible to choose countries that
deliver both carbon and human wellbeing benefits, it should not be
assumed that countries that have high carbon benefits will necessarily
deliver significant ecosystem service benefits to many people.

NBS interventions at win-win sites, those that deliver carbon
mitigation as well as large benefits to human wellbeing, are
extremely concentrated (Figure 5). For the three NBS
interventions we modeled, around 80% of all the people who
could potentially benefit can be helped by action in just 35% of
the total conservation area possible, a priority set of watersheds
with the highest effectiveness (see Methods for details on
prioritization). Priority watersheds for agroforestry are in the
Indian subcontinent and southeast and east Asia, as well as a
portions of central America, the Caribbean, and Europe. For
avoided forest conversion and reforestation, priority watersheds
are generally in Africa, as well a few watersheds in Europe. Note
that within each watershed, only a small fraction of the area is
prioritized for NBS, since actions can also be prioritized at the
pixel level. For instance, the area around Lagos, Benin City, and
Port Harcourt (inset map in Figure 5) is an interesting example of
a region with priority sites for all three NBS.

FIGURE 2
The effect of three scenarios of natural climate solutions (NCS) on eight ecosystem services. The size of the bubble is proportional to the total
number of people whose ecosystem services are impacted at some level by the scenario, while the color is the average percent change in ecosystem
service provision in areas where the scenario is implemented. Note that for carbon sequestration, the entire global population is considered the
beneficiary.
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FIGURE 3
Carbon and co-benefits potential of three NBS. Carbon (left column) is shown at 300 m resolution. Note that at this global scale, much detail about
where an action is possible or not is not visible since the image has been resampled. The number of people receiving significant co-benefits (right column)
is shown at the major watershed resolution. Significant benefit is defined to be at least one local (non-carbon) ecosystem service increasing by
at least 20%.
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4 Discussion

Our global analysis, like many global analyses, is conducted at a
relatively coarse (300 m) resolution. It also does not account for
different enabling conditions and constraints, which are often only
known at the national or local level. Our research should not be used
for site-level planning of NBS, but rather for regional priority setting.
Given these important caveats, a few results are clear from our
global analysis.

Key places for NBS vary depending on where they are feasible
but have one common pattern: NBS provide ecosystem service
benefits to a larger number of people in more densely populated
landscapes, all else being equal. For instance, for reforestation and
avoided forest conversion, portions of West Africa are key places to
provide human wellbeing benefits, precisely because many people
live close to where such interventions are possible and are likely to
deliver important ecosystem services. At a regional or local scale, of
course, many other factors come into play. Ecosystem services
operate over a variety of scales, from shade provision at a very
local level (10 s of meters) to hydrological services (downstream
areas within watersheds) to global (carbon sequestration), which
changes the optimal locations for ecosystem service delivery through
conservation (McDonald, 2009).

On one hand, our research emphasizes that patterns of
ecosystem service generation vary by service and by landscape,
and that there can be varying degrees of synergies or tradeoffs
among services. This matters from a public policy perspective since

many of these ecosystem services are public goods, and have no real
value in most market decisions (MEA, 2005). Carbon is a partial
exception, as there are emerging carbon markets that incentivize
changes in landcover that increase net carbon storage or
sequestration. The most economically ideal places to implement
carbon projects—for global benefit—are not necessarily the sites that
will provide the most human wellbeing benefits to local people, so
there is no reason to expect carbon markets to adequately provide
human wellbeing benefits (McDonald, 2015).

We found a particularly pervasive tradeoff between carbon
sequestration and water runoff (c.f., Jaramillo et al., 2018). Plants
transpire water when they photosynthesize, the process that
converts carbon dioxide to another form and sequesters it.
Intercepted rainfall is also lost from plant leaves through direct
evaporation. The three NBS strategies we included in our analysis
increase plant biomass and thus increase evapotranspiration and
decrease runoff. This can sometimes be useful, as has been shown in
tropical rainforest systems, where transpiration from forests over
large scales is linked to regional rainfall patterns that can offset some
of these losses (Smith et al., 2023). However, our results indicate that
in some locations, NBS have the potential to decrease water
availability, increasing seasonal and annual water scarcity. In our
analysis, these locations are primarily watersheds that already have
high water stress (e.g., human water use is a large fraction of
availability), so that additional water use in a scenario of NBS
implementation makes this ratio meaningfully worse. Areas of
currently high water stress in our results include the southwest of

FIGURE 4
Carbon removed by avoided forest conversion (AFC) versus the number of people with a significant co-benefit from other ecosystem services, by
country. Significant benefit is defined as at least a 20% increase in ecosystem service provision of a service other than carbon. Only countries where
conservation action is possible are shown, and results are shown normalized by the square kilometers per conservation action. Countries are labeledwith
their three-digit UN ISO code (e.g., IDN is Indonesia).
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the United States, Chile and Peru along the west coast of South
America, and the Indus River valley of Pakistan and India. In these
kinds of water stressed basins, the additional water use requirements
of a NBS must be considered carefully during decision-making.

Despite these potential trade-offs, there are sites where win-wins
are possible (Figure 5), sites that can achieve goals for multiple
objectives. These win-win sites are in places of high carbon density,
often in tropical climates, where implementation of NBS has large
carbon mitigation potential. They also are landscapes with high
population density, so there are large local co-benefits provided from
the NBS. Geographically, priority basins are concentrated in Africa
and southeastern Asia. There remain win-win sites to choose from, if
both carbon and human wellbeing benefits are considered jointly.

To implement NBS on these win-win site, multi-benefit
planning needs to be encouraged and incentivized. Currently,
ecosystem service benefits are considered through a variety of
overlapping planning frameworks, policies, regulations, and
incentives. For instance, increased water security might be

delivered using government requirements for integrated
watershed management, or due to regulations around water use.
At the same time, a different agency in the national government may
be planning for climate mitigation sufficient to achieve that
country’s goal for greenhouse gas reduction, and may be
considering using NBS as one strategy for climate mitigation.
Our results suggest that, where feasible, disparate plans and
policies should more comprehensively account for geographical
variation in ecosystem service provision to achieve a better
overall outcome for society and drive action toward win-win
solutions. Only by fully considering the multiple benefits nature
provides can NBS fulfil its greatest potential.

Data availability statement

The data presented in the study are deposited in the Data Dryad
repository, DOI:10.5061/dryad.cz8w9gjcr.

FIGURE 5
Priority watersheds for co-benefits. (A) The area of conservation implementation for the best action versus the cumulative population with a
significant benefit. Significant benefit is defined as at least a 20% increase in ecosystem service provision of a service other than carbon. Around 80% of all
potential people with a benefit are reached by working in a small set of priority watersheds (gray shading), amounting to 35% of total area. (B) Priority
watersheds, classified by the best NBS. The zoomed-in map shows pixel-level data from one region in Nigeria.
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