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Nature-based solutions yield a 2.8:1 return on investment
across diverse actions

Single-focus strategies risk missing broader nature-based
solution co-benefits

Ecosystem service value and biodiversity vary significantly by
solution type

Integrated, landscape-scale planning can maximize
ecosystem and biodiversity benefits
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In brief

Gonzalez-Garcia et al. evaluate 83 nature-
based solutions in the Alps, quantifying
biodiversity and ecosystem service
benefits. They reveal a 2.8:1 return on
investment and highlight how biodiversity
outcomes and the number of
beneficiaries vary by solution type. Their
findings emphasize the need for
integrated, landscape-scale planning to
maximize co-benefits for ecosystems and
societies.
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SCIENCE FOR SOCIETY Nature-based solutions are a promising strategy for mitigating and adapting to
climate change, as they provide multiple benefits to society and biodiversity. However, detailed quantitative
analyses of these benefits and the cost effectiveness of such initiatives are limited. In this study, we present
an analysis of 83 nature-based solutions in the Alps, where we quantified heatwave mitigation, flood regula-
tion, carbon sequestration, and landslide protection. We also assessed the number of people who benefited,
the monetary value of these benefits, and the associated costs.

Our results highlight the need for an integrated approach to planning nature-based solutions. Forest nature-
based solutions offer a wide range of benefits, while river and wetland nature-based solutions are more bene-
ficial for biodiversity. Urban nature-based solutions, despite their high cost effectiveness, contribute less to
biodiversity but are located where people can enjoy their benefits. Overall, the analyzed solutions show a re-
turn on investment of 2.8 EUR per EUR invested.

SUMMARY

Nature-based solutions offer multiple benefits for ecosystems and societies, supporting their inclusion in pol-
icy and practice. This study contributes to closing the gap in quantifying the multiple outcomes of nature-
based solutions by assessing 83 nature-based solutions in the Alps. We assessed biodiversity co-benefits
and the monetary value of four ecosystem services (heatwave mitigation, flood regulation, climate regulation,
and landslide protection) provided by these nature-based solutions to their respective beneficiaries. Forest
nature-based solutions showed high values for the four ecosystem services, river and wetland nature-based
solutions showed high values for biodiversity, and urban nature-based solutions contributed a lower biodi-
versity value but were highly cost effective, benefiting a larger population. We estimated a 2.8:1 return on in-
vestment benefiting a total of 91,324 persons. We highlight the need for integrating biodiversity and multiple
ecosystem services for future nature-based solutions funding and implementation, together with their role to
mitigate and adapt to climate change.

INTRODUCTION

Nature-based solutions are a promising strategy for mitigating
and adapting to climate change, offering multiple benefits to so-
ciety." Nature-based solutions encompass a range of actions
aimed at protecting, sustainably managing, or restoring nature,
effectively addressing societal challenges while simultaneously
benefiting both people and the environment.> For instance,
the restoration of degraded riparian forests not only enhances

biodiversity but also provides a wide array of ecosystem services
to society, including climate regulation, flood regulation, land-
slide protection, water retention, and heatwave mitigation.®
Additionally, when properly co-designed and implemented, na-
ture-based solutions can deliver transformative change toward
sustainability.®

Research on the effectiveness of nature-based solutions in
climate change adaptation is critical for implementation world-
wide.” Indeed, ecosystem services benefits are multiple: forest
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Figure 1. Geographical distribution of the 83 identified nature-based solutions based on their typology
These types are (1) AFP (n = 11), (2) FP (n = 10), () GUAs (n = 8), (4) IGEUAs (n = 6), (5) RR (n = 17), (6) wetland restoration (herbaceous) (n = 21), and (7) wetland
restoration (forested) (n = 10). Further details regarding the database description, typologies, types of interventions associated, and ecosystems are presented in

supplemental methods I.

restoration often improves hydrological services by enhancing
water infiltration rates,® and agroforestry, permaculture, or
organic farming are crucial to safeguard and rebuild soil carbon
stocks.? Nature-based solutions in river ecosystems can imp-
rove resilience to flooding, control the transport of substances
through natural filtering, and enhance their ecological status.'®
Some qualitative case reviews have also highlighted nature-ba-
sed solutions’ benefits to various ecosystem services, showing
the potential of nature-based solutions as a cost-effective
approach for hydrological risk reduction and land degradation.”
A growing body of literature delves into how urban nature-based
solutions can tackle specific urban challenges, such as hydro-
meteorological hazards'' or improving health.'> Regarding
biodiversity, certain studies have explored the positive side ef-
fects of conserving biodiversity through land conservation prac-
tices, demonstrating that by preserving specific species’ habi-
tats, it is possible to simultaneously reduce CO, emissions'®
and mitigate climate change.'* However, many of these studies
take a qualitative approach’ or do not quantitatively assess mul-
tiple ecosystem services resulting from land use/land cover
changes involved in nature-based solutions, despite their sub-
stantial influence on biodiversity and ecosystem services.'*'®
Cost-effectiveness analyses, considering the economic cost
of the implementation of nature-based solutions and their bene-
fits, are crucial for assessing how relevant nature-based solu-
tions could be for climate change adaptation.’” Such analyses
are rare because they require an interdisciplinary perspective,
large datasets, and complex quantification.’* Ecosystem ser-
vices modeling is a valuable approach in this regard, as it allows
for the quantification and understanding of multiple benefits,
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their economic value, and identifies who benefits from them.'®
However, while some studies quantify ecosystem services pro-
vided by one or a few nature-based solutions case studies, '°
and syntheses have summarized their results across multiple
benefits,”?° no direct analysis to date has simultaneously
quantified the benefits and beneficiaries of multiple ecosystem
services, along with biodiversity co-benefits through empirical
analysis of a large dataset of nature-based solutions. Addressing
this knowledge gap is critical for placing nature-based solutions
at the core of a strategy to jointly tackle biodiversity loss and
climate change.

Here, we present a comprehensive analysis of 83 nature-
based solutions actions in the Alps, encompassing 28 distinct
projects (Figure 1). We considered nature-based solutions as
“actions to protect, conserve, restore, sustainably use, and
manage natural or modified terrestrial, freshwater, coastal, and
marine ecosystems, which address social, economic, and envi-
ronmental challenges effectively and adaptively, while simulta-
neously providing human well-being, ecosystem services, and
resilience and biodiversity benefits.”" The actions encompass
the creation of green urban areas, the integration of green ele-
ments such as green roofs, forest plantation and restoration,
river restoration (including riparian vegetation and river margins),
and wetland restoration, among others. Our analysis considers
independent actions derived from an assessment of aerial im-
ages and project information, based on two criteria: actions
stemming from the same project but occurring in separate
geographical areas are considered as distinct actions (i.e., the
restoration of the same river in two distinct areas or the restora-
tion of two non-contiguous wetlands) and interventions
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Figure 2. The relationship between ecosystems, nature-based solutions typology, and the provision of various ecosystem services analyzed

in this research

Ecosystem services are not exclusively linked to one or more types of nature-based solutions but to several of them and are often included as primary objectives
of the initiatives. For instance, while active forest plantations directly contribute to landslide protection, forest plantations actions may focus on other services
such as carbon sequestration while improving at the same time landslide protection. Similarly, green urban areas often address heatwave mitigation but may also
aim to generate multiple ecosystem services. The figure illustrates how the ecosystem services provided by nature-based solutions are connected to all types of

nature-based solutions, highlighting the multifunctional nature of these solutions.

physically separated but very proximate are considered as being
part of the same action (i.e., constructing vegetated dikes on two
sides of the same river within the same area). We provide the
description of the seven types of nature-based solutions used
for the analysis (Figure 2), the 22 specific interventions identified,
and other relevant information in the supplemental methods la
(Figure S1 and Table S1).

We analyzed how these actions enhance biodiversity, benefit
people through ecosystem services, and evaluated their cost
effectiveness based on action costs and the estimated monetary
value of the ecosystem services provided. The study relied on

photointerpretation of land use/land cover changes before and af-
ter the implementation of nature-based solutions (see Figure S2 in
supplemental methods Ib), using aerial imagery. We modeled four
key ecosystem services: heatwave mitigation, flood regulation,
climate regulation (using Integrated Valuation of Ecosystem Ser-
vices and Trade-Offs [INVEST]??), and landslide protection (using
Slidefornet). These services were selected for their relevance to
climate change adaptation and mitigation. For instance, Europe
is projected to experience more frequent heatwaves,?® more se-
vere and widespread flooding,?* and an increase in landslide fre-
guency and the number of people at risk.”> Additionally, assessing

Cell Reports Sustainability 2, 100336, March 28, 2025 3




Sustainability (2025), https://doi.org/10.1016/j.crsus.2025.100336

Please cite this article in press as: Gonzalez-Garcia et al., Co-benefits of nature-based solutions exceed the costs of implementation, Cell Reports

¢ CellPress

OPEN ACCESS

the carbon sequestration and storage capacity of nature-based
solutions allowed us to quantify their mitigation potential. Cultural
ecosystem services were excluded due to the challenges of as-
signing monetary value®® (e.g., the monetary value of outdoor rec-
reation depends on factors such as actual usage and visitor
numbers). Similarly, other services, such as pollutant removal, wa-
ter supply, and biodiversity-related benefits (i.e., biological con-
trol), were not included due to a lack of specific modeling data.

The monetary value of the four ecosystem services was quan-
tified based on the value of energy consumption reduction, the
value of infrastructure protected, and the market price of carbon.
Biodiversity was analyzed by identifying, in the nature-based so-
lutions project descriptions, mentions of different species, how
they are related to priority habitats for conservation, and the
number of these habitats targeted by nature-based solutions ac-
tions. To determine the beneficiaries of the ecosystem services,
we analyzed the number of inhabitants within different distance
buffers surrounding the actions, drawing from available literature
and the flow dynamics of each ecosystem service. Additionally,
we analyzed the differences in GDP for the regions where the na-
ture-based solutions are implemented, aiming to understand
how they benefit different socio-economic groups. Through a
comprehensive evaluation of costs and nature-based solutions
multifunctionality, including biodiversity co-benefits and eco-
system services monetary value and beneficiaries, we hope to
provide evidence on the role of nature-based solutions for jointly
addressing biodiversity loss and climate change.

RESULTS

Ecosystem services and biodiversity before and after
nature-based solutions implementation

The implementation of nature-based solutions generally leads to
an overall increase in the supply of ecosystem services (Figure 3).
For a detailed description of changes in land use/land cover used
in the analysis, refer to supplemental methods Ib. Active forest
plantation/restoration actions deliver the most significant me-
dian increase for heatwave mitigation (99%), ranking second
for flood regulation (71%), fifth for climate regulation (128%),
and showing the highest median reduction in landslide probabil-
ity (—20.5%). Forest plantation/restoration actions generally
show lower median increases across all four ecosystem ser-
vices: 62% for heatwave mitigation, 65% for flood regulation,
81% for climate regulation, and a decrease of —12% for land-
slide protection.

Green urban areas deliver a median increase of 66% for heat-
wave mitigation, 49% for flood regulation, and the second-highest
median increase for climate regulation (536%), primarily due to
pre-action low values. Similarly, integration of green elements in
urban areas shows median increases of 66% for heatwave mitiga-
tion and the highest median increases for flood regulation (253%)
and climate regulation (23,867%). These exceptionally high in-
creases are attributed to very low pre-action values, starting
from almost zero for all three ecosystem services. River restoration
actions result in a median reduction of —2% in heatwave mitiga-
tion. However, they show median increases of 52% in flood regu-
lation and 131% in climate regulation, despite seven out of ten ac-
tions showing a decrease in carbon stored. Forested wetland
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restoration actions yield a median increase of 5% for heatwave
mitigation, a —14% median decrease for flood regulation, and a
median increase of 96% for climate regulation. Finally, herbaceous
wetland restoration actions show a median increase of 10% in
heatwave mitigation, a —34% median decrease for flood regula-
tion, and a median increase of 133% for climate regulation.

Biodiversity analysis was conducted at the ecosystem level
rather than the nature-based solution typology due to insufficient
data for individual actions. Most projects reporting specific
biodiversity data presented it at the project level, with a few ex-
ceptions reporting at the action level (refer to Data S1 for details).
Concerning the number of species used in the actions (Fig-
ure 4A), urban nature-based solutions show the highest median
value (11 species), followed by wetland nature-based solutions
(8 species). However, regarding the number of these species
related to priority habitats (Figure 4B), wetland nature-based so-
lutions show the highest median values (4 species), followed by
river nature-based solutions (2 species). Nonetheless, urban na-
ture-based solutions show a median value of 0 species. This
discrepancy between the number of species mentioned and
the number of species related to priority habitats illustrates
how urban nature-based solutions, despite showing the highest
median number of species, are mostly associated with species
not linked to conservation priorities or relevant habitats.

Regarding the number of priority habitats related to the
mentioned species (Figure 4C), wetland nature-based solutions
show the highest median value (2 species), followed by forest na-
ture-based solutions (1 species). However, considering the num-
ber of priority habitats targeted by nature-based solutions (Fig-
ure 4D), river nature-based solutions show the highest median
value (3.5 habitats), followed by wetland nature-based solutions
(2 habitats). Finally, species listed in the International Union for
Conservation of Nature Red List as threatened or worse are
rarely targeted by the reviewed nature-based solutions projects
(4 present in river, 1 in wetland, and 1 in urban).

Beneficiaries of nature-based solutions outcomes

The various types of nature-based solutions benefit different
numbers of people, with urban nature-based solutions benefiting
considerably more people than river, forest, or wetland initiatives
(see Figure 5; supplemental methods le; Tables S6, S7, and S8).
For the mitigation of heatwaves (Figure 5A), green urban areas
benefit the highest number of people on average per nature-
based solution (4,397 + 3,851 inhabitants within 450 m; 35,176
inhabitants in total). Similarly, for flood regulation (Figure 5B),
green urban areas again demonstrate the highest benefits
(1,636 + 1,954 inhabitants within 200 m; 13,089 inhabitants in to-
tal). Active forest plantation/restoration actions benefit slightly
more people (14 + 39) compared with forest plantation actions
(11 = 14) in the 200 m buffer, suggesting that active forest plan-
tation/restoration actions are located closer to beneficiaries.
However, forest nature-based solutions are often located far
from potential beneficiaries compared with urban, river, or
wetland nature-based solutions.

In terms of total GDP per km? (Figure 5D), integration of green
elements in urban areas actions are located within the highest
median GDP (31 million EUR), followed by green urban areas
with 21 million EUR and river restoration initiatives (1.5 million
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Figure 3. Ecosystem services supply before (light colors) and after (dark colors) the implementation of nature-based solutions projects by

typology

(A-D) AFP, active forest plantation/restoration; FP, forest plantation/restoration; GUA, green urban areas; IGEUA, integration of green elements in urban areas;
RR, river restoration; WRF, wetland restoration (forested); WRH, wetland restoration (herbaceous). The indicators presented here assess various aspects of
nature-based solutions’ effectiveness: (A) heatwave mitigation evaluates the cooling capacity, indicating the solutions’ ability to reduce temperatures based on
model results. (B) Flood regulation measures the runoff retention index, reflecting the potential of nature-based solutions to retain water and prevent runoff based
on model variables. (C) Climate regulation quantifies the CO, stored per hectare of nature-based solutions, based on the potential stock that would accumulate
once the action is stable. (D) Landslide protection assesses landslide probability, considering various vegetation parameters that reduce this risk. Asterisks show
the significance of the results of the Wilcox test for paired samples (see supplemental methods Ic and Tables S2, S3, S4, and S5 for details). The “X” inside the
plots represents the median value. Blue dots represent Q1 (bottom) and Q3 (top). The value of each indicator within each nature-based solution is the average of

all the pixels inside the nature-based solutions before and after nature-based solutions implementation.

EUR). Forested wetland restoration and herbaceous wetland
restoration actions show lower GDP with 154,687 EUR and
172,575 EUR, respectively. Nature-based solutions related to
forest ecosystems show the lowest GDP, with active forest plan-
tation/restoration actions showing three times less value than
forest plantation/restoration actions with 25,453 EUR and
65,974 EUR, respectively. This is consistent with the fact that
they are located in areas with fewer beneficiaries.

Monetary value of ecosystem services delivered by
nature-based solutions and cost effectiveness

The monetary value of the four assessed ecosystem services
per hectare is 402,584 EUR with a total value of 639 million
EUR (Table 1). Active forest plantation/restoration actions
have the highest median value per hectare (1.06 million EUR/
ha), which is almost two times bigger than the integration of
green elements in urban areas actions (527,685 EUR/ha). For-
est plantation/restoration actions are the third with the highest
median value (362,179 EUR/ha), followed by green urban areas

(200,059 EUR/ha) and forested wetland restoration actions
(115,684 EUR/ha). Herbaceous wetland restoration actions
show 16 times less median value than active forest planta-
tion/restoration actions (62,971 EUR/ha). River restoration ac-
tions show the lowest median value (7,037 EUR/ha).

Flood regulation constitutes 92% of the total ecosystem ser-
vices value provided by all nature-based solutions (590 million
EUR), followed by heatwave mitigation (2.4%), climate regulation
(4.2%), and landslide protection (1%). In terms of value per
hectare of individual ecosystem services, the most valuable eco-
system service delivered by nature-based solutions is flood miti-
gation (371,498 EUR/ha), followed by climate regulation (17,298
EUR/ha), heatwave mitigation (9,861 EUR/ha), and landslide pro-
tection (3,928 EUR/ha).

The high standard deviation in monetary value across nature-
based solutions is linked to numerous zero values for certain
ecosystem services (Figure 6A). For instance, heatwave mitiga-
tion is only observed in areas affected by the heat island effect,
primarily in urban settings, with rural areas showing no heat

Cell Reports Sustainability 2, 100336, March 28, 2025 5



Sustainability (2025), https://doi.org/10.1016/j.crsus.2025.100336

Please cite this article in press as: Gonzalez-Garcia et al., Co-benefits of nature-based solutions exceed the costs of implementation, Cell Reports

¢? CellPress

OPEN ACCESS

Cell Reports Sustainability

A Species mentioned B Species related to priorty habitats
8
C
30 c
» »n 6
.0 0
(] (8]
(] [}
& 20 7]
N N
s} o4
5} @ b,d
e} Kol
E E
= 10 Zz 5 =
| |
2
0 0
Forest River Urban Wetland Forest River Urban Wetland
C Priority habitats related to species mentioned D Piority habitats targeted by projects
8
a,c
7.5 ac
26 2
S g
o) o)
© ©
= = 50
Y— N N
o4 b s}
@ @ b,d
Kol Kol
§ g
Z ' Z 25 |
1 b,d
0 0.0 -
Forest River Urban Wetland Forest River Urban Wetland

Figure 4. Biodiversity analysis based on information provided by each project
We compiled all mentioned species (see Data S1 to view the species) and assessed their inclusion in the European Habitat Directive®’ and the International Union
for Conservation of Nature (IUCN) Red List.>® Forest projects (n = 12), river projects (n = 6), urban projects (n = 14), and wetland projects (n = 4).

(A) Total number of mentioned species.

(B) Number of these species associated with priority habitats listed in the European Habitat Directive.
(C) Number of priority habitats linked to the mentioned species (note: one species may be associated with multiple priority habitats).

(D) Number of priority habitats indirectly targeted by the project (i.e., alpine rivers are linked to various priority habitats). See supplemental methods Id for list of
habitats. In total, there are 36 projects/actions, with six not providing specific data on the species used (2 in forest ecosystems, 3 in urban ecosystems, and 1 in
wetland ecosystems). We separated the actions from the same project in cases where the provided information was sufficient. The “X” inside the plots represents

the median value. Blue dots represent Q1 (bottom) and Q3 (top).

island effect (66 actions have zero values). Similarly, flood regu-
lation monetary value depends on the presence of infrastructure
and the nature-based solutions’ ability to retain water, resulting
in 38 actions with zero values (see Table S11 in the supplemental
methods Ig for details).

The total cost of all actions is 225 million EUR, with a median
cost per action of 46,928 EUR (Figure 6B). Active forest planta-
tion/restoration actions show the highest median cost per action
(829,200 EUR), followed by river restoration actions (592,839
EUR), which are more than 20 times bigger than the lowest me-
dian cost observed (herbaceous wetland restoration actions;
23,998 EUR). On the other hand, the rest of the nature-based so-

6 Cell Reports Sustainability 2, 100336, March 28, 2025

lutions show lower median costs, with forested wetland restora-
tion actions at 39,086 EUR, followed by green urban areas
(37,353 EUR), forest plantation/restoration actions (35,942
EUR), and integration of green elements in urban areas actions
(24,626 EUR). Table S12 in the supplemental methods Ih shows
the details of costs by action.

In terms of cost effectiveness, forest plantation/restoration ac-
tions show the highest benefits/cost ratio at 9.1 (Figure 6C), fol-
lowed by integration of green elements in urban areas actions (6),
green urban areas (3.2), and river restoration actions (3). In
comparison, herbaceous wetland restoration actions (1.7) and
forested wetland restoration actions (1.4) were less cost
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Figure 5. Number of beneficiaries by nature-based solution type

Number of beneficiaries within different distances from the nature-based solutions actions by typology (A-C) and GDP values of the regions benefited (D). Results
are presented by type of nature-based solution. AFP, active forest plantation/restoration; FP, forest plantation/restoration; GUA, green urban areas; IGEUA,
integration of green elements in urban areas; RR, river restoration; WRF, wetland restoration (forested); WRH, wetland restoration (herbaceous). (A) Inhabitants
benefited by heatwave mitigation within three different distances, assuming that the ecosystem service is provided in all directions. (B) Inhabitants benefited by
flood regulation within four different distances, assuming that nature-based solutions with less than 5% slope provide ecosystem services in all directions, and
nature-based solutions with more than 5% slope only in the direction of flow (gravitational effect). (C) Inhabitants benefited from landslide protection only in the
direction of the flow (see supplemental methods le for details). (D) Average GDP value per km? for the year 2021 obtained from Wang and Sun®’ (see supplemental
methods le and If and Tables S9 and S10 for details). The “X” inside the plots represents the median value. Graphs are presented on a logarithmic scale; therefore,
zero values are not represented. The letters indicate differences between groups, with letters close to the bars representing groups that are different. (g) WRH is

different from (c) GUA and (d) IGEUA. Details of the statistical analysis are provided in Table S10 in supplemental methods If.

effective (while maintaining a ratio > 1). Only active forest planta-
tion/restoration actions showed a ratio < 1, which means that the
total costs are bigger than the monetary value of the four
analyzed ecosystem services.

When considering all types of nature-based solutions, the cu-
mulative value exceeds the total cost by a factor of 2.8:1. The
median cost-effectiveness ratio considering all the actions is
3.1. However, cost-effectiveness per action shows considerable
variability (Figure 6D) with a median cost effectiveness of 10.1 for
integration of green elements in urban areas actions, 7.5 for for-
est plantation/restoration actions, 6.3 for green urban areas, 3.3
for forested and herbaceous wetland restoration actions, 1.9 for
active forest plantation/restoration actions, and 0.008 for RR ac-
tions, which show a high standard deviation (an average of 147 +
607 cost-effectiveness ratio).

Integrated analysis of nature-based solutions
Integrating biodiversity co-benefits, ecosystem services delivery
to beneficiaries, and cost effectiveness reveals clear distinctions

among nature-based solution types. Green urban areas and
integration of green elements in urban areas actions provide
high to medium values for heatwave mitigation, climate regula-
tion, and flood regulation in terms of ecosystem services supply
(Figure 7A). However, the integration of green elements in urban
areas actions show higher cost effectiveness, particularly due to
the monetary value of heatwave mitigation (Figure 7B) and the
large number of beneficiaries for this ecosystem service (Fig-
ure 7C). Nevertheless, both types of nature-based solutions,
linked to urban ecosystems, have limited relevance for biodiver-
sity (Figure 4).

River restoration nature-based solutions excel primarily in
flood regulation but with comparatively lower values for other
ecosystem services (Figure 7A). They have remarkable monetary
value, especially for flood regulation, along with high values for
heatwave mitigation and climate regulation (Figure 7B). These ac-
tions rank second in terms of the number of beneficiaries, largely
due to settlements and agriculture near rivers (Figure 7C), and are
particularly significant for biodiversity improvement (Figure 4).
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Table 1. Monetary value of ecosystem services by nature-based solution type in EUR

Nature-based solution type Heatwave mitigation
monetary value

Flood regulation
monetary value

Climate regulation
monetary value

Landslide protection*
monetary value

Total ecosystem
services monetary

value

Total Ha Total Ha Total Ha Total Ha Total Ha
Active forest 0 0 0 0 19,064,066 23,662 2,311,718 2,869 21,375,784 26,531
plantation/restoration
Forest 2,337,538 2,901 1,079 5 2,868,811 13,549 3,929,022 18,556 9,136,449 43,149
plantation/restoration
Green urban area 4,928,265 6,117 77,204,124 1,151,613 910,599 13,583 0 0 83,042,988 1,238,708
Integration of green 6,519,948 8,092 O 0 27,012 8,770 0 0 6,546,960 2,125,636
elements in urban areas
River restoration 1,883,872 2,338 513,362,402 1,751,373 1,152,433 3,932 0 0 516,398,707 1,761,731
Wetland restoration 0 0 —-112,790 —765 1,689,784 11,455 0 0 1,576,995 10,691
(forested)
Wetland restoration 0 0 -152,602 —-2,510 1,773,367 29,167 0 0 1,620,766 26,657
(herbaceous)
Total 15,669,622 9,861 590,302,214 371,498 27,486,072 17,298 6,240,740 3,928 639,698,647 402,584

This table provides insights into the total value (sum of the monetary value of all the actions) and value per hectare (total ecosystem service value
divided by the nature-based solutions type’s total area). (*) Landslide protection value for the 20 m buffer. The total value for all types is the sum of
the total values across ecosystem services. The total value per hectare for all ecosystem services is calculated by dividing the total value of all
ecosystem services by the total number of hectares per nature-based solution type.

Active forest plantation/restoration and forest plantation/
restoration nature-based solutions demonstrate the highest
values for landslide protection and heatwave mitigation (consid-
ering the potential cooling capacity, Figure 7A). However, when
considering monetary value (Figure 7B), only forest plantation/
restoration actions reach high values, as these projects are
generally located in areas with more pronounced heat island ef-
fects. Consequently, active forest plantation/restoration actions
show low cost effectiveness. Regarding biodiversity, both these
types of nature-based solutions focus on species of rapid growth
or others not related to priority habitats, limiting their relevance
for biodiversity improvement (Figure 4).

Wetland nature-based solutions (forested and herbaceous)
demonstrate high values for climate regulation (Figure 7A) but
low values for landslide protection and flood regulation. Howev-
er, they are highly relevant for providing biodiversity co-benefits
(Figure 4). Their monetary value is largely determined by the
value of carbon stored (Figure 4B), as the rest of the ecosystem
services have low values despite both being located in areas with
medium population densities (Figure 7C). Nevertheless, their low
cost results in relatively high cost effectiveness.

DISCUSSION

Cost effectiveness of nature-based solutions to tackle
climate change

Here, we present an integrated analysis of the cost effective-
ness of nature-based solutions, addressing the knowledge
gap in how these solutions tackle the climate-biodiversity-soci-
ety nexus.”® Our study shows that the 83 nature-based solutions
identified in the Alps (covering 1,588 ha) generate ecosystem
services valued at 639 million EUR, with implementation costs
of 225 million EUR. These findings align with prior evaluations
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of nature conservation’s economic benefits, such as a 100:1
benefit-to-cost ratio for protected areas in 2005°° and a 2.7:1 ra-
tio for marine protected areas.*° While our results appear con-
servative compared with a recent non-peer-reviewed report us-
ing benefit transfer methods (8:1 ratio),®" they highlight that even
conservative estimates demonstrate the potential of nature-
based solutions as a key strategy for climate change adaptation
and mitigation, particularly when biodiversity co-benefits are
prioritized.

Previous peer-reviewed studies have mostly focused on either
single ecosystem services or single nature-based solutions.
Many have modeled the potential delivery of ecosystem services
from future nature-based solution projects rather than evaluating
the benefits of implemented ones. For example, studies have
explored future scenarios for carbon storage, nitrogen retention,
and outdoor recreation.'® Others have quantified individual ser-
vices for various urban nature-based solutions, such as the pos-
itive impact of land use on flood regulation, including pond cre-
ation combined with sustainable urban drainage systems.®?
Some studies have analyzed multiple ecosystem services for a
single type of nature-based solution. For instance, bamboo for-
ests have been assessed for flood mitigation, soil conservation,
nitrogen retention, and habitat quality in trade-off analyses,*
while urban forests have been modeled to understand eco-
system service supply and demand dynamics.>* Qualitative as-
sessments have also been conducted, such as for water puirifi-
cation outcomes.*® By contrast, our study broadens the scope
by examining a diverse range of nature-based solutions and
ecosystem services, including biodiversity co-benefits, to pro-
vide a comprehensive understanding of these solutions. For
instance, quantifying changes before and after implementation
revealed a bimodal distribution of benefits, reflecting varying
starting conditions. Actions like green roofs target previously
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Figure 6. Monetary value and cost effectiveness of the four analyzed ecosystem services by type of nature-based solution

AFP, active forest plantation/restoration; FP, forest plantation/restoration; GUA, green urban areas; IGEUA, integration of green elements in urban areas; RR, river
restoration; WRF, wetland restoration (forested); WRH, wetland restoration (herbaceous). (A) Average value per action, representing the sum of all monetary
values of the four ecosystem services assessed by nature-based solution type. (B) Average cost per action for each nature-based solution type. (C) Cost-
effectiveness analysis, considering the total monetary value and cost per nature-based solution type. (D) Average cost-effectiveness ratio per action (total
monetary value in the action in relation to cost). The “X” inside the plots represents the median value. Blue dots represent Q1 (bottom) and Q3 (top).

non-natural areas, while measures such as forest restoration on
slopes enhance existing ecosystem services by increasing tree
cover.

A report from the European Investment Bank has highlighted
the need for economic arguments to support investments in
climate adaptation through nature-based solutions, particularly
benefit-cost analyses, to engage the private sector.*® In this
context, addressing the funding-implementation gap has called
for at least a 3-fold increase in current public funding levels for
adaptation worldwide.®” In 2019, nature-based solutions glob-
ally received 113 billion EUR in public-sector financing, of which
27 billion EUR were allocated in the European Union.*® This is yet
insufficient, as by one estimation, to conserve the natural envi-
ronment, 845 billion dollars are needed on an annual basis world-
wide.*® We hope that our results encourage the development of
diverse financial mechanisms for nature-based solutions beyond
public funding, including those involving asset managers, banks,
insurance companies, and risk capital investments.*® In light of
the forthcoming EU Nature Restoration Law and the proposed
allocation of 100 billion EUR for ecological restoration,*® our re-
sults show that investments in nature-based solutions could pre-

sent an opportunity, if not for direct economic returns, to avoid
economic losses linked to climate hazards.

Previous research has assessed the value of ecosystem ser-
vices across various ecosystem types, showing the high mone-
tary value of certain ecosystems, such as wetlands and coral
reefs.”’ They reported an average value for river biomes, for
example, at $12,512/ha/year, while urban biomes had a value
of $6,661/ha/year globally. The results of our study differ mainly
for two reasons: first, we use a single value instead of an annual
value, and second, the monetary value is directly linked to the
specific context of each nature-based solution, rather than be-
ing based on a transfer value. For example, considering the
beneficiaries around river nature-based solutions, we obtained
a value of 1.76 million EUR per hectare, which, compared with
Costanza et al.,*’ would require around 135 years to reach
the same value. This difference is mainly because nature-based
solutions address specific problems, which results in higher
monetary values when related to the infrastructure they protect.
In the case of river nature-based solutions, urbanization is often
observed near the river margins, justifying the remarkable differ-
ences with other studies. Similarly, we obtained a value of 1.2
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(A) Ecosystem services (the graph shows the standardized values from 1 to 10 of the four analyzed ecosystem services).

(B) Monetary value.
(C) Beneficiaries.

AFP, active forest plantation/restoration; FP, forest plantation/restoration; GUA, green urban areas; IGEUA, integration of green elements in urban areas; RR, river
restoration; WRF, wetland restoration (forested); WRH, wetland restoration (herbaceous).

million EUR per hectare for green urban areas, which, compared
with Costanza et al.*’ and their urban biomes value, would need
around 180 years to reach the same value. Again, since we
based the monetary value on the direct value to the benefi-
ciaries and the specific climatic conditions of each location
where nature-based solutions are implemented (e.g., avoided
energy costs for residents regarding heatwave mitigation), we
better captured the context of each solution. However, this
also means that some of the nature-based solutions presented
here show no or very low value. This aligns with previous find-
ings showing that the monetary value of ecosystem services de-
pends on the methods used for assessment,”® as well as the
specific context of the ecosystem or nature-based solution.
Consequently, our results demonstrate that the monetary value
of ecosystem services provided by nature-based solutions
is expected to yield significantly higher returns than regular
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estimates of ecosystem services. Additionally, we selected
ecosystem services closely linked to climate change mitigation
and adaptation, which may result in different patterns compared
with broader-scale valuations.

In our study, integration of green elements in urban areas
actions provides the highest monetary value per ha since they
benefit a larger number of inhabitants and protect critical infra-
structure such as roads and buildings. A concentrated emphasis
on urban nature-based solutions may yield a return of 6:1 EUR
for the integration of green elements in urban areas actions or
3:1 EUR for green urban areas but might disregard biodiversity
objectives due to urban pressures and lower biodiversity co-
benefits.*” Similarly, when examining forest plantation/restora-
tion nature-based solutions exclusively, the return on investment
is 9.1 EUR per EUR invested. However, this may underestimate
their critical importance for priority habitats for biodiversity and
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multiple other ecosystem services, including outdoor recreation
or timber and fuelwood production where relevant. These results
highlight the complementarity of different nature-based solu-
tions and the need to place future nature-based solutions where
certain ecosystem services are most needed.*® For mountain
systems such as the Alps, this means considering future climate
change impacts on ecosystem services supply and demand and
future potential adaptation services.***°

Ecosystem service multifunctionality, biodiversity co-
benefits, and scaling

Assessing multiple ecosystem services is crucial to unravel the
cost effectiveness of nature-based solutions and their capacity
to provide societal benefits, as demonstrated in our study and
supported by others.'®* We show that focusing solely on one
or a few ecosystem services may lead to an undervaluation of
nature-based solutions, limiting their amplification and their
future integration as a core strategy on the political agenda.
Ideally, nature-based solutions implementation costs should
not only be covered by a single planning department but also
be distributed among different sectors (i.e., conservation,
tourism, risk prevention, health, and landscape planning).*’

Forest nature-based solutions rarely referenced biodiversity-
priority habitats, although sometimes referred to species, with
ten actions mentioning species associated with priority biodiver-
sity habitats (a median value of 1 species per action). Similarly,
urban actions, primarily centered on integration of green ele-
ments and urban parks, tend to overlook the restoration of prior-
ity habitats and species, even when focusing on urban wetlands
or water bodies, where we found just three actions targeting pri-
ority biodiversity habitats. Urban nature-based solutions also
show limitations in providing a wide range of ecosystem services
compared with other ecosystems. By contrast, river nature-
based solutions stand out as high-cost-effective options gener-
ating biodiversity co-benefits and providing a wide range of
ecosystem services. Wetland nature-based solutions, while
less cost effective and distant from beneficiaries, frequently
target biodiversity-priority habitats. The global outcome of
wetland nature-based solutions carries immense importance
by enhancing nature-based solutions resilience through biodi-
versity improvement,*®*°° such as reducing invasive species
and enhancing ecological conditions. For example, Meli et al.*®
demonstrated that biodiversity significantly improves following
ecological restoration in wetlands, with a corresponding 36% in-
crease in other ecosystem services. Moreover, wetlands are cru-
cial for climate change mitigation, as they store large amounts of
carbon in their soils.

Trade-offs within single types of nature-based solutions can
be addressed through integrated landscape approaches that
combine different types of nature-based solutions for multifunc-
tional outcomes at local and regional scales. However, these ap-
proaches must consider the ecological dimension, focusing not
only on societal benefits but also on overall biodiversity gains.”’
Balancing ecosystem services and biodiversity objectives is
particularly challenging in the context of climate change, espe-
cially with urgent adaptation needs such as mitigating heat-
waves. For example, heat-related deaths in Europe during
2022 exceeded 60,000.°2 As a result, urban nature-based solu-
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tions may sometimes take priority to address pressing issues,
even if they provide fewer biodiversity benefits compared with
restoring priority habitats or supporting targeted species.
Conversely, an overemphasis on urban nature-based solutions
risks neglecting broader biodiversity conservation. Therefore,
decisions on the allocation of nature-based solutions should
involve participatory processes that ensure equitable distribu-
tion. Such an approach can deliver economic and social benefits
while supporting biodiversity conservation and climate change
mitigation goals.**

Improving nature-based solutions assessment and
monitoring

Interdisciplinary assessments of nature-based solutions face
challenges, especially regarding the robustness of data used
to model ecosystem services. Our photointerpretation process
captures changes before and after implementation but does
not account for potential failures or degradation over time.
Most restoration projects are monitored for only 1 to 15 years,
with few extending beyond 35 years,”* and uncertainties are
further heightened by factors such as extreme weather events
and drought. Additionally, limited interviews restricted access
to precise location and cost data for some projects, requiring ex-
trapolations from similar initiatives. More sophisticated models
could better capture the contributions of complex ecosystems
like wetlands. For example, our model shows a median reduction
in flood regulation in wetlands, assuming water-saturated condi-
tions limit further water retention. Additional limitations are
detailed in supplemental methods lla.

Despite its limitations, the methodological approach pre-
sented here provides valuable support for regional strategies
to locate nature-based solutions in the alpine region. It empha-
sizes not only the specific ecosystem services provided but
also how these services are distributed in terms of GDP. Future
analyses could enhance decision-making by incorporating spe-
cialized models tailored to specific ecosystem types (e.g., wet-
lands vs. river floods). In a context where landslides and floods
are projected to increase,’*?° our methodological approach
and results highlight the need to integrate biodiversity consider-
ations into nature-based solutions planning (i.e., wetlands and
rivers show better co-benefits for biodiversity). However, it also
underscores the need for better methods to assess biodiversity
benefits and values in nature-based solutions projects.

Monetary valuation presented another challenge as it involved
combining values associated with single events (such as floods
or landslides) with those linked to more frequent occurrences,
like heatwaves, predicted from the number of heatwave days
per year, or like carbon sequestration occurring between two
time periods. Selecting specific time periods to evaluate cost
effectiveness will likely be unavoidable. However, certain bene-
fits will be associated with specific events, and calculating an
annual value may prove challenging (for example, an ecosystem
protecting from floods can mitigate the impact of floods several
days per year, but only one of those catastrophic events would
result in a very high economic impact). Similarly, an ecosystem
safeguarding an agricultural area not only protects the current
value of the land but also the potential monetary value of its cur-
rent production. We acknowledge the need for more studies on
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which socio-economic groups benefit from the ecosystem ser-
vices of nature-based solutions. While we used GDP as a proxy
in this study, better indicators and approaches are needed,
especially to assess how vulnerable groups in cities benefit.>®
We also did not assess other ecosystem services provided by
nature-based solutions, such as cultural ecosystem services.
Similarly, we excluded the monetary valuation of biodiversity,
which is particularly challenging to quantify,”® especially given
that the method used in this research focuses on existence value
(i.e., the intrinsic worth of biodiversity regardless of direct use)
rather than instrumental value (i.e., the market value of derived
products). Further, our study of 83 nature-based solutions ac-
tions reveals that a few actions generate the majority of monetary
value. For example, three actions account for 99% of the mone-
tary value of flood reduction, while four actions contribute to 65%
of the monetary value of heatwave mitigation. Therefore, under-
standing the full potential of nature-based solutions requires
the incorporation of multiple and diverse nature-based solutions,
as certain nature-based solutions may not be cost effective. Ad-
dressing these challenges demands improved data availability,
transparency, monitoring practices, and scenario modeling to
enhance our understanding of nature-based solutions outcomes.

Conclusions

Nature-based solutions offer cost-effective climate change solu-
tions, providing diverse ecosystem services and some biodiver-
sity co-benefits. Nature-based solutions analyzed across the
Alps yielded a 2.8 return on initial investment when considering
the array of ecosystem services delivered across diverse ac-
tions. Our results show that given nature-based solutions diver-
sity, an exclusive focus on a single ecosystem service, a single
nature-based solution, or a small set of nature-based solutions
may lead to a failure to understand the comprehensive co-ben-
efits inherent to these actions. Different nature-based solution
types vary substantially in both the monetary value of ecosystem
services and implementation costs. Biodiversity outcomes differ
significantly, with river and wetland nature-based solutions pro-
viding more co-benefits. Nature-based solutions in urban eco-
systems, such as green urban areas and integration of green
elements in urban areas, while delivering ecosystem services
with high monetary value and benefiting a large number of peo-
ple, provided fewer biodiversity co-benefits. Effective nature-
based solutions strategies require a nuanced consideration of
beneficiaries and biodiversity co-benefits at landscape scale.
Our findings emphasize the need for integrated planning and ac-
counting for landscape-scale effects to ensure the comprehen-
sive inclusion of diverse ecosystem services and biodiversity.
Interdisciplinary analyses, coupled with assessments of mone-
tary value of ecosystem services and biodiversity co-benefits,
provide essential insights into nature-based solutions potential.

METHODS

Nature-based solutions database and
photointerpretation

We developed a database of nature-based solutions focused on
climate adaptation in the Alps. Our inclusion criteria targeted pro-
jects addressing climate change impacts or those exacerbated
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by climate change, with a focus on biodiversity utilization. From
this, we identified 28 projects leading to land use/land cover
changes, comprising 83 nature-based solutions actions. Each
action represented an area of land use change. We focused on
projects with land use changes or those providing detailed infor-
mation on soil quality alterations, such as wetland or river resto-
ration. Actions were categorized into four ecosystem types (for-
est, river, urban, and wetland) and seven solution types based
on ecosystem intervention interactions. The seven types identi-
fied were (1) active forest plantation/restoration (n = 11), (2) forest
plantation/restoration (n = 10), (3) green urban areas (n = 8), (4)
integration of green elements in urban areas (n = 6), (5) RR (n =
17), (6) herbaceous wetland restoration (n = 21), and (7) forested
wetland restoration (n = 10). These encompassed 22 different in-
terventions, such as creating corridors, improving water infiltra-
tion, and increasing tree cover (see supplemental methods la).
We adopted this approach based on existing typologies for na-
ture-based solutions,®”"*® which commonly incorporate attri-
butes such as measures, techniques, ecosystem functions
(e.g., type of hazard addressed), and ecosystem type.

To assess the location and extent of these projects and their
land use/land cover changes, we used aerial imagery from
2003 to 2020 and additional project data (supplemental methods
IIb; Figures S3-S5). The database provided qualitative insights to
interpret visible changes, which were classified as completed
(e.g., forest restoration in early stages was considered as a for-
est). We then visually estimated current forest cover for each
polygon, updating tree cover in the “after” layer based on project
data and changes observed in the imagery. For other variables
needed to run the models, we used available geographic data-
bases and literature. References are detailed in the next section
and supplemental methods Il.

Ecosystem services modeling
We used InVEST software to model heatwave mitigation, flood
regulation, and climate regulation.®® InVEST was chosen for
two main reasons: its wide usage and validation within the scien-
tific community and its economic valuation approaches suitable
for cost-effectiveness analysis. We applied two specific models
designed for urban areas across all nature-based solutions to
ensure comparability between results and because the identified
model limitations for other ecosystems were acceptable for this
research’s objective of providing a broad overview of the bene-
fits of various nature-based solutions. For heatwave mitigation,
we used the cooling capacity index, based on evapotranspira-
tion coefficients and albedo, which are relevant to all ecosystem
types. Similarly, the flood mitigation model used the runoff reten-
tion index, reflecting the soil and ecosystem’s water retention
capacity (Table 2). For flood risk mitigation, we provided specific
limitations and how we addressed them in the study’s design
(see supplemental methods lla). Additionally, we employed the
Slidefornet model developed by the International Association
for Natural Hazard Risk Management.®°

The urban cooling model quantified the cooling capacity index
of ecosystems, considering factors such as tree cover (shadow
effect), evapotranspiration, and albedo specific to each land
use/land cover type.®" Tree cover values were obtained during
the photointerpretation process, while evapotranspiration
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Table 2. Ecosystem services models, supply, beneficiaries, and value metrics used in the study

Model name

(ecosystem service) Supply metric (indicator)

Beneficiaries metric

Value metric

Urban cooling
(heatwave mitigation)

air temperature reduction
(cooling capacity index)
extreme weather runoff volume
retained (runoff retention index)

Urban flood risk mitigation
(flood regulation)

Carbon storage

and sequestration
(climate regulation)
Slidefornet

(landslide protection)

carbon stored and sequestered
in Mg CO, equiv (Mg CO, eq./ha)

probability of shallow
landslide (probability)

population living in 30, 240,

and 450 m buffer ranges
population living in 50, 100, 150,
and 200 m buffer ranges

global (not measured

in this study)

population living in 20, 65,
and 200 m buffer ranges

value of Kwh reduced per °C

avoided cost of stormwater retention

monetary value of carbon sequestered

monetary value of roads, agriculture,
and urban areas in the buffer ranges

coefficients and albedo data were sourced from the literature
(refer to Tables S13and S14 in supplemental methods lic). Cli-
matic variables were acquired from Chelsa,®® which provides
raster layers for different years. Detailed explanations of how
we utilized these layers are available in supplemental methods
llc. The model also incorporated variables such as maximum
cooling distance and air blending distance, set to 450 and 500
m, respectively, in accordance with the INVEST user guide rec-
ommendations. We ran the models using land use/land cover
maps from before and after nature-based solutions implementa-
tion, processing each model separately based on its specific
data requirements. For instance, the heat island effect variable,
indicating the difference between urban and rural temperatures,
was calculated individually for each action.

The urban flood risk mitigation model evaluated runoff reten-
tion using soil properties, curve numbers, and soil hydrologic
group®® for a specific rain event. We applied a reference value
of 100 mm precipitation for all the nature-based solutions.®
The curve number predicts direct runoff or infiltration from rainfall
excess, and it is linked to each land use/land cover type. The as-
sumptions and references for obtaining these numbers are
detailed in Table S15 in the supplemental methods lld. The soil
hydrologic group is obtained from a raster layer that remains
constant across all the models. INVEST overlays the location of
the nature-based solution action with the corresponding pixel
in the raster layer. We used land use/land cover before and after
to capture the effect of nature-based solutions actions. For
changes related to alterations in soil hydrologic conditions due
to nature-based solution interventions, we adjusted the values
of those pixels to represent more optimal soil hydrological con-
ditions. For example, river interventions involving the restoration
of gravel systems changed the value from 3 (indicating good hy-
drological condition) to 4 (indicating excellent hydrological con-
dition), demonstrating an improvement in water retention.
Further details of the model assumptions are provided in supple-
mental methods lld.

The carbon storage and sequestration model calculated the
total carbon content across the four primary ecosystem pools,
comprising above- and below-ground biomass, soil, and dead
organic matter.®® We sourced the values from the literature,
including specific data from the Alps and other available refer-
ences. To incorporate the effect of tree cover, we assumed the
values from the literature for tree land use/land cover as 100%,

and then we proportionally decreased the above, below, and
litter pools based on a linear calculation from the 100% reference
value. Details regarding the values of each carbon pool and as-
sumptions for the model are provided in Table S17 in the supple-
mental Information lle.

The Slidefornet model integrated slope, soil depth, soil cohe-
sion, stand density, and other forest parameters to estimate
landslide probability.®® Following preliminary analysis, we identi-
fied that there were no significant changes in the model results in
areas with less than 15% slope. Consequently, we ran the model
for only 20 nature-based solutions actions present in the data-
base coincident with forest ecosystems. One of the variables
in the model includes specific details on the species that affect
slope stability. In this research, we only used the percentage of
coniferous species and the percentage of broadleaved species,
as we lacked data on the percentage of each specific species in
the projects. Details on the assumptions, sources, and data are
provided in Table S18 in the supplemental methods IIf.

We provide a detailed analysis of the existing sensitivity anal-
ysis and validations for the urban cooling and urban flood mitiga-
tion models, along with a sensitivity analysis conducted for the
landslide protection model in supplemental methods llg.

Biodiversity assessment

Nature-based solutions’ biodiversity co-benefits often lack stan-
dardization, complicating assessments. While studies indicate
that most nature-based solution projects mention biodiversity
co-benefits, these references are often vague, with few focusing
on specific species or habitats.®” In our study, we sought to
analyze specific contributions to biodiversity rather than relying
on generalized. Our methodology does not directly measure
biodiversity changes following the implementation of nature-
based solutions. Instead, it considers specific mentions in the
projects, such as habitat restoration or the integration of species
directly linked to the interventions. Data collection primarily
focused on the project level due to difficulties in differentiating
species contributions at the action level. However, action-level
data were incorporated when available. The data collection pro-
cess followed four steps:

(1) We gathered all references to plants, animals, or other
living organisms mentioned in the project documentation.
Out of all projects reviewed, only six did not provide
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specific information. Additionally, two of these projects
offered vague statements regarding biodiversity enhanc-
ement, such as “enhancing fish and avifauna” or “pro-
viding microhabitats for species,” without specifying
particular species or biodiversity strategies.

Review of species associated with priority habitats or
special conservation areas in Europe: We examined re-
ferences to species listed in the European Habitat Di-
rective.®® This directive covers habitats linked to one or
more species (i.e., Quercus ilex and Quercus rotundifolia
forests), as well as species of community interest regard-
less of habitat. We documented mentions of both species
types. However, species related to habitats in different
geographical areas were excluded. For instance, some
forest actions mentioned Picea abies, which is associated
with fennoscandian herb-rich forest habitats in the Euro-
pean Habitat Directive but is not mentioned as relevant
in habitats in the Alps, where our research is focused.
Targeted priority habitats based on an ecosystem
approach: Recognizing that focusing solely on species
linked to priority habitats might oversimplify how nature-
based solutions target crucial habitats for biodiversity,
we also evaluated the potential habitat associated with
the ecosystem targeted by each project. For instance,
while a project may mention species relevant to river eco-
systems, these species might not be the primary ones
defining the priority habitat. In such cases, we identified
habitats related to the initiatives, such as alpine rivers,
which are associated with at least three different priority
habitats. This approach ensures that we acknowledge
the potential value of initiatives targeting relevant habitats
even if they do not provide specific species information.
Review of species on the International Union for Conser-
vation of Nature Red List®®: We assessed whether the
species mentioned in the projects were listed on the Inter-
national Union for Conservation of Nature Red List, which
categorizes species based on their vulnerability, ranging
from least concern to extinct. We focused on species
categorized as at least near threatened to gauge the pro-
ject’s potential impact on biodiversity loss. Six projects
referenced species falling into these categories. Addition-
ally, four actions mentioned Ginkgo biloba, which is not
included in the analysis since it is commonly associated
with urban gardens in Europe. Similarly, Cedrus atlantica
was mentioned in five projects but was not included in
the analysis due to its status as an exotic species unre-
lated to alpine ecosystems but rather associated with
reforestation projects.

—
N
-

—
«

—_
N
=

The biodiversity analysis, involving 36 cases, was conducted
at the ecosystem level. This approach aligns with the idea that
biodiversity is more closely linked to ecosystems than specific
nature-based solution types, allowing for a broader under-
standing of how typology relates to biodiversity. For example,
both urban parks and integration of green elements in urban
areas actions are associated with urban ecosystems. We
include details of the species mentioned in the projects and
all the scores for the aforementioned variables in Data S1 and
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further justification of the approach followed in supplemental
methods llh.

Benefits and beneficiaries
We determined the number of ecosystem service beneficiaries by
creating buffers around the boundaries of the nature-based solu-
tions in ArcGIS 10.7, using the flow potential areaas a reference.”®
We considered only direct beneficiaries, following approaches
used in studies of ecosystem service flows from protected areas.”"
The buffer size and direction were determined based on the flow
dynamics of ecosystem services and relevant literature (see Fig-
ure S6 and supplemental methods lli). For heatwave mitigation,
we utilized the maximum cooling distance of 450 m from the
INVEST model,”>"® as well as two additional buffers of 30 and
240 m.”* We chose these two additional buffer distances to
encompass a broad range of distances from 0 to 450 m. The study
referenced analyzed the cooling effect within buffers ranging from
510 240 m, including various intervals (5, 10, 15, 30, 60, 120, 150,
200, and 240 m) for areas with and without trees. Therefore, we
selected these specific values based on the findings regarding
the cooling effect. For flood regulation, we used buffers of 50,
100, 150, and 200 m, following previous studies that analyzed
the economic impact of natural disasters such as floods in urban
areas.”® However, because the direction of the flood can vary
due to slope orientation, for flood regulation and landslide protec-
tion, we only considered beneficiaries in areas where the direction
of the flow was conducive. For actions taking place in flat areas
(<5% slope), we assumed that the flow of the ecosystem service
could occur in all directions. However, for actions occurring in
areas with a slope greater than 5%, we considered beneficiaries
tobe areas and people located in the direction of the flow. For land-
slide protection, we used buffers of 20, 65, and 200 m.”® We chose
these buffers to encompass a broad range of potential landslide ef-
fects, even though the model used focuses on shallow landslides.
However, for the monetary valuation, we only selected the first
buffer, corresponding to 20 m. Similar to flood mitigation, we
considered only areas in the flow direction for this ecosystem ser-
vice, limiting it to nature-based solutions with slopes of 15% or
more since the model results were significant above this threshold.
Regarding the analysis of GDP, we examined the distribution
of the 83 actions based on GDP to identify the types of benefi-
ciaries for each nature-based solution. We calculated the
average GDP per km? for the year 2021 using data from Wang
and Sun.?” The purpose of introducing this indicator was to
explore whether certain types of nature-based solutions tend
to benefit specific socio-economic groups, especially given the
need to introduce more holistic frameworks to analyze nature-
based solutions.”” For example, in urban areas, the imple-
mentation of green spaces often benefits people with higher so-
cio-economic status.®® However, our method does not capture
variability at the city level. Despite this limitation, it allows us to
identify potential typologies that could be planned to benefit
more vulnerable populations.

Monetary valuation of ecosystem services
The analysis of ecosystem service benefits focused on the
monetary value associated with each service provided by the
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nature-based solutions. Final monetary values were calculated
by subtracting the value before from the value after implementa-
tion. We chose a direct monetary value approach over benefit
transfer, as the latter has limitations,”®"® particularly for localized
effects like those of nature-based solutions. To estimate direct
values, we used the INVEST monetary valuation module for heat-
wave mitigation and flood regulation, a market value approach
for carbon, and infrastructure-based values for landslides. Previ-
ous studies have assessed the monetary value of heatwave miti-
gation using indicators such as labor capacity, differentiating be-
tween outdoor and indoor work.? For flood and landslide
mitigation, the avoided damage and compensation payment
schemes are commonly used in the literature.®"*> Carbon stor-
age and sequestration are often valued from a market perspec-
tive,®® though social value can also be considered.®* We applied
these different approaches based on the available data and
methods for each ecosystem service.

To assess the monetary value of heatwave mitigation, we used
the energy savings valuation method, which estimates cooling
requirements in the absence of nature-based solutions. This
method, integrated into the INVEST model, requires data on ur-
ban coverage, energy consumption per degree Celsius of cool-
ing, and kWh costs.®® Instead of distinguishing between different
building consumption patterns, we used the average cooling de-
mand for residential and service areas. The model calculates the
monetary value per day for a reference heatwave, so we multi-
plied this by the number of heatwave days in the studied area
over the past two decades. Details on kWh savings, assump-
tions, heatwave day calculation, and kWh reference values are
provided in supplemental methods Ilj (Tables S20 and S21).

Flood regulation value was obtained from the INVEST model,
which quantified the value based on damage reduction due to
ecosystem presence. The monetary value for urban, agricultural,
and road sectors was derived from Huizinga et al.®® (see supple-
mental methods Ild and Table S16). This value is correlated with
water retention, so nature-based solutions that retain water from
precipitation events have higher monetary value, while those
with small areas and low infiltration capacities are less effective.
The climate regulation value was estimated by multiplying the in-
crease in carbon stored by 88 EUR per ton, based on European
market averages in the first half of 2023.5” The value of landslide
protection was calculated by intersecting buffers with urban,
agricultural, and road areas, multiplying by values from Huizinga
et al.,®® considering only areas with conducive slopes, as in the
beneficiaries’ analysis.

Cost and cost-effectiveness analysis

We collected the costs of each project based on the provided in-
formation, contacting project managers and public authorities,
reviewing available online information, and consulting other ref-
erences for projects lacking information (i.e., press release).
For actions implemented many years ago, as in the case of
one urban park created in 2007, project engineers were con-
tacted directly to obtain the exact costs. The cost data for
most of the projects primarily pertains to projects rather than in-
dividual actions. Therefore, we calculated the cost per hectare
based on general cost information and used this value to multiply
by the area of each action.

¢ CellP’ress

OPEN ACCESS

Of all the projects, 18 provided information on the general cost
of the project either within the provided information or through
contact with project managers. However, 11 projects related to
forest plantation for carbon offsetting by private companies did
not provide detailed cost information for the actions. For these
projects, although they state that the cost per planted tree is
approximately 1 EUR, we opted to consider the average cost
of forest planting as provided by the EU, based on a review of
current literature on the actual costs of such endeavors.®® This
average cost, derived from various public restoration projects
conducted in Europe until 2015, amounts to 4,857 EUR/ha.®®
For nine projects related to forest plantations under national au-
thorities, which included specific actions related to slope prepa-
ration, we utilized information from two reports on average cost
per hectare from existing projects in the Alps, aimed at
increasing slope stability through forest use. Both projects pre-
sented an average cost of 15,000 EUR/ha. Details regarding
the sources of information for economic costs and general
data are provided in Data S1.

We conducted the cost-effectiveness analysis in two
different ways. First, we used the total value of all the nature-
based solutions and divided the value between the total cost
to identify the general cost-effectiveness of all the nature-
based solutions used. Further, we repeated this analysis per
type of nature-based solution to identify cost effectiveness for
each typology. Second, we conducted the analysis of the
cost effectiveness per action by calculating the cost effective-
ness per action and analyzing median and average values per
typology.

Our cost-effectiveness approach is based on identifying direct
beneficiaries®® —individuals whose welfare is improved by
particular ecosystem services. However, we acknowledge spe-
cific limitations regarding this issue in the supplemental methods
lla. For instance, the flow direction approach used to calculate
the beneficiaries for landslides can depend on landscape pro-
cesses, such as a barrier of rocks and trees in the direction of
the landslide. Similarly, we did not account for the potential
mobility of beneficiaries when assessing the potential benefits
of nature-based solutions. Finally, in the case of landslide pro-
tection, we considered the infrastructure within the first 20 m
buffer. However, expanding the consideration to a 200 m buffer
may result in greater monetary value and more beneficiaries.

Statistical analysis

The statistical analysis conducted to analyze the differences be-
tween before and after nature-based solutions implementation
involved testing the normality of the distribution using the
Shapiro test for all ecosystem services before and after the im-
plementation of nature-based solutions (Figure 3). The results
indicated a lack of normality, necessitating the use of non-para-
metric tests. We employed the Wilcoxon test for paired samples
using RStudio (function R package coin), and the results were
consistent with the adjusted p value.

For biodiversity analysis, we utilized ANOVA with Tukey’s test
for pairwise comparisons across the four analyses. We did not
observe significant differences for the number of species (Fig-
ure 4A, p value = 1.1059) or priority habitats related to individual
species (Figure 4C, p value = 0.1472). However, we did identify
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significant differences in the number of species related to priority
habitats (Figure 4B, p value = 0.0052) and priority habitats tar-
geted by the projects (Figure 4D, p value = 8.458e—07).

Regarding the analysis of differences in GDP (Figure 5D), we
performed ANOVA with Tukey’s test for pairwise differences,
revealing significant variation between nature-based solution
types (p value = 0.00791).

We applied ANOVA tests to assess differences in total mone-
tary value per nature-based solution type, yielding non-signifi-
cant results. Similarly, we analyzed differences in the costs of ac-
tions using ANOVA, with comparable outcomes.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to and will
be fulfilled by the lead contact, Alberto Gonzalez-Garcia (alberto.gonzalez-
garcia@univ-grenoble-alpes.fr).
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ACKNOWLEDGMENTS

Funding was provided by the French National Research Agency’s Programme
d’Investissements d’Avenir—Make Our Planet Great Again (grant no. ANR-19-
MPGA-0009).

AUTHOR CONTRIBUTIONS

A.G.-G.: conceptualization, methodology, validation, formal analysis, investi-
gation, data curation, writing — original draft, and writing — review & editing;
I.P.: conceptualization, validation, writing — original draft, writing — review & ed-
iting, supervision, project administration, and funding acquisition; A.C.: inves-
tigation, data curation, and writing — original draft; M.R.: investigation, data cu-
ration, and writing — original draft; T.D.: formal analysis and writing — original
draft; A.V.: conceptualization and writing — original draft; S.L.: conceptualiza-
tion, validation, writing — original draft, writing — review & editing, supervision,
and funding acquisition.

DECLARATION OF INTERESTS

The authors declare no competing interests.

DECLARATION OF GENERATIVE Al AND AI-ASSISTED
TECHNOLOGIES IN THE WRITING PROCESS

During the preparation of this work, the author(s) used ChatGPT to improve En-
glish and readability. After using this tool/service, the author(s) reviewed and

edited the content as needed and take(s) full responsibility for the content of
the published article.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
crsus.2025.100336.

16  Cell Reports Sustainability 2, 100336, March 28, 2025

Cell Reports Sustainability

Received: July 6, 2024
Revised: December 3, 2024
Accepted: January 27, 2025
Published: February 21, 2025

REFERENCES

1. Seddon, N., Chausson, A., Berry, P., Girardin, C.A.J., Smith, A., and
Turner, B. (2020). Understanding the value and limits of nature-based so-
lutions to climate change and other global challenges. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 375, 20190120. https://doi.org/10.1098/rstb.
2019.0120.

2. Cohen-Shacham, E., Walters, G., Janzen, C., and Maginnis, S. (2016). Na-
ture-Based Solutions to Address Global Societal Challenges97 (IUCN),
pp. 2016-2036.

3. BabiAlmenar, J., Elliot, T., Rugani, B., Philippe, B., Navarrete Gutierrez, T.,
Sonnemann, G., and Geneletti, D. (2021). Nexus between nature-based
solutions, ecosystem services and urban challenges. Land Use Policy
100, 104898. https://doi.org/10.1016/j.landusepol.2020.104898.

4. Nesshover, C., Assmuth, T., Irvine, K.N., Rusch, G.M., Waylen, K.A., Del-
baere, B., Haase, D., Jones-Walters, L., Keune, H., Kovacs, E., et al.
(2017). The science, policy and practice of nature-based solutions: an
interdisciplinary perspective. Sci. Total Environ. 579, 1215-1227. https://
doi.org/10.1016/j.scitotenv.2016.11.106.

5. Keesstra, S., Nunes, J., Novara, A., Finger, D., Avelar, D., Kalantari, Z., and
Cerda, A. (2018). The superior effect of nature based solutions in land
management for enhancing ecosystem services. Sci. Total Environ.
610-611, 997-1009. https://doi.org/10.1016/j.scitotenv.2017.08.077.

6. Palomo, I., Locatelli, B., Otero, ., Colloff, M., Crouzat, E., Cuni-Sanchez,
A., Gémez-Baggethun, E., Gonzalez-Garcia, A., Grét-Regamey, A., Jimé-
nez-Aceituno, A., et al. (2021). Assessing nature-based solutions for trans-
formative change. One Earth 4, 730-741. https://doi.org/10.1016/j.
oneear.2021.04.013.

7. Chausson, A., Turner, B., Seddon, D., Chabaneix, N., Girardin, C.A.J., Ka-
pos, V., Key, I., Roe, D., Smith, A., Woroniecki, S., et al. (2020). Mapping
the effectiveness of nature-based solutions for climate change adaptation.
Glob. Change Biol. 26, 6134-6155. https://doi.org/10.1111/g9cb.15310.

8. Bonnesoeur, V., Locatelli, B., Guariguata, M.R., Ochoa-Tocachi, B.F., Va-
nacker, V., Mao, Z., Stokes, A., Mathez-Stiefel, S.L., and Mathez-Stiefel,
S.L. (2019). Impacts of forests and forestation on hydrological services
in the Andes: A systematic review. Forest Ecol. Manag. 433, 569-584.
https://doi.org/10.1016/j.foreco.2018.11.033.

9. Bossio, D.A., Cook-Patton, S.C., Ellis, P.W., Fargione, J., Sanderman, J.,
Smith, P., Wood, S., Zomer, R.J., von Unger, M., Emmer, |.M., et al. (2020).
The role of soil carbon in natural climate solutions. Nat. Sustain. 3,
391-398. https://doi.org/10.1038/s41893-020-0491-z.

10. Rowinski, P.M., Vastila, K., Aberle, J., Jarveld, J., and Kalinowska, M.B.
(2018). How vegetation can aid in coping with river management chal-
lenges: A brief review. Ecohydrol. Hydrobiol. 18, 345-354. https://doi.
org/10.1016/j.ecohyd.2018.07.0083.

11. Frantzeskaki, N., McPhearson, T., Collier, M.J., Kendal, D., Bulkeley, H.,
Dumitru, A., Walsh, C., Noble, K., van Wyk, E., Ordéfiez, C., et al. (2019).
Nature-based solutions for urban climate change adaptation: linking sci-
ence, policy, and practice communities for evidence-based decision-
making. BioScience 69, 455-466. https://doi.org/10.1093/biosci/biz042.

12. lungman, T., Cirach, M., Marando, F., Pereira Barboza, E.P., Khomenko,
S., Masselot, P., Quijal-Zamorano, M., Mueller, N., Gasparrini, A., Urquiza,
J., et al. (2023). Cooling cities through urban green infrastructure: a health
impact assessment of European cities. Lancet 401, 577-589. https://doi.
org/10.1016/S0140-6736(22)02585-5.

13. Lamba, A., Teo, H.C., Sreekar, R., Zeng, Y., Carrasco, L.R., and Koh, L.P.
(2023). Climate co-benefits of tiger conservation. Nat. Ecol. Evol. 7, 1104-
1113. https://doi.org/10.1038/s41559-023-02069-x.


mailto:alberto.gonzalez-garcia@univ-grenoble-alpes.fr
mailto:alberto.gonzalez-garcia@univ-grenoble-alpes.fr
https://doi.org/10.5281/zenodo.14584948
https://doi.org/10.5281/zenodo.14584948
https://doi.org/10.1016/j.crsus.2025.100336
https://doi.org/10.1016/j.crsus.2025.100336
https://doi.org/10.1098/rstb.2019.0120
https://doi.org/10.1098/rstb.2019.0120
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref2
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref2
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref2
https://doi.org/10.1016/j.landusepol.2020.104898
https://doi.org/10.1016/j.scitotenv.2016.11.106
https://doi.org/10.1016/j.scitotenv.2016.11.106
https://doi.org/10.1016/j.scitotenv.2017.08.077
https://doi.org/10.1016/j.oneear.2021.04.013
https://doi.org/10.1016/j.oneear.2021.04.013
https://doi.org/10.1111/gcb.15310
https://doi.org/10.1016/j.foreco.2018.11.033
https://doi.org/10.1038/s41893-020-0491-z
https://doi.org/10.1016/j.ecohyd.2018.07.003
https://doi.org/10.1016/j.ecohyd.2018.07.003
https://doi.org/10.1093/biosci/biz042
https://doi.org/10.1016/S0140-6736(22)02585-5
https://doi.org/10.1016/S0140-6736(22)02585-5
https://doi.org/10.1038/s41559-023-02069-x

Please cite this article in press as: Gonzalez-Garcia et al., Co-benefits of nature-based solutions exceed the costs of implementation, Cell Reports
Sustainability (2025), https://doi.org/10.1016/j.crsus.2025.100336

Cell Reports Sustainability

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Arneth, A., Leadley, P., Claudet, J., Coll, M., Rondinini, C., Rounsevell,
M.D.A., Shin, Y.-J., Alexander, P., and Fuchs, R. (2023). Making protected
areas effective for biodiversity, climate and food. Glob. Change Biol. 29,
3883-3894. https://doi.org/10.1111/gcb.16664.

Metzger, M.J., Rounsevell, M.D.A., Acosta-Michlik, L., Leemans, R., and
Schréter, D. (2006). The vulnerability of ecosystem services to land use
change. Agric. Ecosyst. Environ. 114, 69-85. https://doi.org/10.1016/j.
agee.2005.11.025.

Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter,
S.R., Chapin, F.S., Coe, M.T., Daily, G.C., Gibbs, H.K., et al. (2005). Global
consequences of land use. Science 309, 570-574. https://doi.org/10.
1126/science.1111772.

Kumar, P., Debele, S.E., Sahani, J., Aragao, L., Barisani, F., Basu, B., Buc-
chignani, E., Charizopoulos, N., Di Sabatino, S., Domeneghetti, A., et al.
(2020). Towards an operationalisation of nature-based solutions for natu-
ral hazards. Sci. Total Environ. 737, 138855. https://doi.org/10.1016/j.sci-
totenv.2020.138855.

Hamel, P., Guerry, A.D., Polasky, S., Han, B., Douglass, J.A., Hamann, M.,
Janke, B., Kuiper, J.J., Levrel, H., Liu, H., et al. (2021). Mapping the ben-
efits of nature in cities with the InVEST software. npj Urban Sustain. 17,
25. https://doi.org/10.1038/s42949-021-00027-9.

Guerrero, P., Haase, D., and Albert, C. (2022). Identifying spatial patterns
and ecosystem service delivery of nature-based solutions. Environ.
Manag. 69, 735-751. https://doi.org/10.1007/s00267-022-01613-y.

Key, I.B., Smith, A.C., Turner, B., Chausson, A., Girardin, C.A.J., Macgilliv-
ray, M., and Seddon, N. (2022). Biodiversity outcomes of nature-based so-
lutions for climate change adaptation: Characterising the evidence base.
Front. Environ. Sci. 10. https://doi.org/10.3389/fenvs.2022.905767.

UNEP. (2022). Resolution adopted by the United Nations Environment As-
sembly on 2 March 2022. Nature-based solutions for supporting sustain-
able development. Nairobi (hybrid). https://digitallibrary.un.org/record/
3999268?In=en&v=pdf.

Natural Capital Project, 2025. InVEST 0.0. Stanford University, University
of Minnesota, Chinese Academy of Sciences, The Nature Conservancy,
World Wildlife Fund, Stockholm Resilience Centre and the Royal
Swedish Academy of Sciences. https://naturalcapitalproject.stanford.
edu/software/invest

Ruosteenoja, K., and Jylha, K. (2023). Average and extreme heatwaves in
Europe at 0.5-2.0 °C global warming levels in CMIP6 model simulations.
Clim. Dyn. 67, 4259-4281. https://doi.org/10.1007/s00382-023-06798-4.

Kundzewicz, Z.W., Pinskwar, ., and Brakenridge, G.R. (2018). Changes in
river flood hazard in Europe: a review. Hydrol. Res. 49, 294-302. https://
doi.org/10.2166/nh.2017.016.

Gariano, S.L., and Guzzetti, F. (2016). Landslides in a changing climate.
Earth Sci. Rev. 162, 227-252. https://doi.org/10.1016/j.earscirev.2016.
08.011.

Quintas-Soriano, C., Martin-Lépez, B., Santos-Martin, F., Loureiro, M.,
Montes, C., Benayas, J., and Garcia-Llorente, M. (2016). Ecosystem ser-
vices values in Spain: A meta-analysis. Environ. Sci. Policy 55, 186-195.
https://doi.org/10.1016/j.envsci.2015.10.001.

Wang, T., and Sun, F. (2022). Global gridded GDP data set consistent with
the shared socioeconomic pathways. Sci. Data 9, 221. https://doi.org/10.
1038/s41597-022-01300-x.

Goodwin, S., Olazabal, M., Castro, A.J., and Pascual, U. (2023). Global
mapping of urban nature-based solutions for climate change adaptation.
Nat. Sustain. 6, 458-469. https://doi.org/10.1038/s41893-022-01036-x.

Balmford, A., Bruner, A., Cooper, P., Costanza, R., Farber, S., Green, R.E.,
Jenkins, M., Jefferiss, P., Jessamy, V., Madden, J., et al. (2002). Economic
reasons for conserving wild nature. Science 297, 950-953. https://doi.org/
10.1126/science.1073947.

Brander, L.M., Van Beukering, P., Nijsten, L., McVittie, A., Baulcomb, C.,
Eppink, F.V., and Cado van der Lelij, J.A.C. (2020). The global costs and

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

¢? CellPress

OPEN ACCESS

benefits of expanding Marine Protected Areas. Mar. Policy 7716, 103953.
https://doi.org/10.1016/j.marpol.2020.103953.

European Commission (2023). Directorate-General for Environment,
Impact Assessment Study to Support the Development of Legally Binding
EU Nature Restoration Targets — Final Report (Publications Office of the
European Union). https://data.europa.eu/doi/10.2779/275295.

Miller, J.D., Vesuviano, G., Wallbank, J.R., Fletcher, D.H., and Jones, L.
(2023). Hydrological assessment of urban Nature-Based Solutions for ur-
ban planning using Ecosystem Service toolkit applications. Landsc. Urban
Plan. 234, 104737. https://doi.org/10.1016/.landurbplan.2023.104737.

Ma, S., Wang, H.Y., Zhang, X., Wang, L.J., and Jiang, J. (2022). A nature-
based solution in forest management to improve ecosystem services and
mitigate their trade-offs. J. Cleaner Prod. 357, 131557. https://doi.org/10.
1016/j.jclepro.2022.131557.

Babi Almenar, J.B., Petucco, C., Sonnemann, G., Geneletti, D., Elliot, T.,
and Rugani, B. (2023). Modelling the net environmental and economic im-
pacts of urban nature-based solutions by combining ecosystem services,
system dynamics and life cycle thinking: An application to urban forests.
Ecosyst. Serv. 60, 101506. https://doi.org/10.1016/j.ecoser.2022.101506.

Liquete, C., Udias, A., Conte, G., Grizzetti, B., and Masi, F. (2016). Inte-
grated valuation of a nature-based solution for water pollution control.
Highlighting hidden benefits. Ecosyst. Serv. 22, 392-401. https://doi.
org/10.1016/j.ecoser.2016.09.011.

European Investment Bank; Hudson, G., Hart, S., and Verbeek, A. (2023).
Investing in nature-based solutions: state-of-play and way forward for
public and private financial measures in Europe (European Investment
Bank). https://doi.org/10.2867/031133.

Swann, S., Blandford, L., Cheng, S., Cook, J., Miller, A., and Barr, R.
(2021). Public international funding of nature-based solutions for adapta-
tion: A landscape assessment. WRIPUB. https://doi.org/10.46830/
wriwp.20.00065.

UNEP, WEF, ELD, and Vivid Economics. (2021). State of Finance for Na-
ture 2021. https://www.unep.org/resources/state-finance-nature-2021.

Deutz, A., Heal, G.M., Niu, R., Swanson, E., Townshend, T., Zhu, L., Del-
mar, A., Meghiji, A., Sethi, S.A., and Tobinde la Puente, J. (2020). Financing
Nature: Closing the Global Biodiversity Financing Gap (The Paulson Insti-
tute, The Nature Conservancy, and the Cornell Atkinson Center for Sus-
tainability).

EC. (2022). European Commission, Green Deal: pioneering proposals to
restore Europe’s nature by 2050 and halve pesticide use by 2030.
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_3746.

Costanza, R., De Groot, R., Sutton, P., Van der Ploeg, S., Anderson, S.J.,
Kubiszewski, |., Farber, S., Turner, R.K., and Turner, R.K. (2014). Changes
in the global value of ecosystem services. Glob. Environ. Change 26,
152-158. https://doi.org/10.1016/j.gloenvcha.2014.04.002.

Pereira, P., Yin, C., and Hua, T. (2023). Nature-based Solutions,
ecosystem services, disservices and impacts on wellbeing in Urban Envi-
ronments. Curr. Opin. Environ. Sci. Health 33, 100465.

Dubo, T., Palomo, I., Camacho, L.L., Locatelli, B., Cugniet, A., Racinais, N.,
and Lavorel, S. (2023). Nature-based solutions for climate change adapta-
tion are not located where they are most needed across the Alps. Reg. En-
viron. Change 23, 12. https://doi.org/10.1007/s10113-022-01998-w.

Palomo, I. (2017). Climate change impacts on ecosystem services in high
mountain areas: a literature review. Mt. Res. Dev. 37, 179-187. https://doi.
org/10.1659/MRD-JOURNAL-D-16-00110.1.

Lavorel, S., Colloff, M.J., Locatelli, B., Gorddard, R., Prober, S.M., Gabillet,
M., Devaux, C., Laforgue, D., Peyrache-Gadeau, V., Laforgue, D., and
Peyrache-Gadeau, V. (2019). Mustering the power of ecosystems for
adaptation to climate change. Environ. Sci. Policy 92, 87-97. https://doi.
org/10.1016/j.envsci.2018.11.010.

Manning, P., Van Der Plas, F., Soliveres, S., Allan, E., Maestre, F.T., Mace,
G., Whittingham, M.J., Fischer, M., and Fischer, M. (2018). Redefining

Cell Reports Sustainability 2, 100336, March 28, 2025 17



https://doi.org/10.1111/gcb.16664
https://doi.org/10.1016/j.agee.2005.11.025
https://doi.org/10.1016/j.agee.2005.11.025
https://doi.org/10.1126/science.1111772
https://doi.org/10.1126/science.1111772
https://doi.org/10.1016/j.scitotenv.2020.138855
https://doi.org/10.1016/j.scitotenv.2020.138855
https://doi.org/10.1038/s42949-021-00027-9
https://doi.org/10.1007/s00267-022-01613-y
https://doi.org/10.3389/fenvs.2022.905767
https://digitallibrary.un.org/record/3999268?ln=en&v=pdf
https://digitallibrary.un.org/record/3999268?ln=en&v=pdf
https://naturalcapitalproject.stanford.edu/software/invest
https://naturalcapitalproject.stanford.edu/software/invest
https://doi.org/10.1007/s00382-023-06798-4
https://doi.org/10.2166/nh.2017.016
https://doi.org/10.2166/nh.2017.016
https://doi.org/10.1016/j.earscirev.2016.08.011
https://doi.org/10.1016/j.earscirev.2016.08.011
https://doi.org/10.1016/j.envsci.2015.10.001
https://doi.org/10.1038/s41597-022-01300-x
https://doi.org/10.1038/s41597-022-01300-x
https://doi.org/10.1038/s41893-022-01036-x
https://doi.org/10.1126/science.1073947
https://doi.org/10.1126/science.1073947
https://doi.org/10.1016/j.marpol.2020.103953
https://data.europa.eu/doi/10.2779/275295
https://doi.org/10.1016/j.landurbplan.2023.104737
https://doi.org/10.1016/j.jclepro.2022.131557
https://doi.org/10.1016/j.jclepro.2022.131557
https://doi.org/10.1016/j.ecoser.2022.101506
https://doi.org/10.1016/j.ecoser.2016.09.011
https://doi.org/10.1016/j.ecoser.2016.09.011
https://doi.org/10.2867/031133
https://doi.org/10.46830/wriwp.20.00065
https://doi.org/10.46830/wriwp.20.00065
https://www.unep.org/resources/state-finance-nature-2021
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref39
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref39
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref39
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref39
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref39
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_3746
https://doi.org/10.1016/j.gloenvcha.2014.04.002
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref42
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref42
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref42
https://doi.org/10.1007/s10113-022-01998-w
https://doi.org/10.1659/MRD-JOURNAL-D-16-00110.1
https://doi.org/10.1659/MRD-JOURNAL-D-16-00110.1
https://doi.org/10.1016/j.envsci.2018.11.010
https://doi.org/10.1016/j.envsci.2018.11.010

Please cite this article in press as: Gonzalez-Garcia et al., Co-benefits of nature-based solutions exceed the costs of implementation, Cell Reports
Sustainability (2025), https://doi.org/10.1016/j.crsus.2025.100336

¢? CellPress

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

18

OPEN ACCESS

ecosystem multifunctionality. Nat. Ecol. Evol. 2, 427-436. https://doi.org/
10.1038/s41559-017-0461-7.

Seddon, N. (2022). Harnessing the potential of nature-based solutions for
mitigating and adapting to climate change. Science 376, 1410-1416.
https://doi.org/10.1126/science.abn9668.

Seddon, N., Turner, B., Berry, P., Chausson, A., and Girardin, C.A.J.
(2019). Grounding nature-based climate solutions in sound biodiversity
science. Nat. Clim. Change 9, 84-87. https://doi.org/10.1038/s41558-
019-0405-0.

Meli, P., Rey Benayas, J.M., Balvanera, P., and Martinez Ramos, M.
(2014). Restoration enhances wetland biodiversity and ecosystem service
supply, but results are context-dependent: a meta-analysis. PLOS One 9,
€93507. https://doi.org/10.1371/journal.pone.0093507.

Mori, A.S., Furukawa, T., and Sasaki, T. (2013). Response diversity deter-
mines the resilience of ecosystems to environmental change. Biol. Rev.
Camb. Philos. Soc. 88, 349-364. https://doi.org/10.1111/brv.12004.

Reed, J., Kusters, K., Barlow, J., Balinga, M., Borah, J.R., Carmenta, R.,
Chervier, C., Djoudi, H., Gumbo, D., Laumonier, Y., et al. (2021). Re-inte-
grating ecology into integrated landscape approaches. Landsc. Ecol. 36,
2395-2407. https://doi.org/10.1007/s10980-021-01268-w.

Ballester, J., Quijal-Zamorano, M., Méndez Turrubiates, R.F., Pegenaute,
F., Herrmann, F.R., Robine, J.M., Basagaiia, X., Tonne, C., Anto, J.M., and
Achebak, H. (2028). Heat-related mortality in Europe during the summer of
2022. Nat. Med. 29, 1857-1866. https://doi.org/10.1038/s41591-022-
02186-3.

Koutsovili, E.l., Tzoraki, O., Kalli, A.A., Provatas, S., and Gaganis, P.
(2023). Participatory approaches for planning nature-based solutions in
flood vulnerable landscapes. Environ. Sci. Policy 140, 12-23. https://doi.
org/10.1016/j.envsci.2022.11.012.

Wortley, L., Hero, J.M., and Howes, M. (2013). Evaluating ecological resto-
ration success: a review of the literature. Restor. Ecol. 27, 537-543.
https://doi.org/10.1111/rec.12028.

Phillips, A., Canters, F., and Khan, A.Z. (2022). Analyzing spatial inequal-
ities in use and experience of urban green spaces. Urban For. Urban
Greening 74, 127674. https://doi.org/10.1016/j.ufug.2022.127674.

Laurila-Pant, M., Lehikoinen, A., Uusitalo, L., and Venesjarvi, R. (2015).
How to value biodiversity in environmental management? Ecol. Indic.
55, 1-11. https://doi.org/10.1016/j.ecolind.2015.02.034.

Nehren, U., Arce-Mojica, T., Barrett, A.C., Cueto, J., Doswald, N., Janzen,
S., Lange, W., Vargas, A.O., Pirazan-Palomar, L., Renaud, F.G., et al.
(2023). Towards a typology of nature-based solutions for disaster risk
reduction. Nat.-Based Solut. 3, 100057. https://doi.org/10.1016/j.nbsj.
2023.100057.

Jones, L., Anderson, S., Leessoe, J., Banzhaf, E., Jensen, A., Bird, D.N.,
Miller, J., Hutchins, M.G., Yang, J., Garrett, J., et al. (2022). A typology
for urban green infrastructure to guide multifunctional planning of na-
ture-based solutions. Nat.-Based Solut. 2, 100041. https://doi.org/10.
1016/j.nbsj.2022.100041.

Sharp, R., Douglass, J., Wolny, S., Arkema, K., Bernhardt, J., Bierbower,
W., Chaumont, N., Denu, D., Fisher, K., Glowinski, K., et al. (2020). INVEST
3.8. 7. User’s Guide. The Natural Capital Project (Standford University,
University of Minnesota, The Nature Conservancy, and World Wild-
life Fund)).

Schwarz, M., Dorren, L., and Thormann, J.J. (2014). SLIDEFORNET: a
Web Tool for Assessing the Effect of Root Reinforcement on Shallow
Landslides.

Bosch, M., Locatelli, M., Hamel, P., Remme, R.P., Chenal, J., and Joost, S.
(2021). A spatially explicit approach to simulate urban heat mitigation with
InVEST (v3.8.0). Geosci. Model Dev. 14, 3521-3537. https://doi.org/10.
5194/gmd-14-3521-2021.

Karger, D.N., Lange, S., Hari, C., Reyer, C.P.O., and Zimmermann, N.E.
(2021). CHELSA-W5ES5 v1.0: W5E5 v1.0 Downscaled with CHELSA v2.0
(ISIMIP Repository).

Cell Reports Sustainability 2, 100336, March 28, 2025

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Cell Reports Sustainability

. Hamel, P. (2019). Stormwater Management Services Maps for the San

Francisco Bay Area. Working paper.

. Goswami, B.N., Venugopal, V., SenGupta, D., Madhusoodanan, M.S., and

Xavier, P.K. (2006). Increasing trend of extreme rain events over India in a
warming environment. Science 314, 1442-1445. https://doi.org/10.1126/
science.1132027.

. Nelson, E., Mendoza, G., Regetz, J., Polasky, S., Tallis, H., Cameron, D.,

Chan, K.M., Daily, G.C., Goldstein, J., Kareiva, P.M., et al. (2009).
Modeling multiple ecosystem services, biodiversity conservation, com-
modity production, and tradeoffs at landscape scales. Front. Ecol. Envi-
ron. 7, 4-11. https://doi.org/10.1890/080023.

Schwarz, M. (2019). Wurzelverstarkung und Hangstabilitdtsberechnun-
gen: ein Uberblick. Schweiz. Z. Forstwesen 170, 292-302. https://doi.
org/10.3188/szf.2019.0292.

Xie, L., and Bulkeley, H. (2020). Nature-based solutions for urban biodiver-
sity governance. Environ. Sci. Policy 110, 77-87. https://doi.org/10.1016/j.
envsci.2020.04.002.

Europian Union. (1992). Council Directive 92/43/EEC of 21 May 1992 on
the conservation of natural habitats and of wild fauna and flora. https://
eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L.0043.

IUCN. (2023). The IUCN Red List of Threatened Species. Version 2023-1.
https://www.iucnredlist.org. Accessed on February 2024.

Schirpke, U., Scolozzi, R., De Marco, C., and Tappeiner, U. (2014). Map-
ping beneficiaries of ecosystem services flows from natura 2000 sites.
Ecosyst. Serv. 9, 170-179. https://doi.org/10.1016/j.ecoser.2014.06.003.

Serna-Chavez, H.M., Schulp, C.J.E., Van Bodegom, P.M., Bouten, W.,
Verburg, P.H., and Davidson, M.D. (2014). A quantitative framework for as-
sessing spatial flows of ecosystem services. Ecol. Indic. 39, 24-33.
https://doi.org/10.1016/j.ecolind.2013.11.024.

McDonald, R.l., Kroeger, T., Boucher, T., Wang, L., and Salem, R. (2016).
Planting Healthy Air: A global Analysis of the Role of Urban Trees in Ad-
dressing Particulate Matter Pollution and Extreme Heat (CAB Interna-
tional), pp. 128-139.

Zardo, L., Geneletti, D., Pérez-Soba, M., and Van Eupen, M. (2017). Esti-
mating the cooling capacity of green infrastructures to support urban plan-
ning. Ecosyst. Serv. 26, 225-235. https://doi.org/10.1016/j.ecoser.2017.
06.016.

Grilo, F., Pinho, P., Aleixo, C., Catita, C., Silva, P., Lopes, N., Freitas, C.,
Santos-Reis, M., McPhearson, T., Branquinho, C., Santos-Reis, M.,
McPhearson, T., and Branquinho, C. (2020). Using green to cool the
grey: Modelling the cooling effect of green spaces with a high spatial res-
olution. Sci. Total Environ. 724, 138182. https://doi.org/10.1016/].scito-
tenv.2020.138182.

Haddad, E.A., and Teixeira, E. (2015). Economic impacts of natural disas-
ters in megacities: The case of floods in Sao Paulo, Brazil. Habitat Int. 45,
106-113. https://doi.org/10.1016/j.habitatint.2014.06.023.

Lombardo, L., Tanyas, H., Huser, R., Guzzetti, F., and Castro-Camilo,
D. (2021). Landslide size matters: A new data-driven, spatial proto-
type. Eng. Geol. 293, 106288. https://doi.org/10.1016/j.enggeo.2021.
106288.

Kumar, P., Debele, S.E., Sahani, J., Rawat, N., Marti-Cardona, B., Alfieri,
S.M., Basu, B., Basu, A.S., Bowyer, P., Charizopoulos, N., et al. (2021).
Nature-based solutions efficiency evaluation against natural hazards:
Modelling methods, advantages and limitations. Sci. Total Environ. 784,
147058. https://doi.org/10.1016/j.scitotenv.2021.147058.

Plummer, M.L. (2009). Assessing benefit transfer for the valuation of
ecosystem services. Front. Ecol. Environ. 7, 38-45. https://doi.org/10.
1890/080091.

Eigenbrod, F., Armsworth, P.R., Anderson, B.J., Heinemeyer, A., Gillings,
S., Roy, D.B., Thomas, C.D., and Gaston, K.J. (2010). Error propagation
associated with benefits transfer-based mapping of ecosystem services.
Biol. Conserv. 143, 2487-2493. https://doi.org/10.1016/j.biocon.2010.
06.015.


https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.1126/science.abn9668
https://doi.org/10.1038/s41558-019-0405-0
https://doi.org/10.1038/s41558-019-0405-0
https://doi.org/10.1371/journal.pone.0093507
https://doi.org/10.1111/brv.12004
https://doi.org/10.1007/s10980-021-01268-w
https://doi.org/10.1038/s41591-022-02186-3
https://doi.org/10.1038/s41591-022-02186-3
https://doi.org/10.1016/j.envsci.2022.11.012
https://doi.org/10.1016/j.envsci.2022.11.012
https://doi.org/10.1111/rec.12028
https://doi.org/10.1016/j.ufug.2022.127674
https://doi.org/10.1016/j.ecolind.2015.02.034
https://doi.org/10.1016/j.nbsj.2023.100057
https://doi.org/10.1016/j.nbsj.2023.100057
https://doi.org/10.1016/j.nbsj.2022.100041
https://doi.org/10.1016/j.nbsj.2022.100041
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref59
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref59
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref59
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref59
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref59
https://doi.org/10.5194/gmd-14-3521-2021
https://doi.org/10.5194/gmd-14-3521-2021
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref62
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref62
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref62
https://doi.org/10.1126/science.1132027
https://doi.org/10.1126/science.1132027
https://doi.org/10.1890/080023
https://doi.org/10.3188/szf.2019.0292
https://doi.org/10.3188/szf.2019.0292
https://doi.org/10.1016/j.envsci.2020.04.002
https://doi.org/10.1016/j.envsci.2020.04.002
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L0043
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A31992L0043
https://www.iucnredlist.org
https://doi.org/10.1016/j.ecoser.2014.06.003
https://doi.org/10.1016/j.ecolind.2013.11.024
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref72
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref72
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref72
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref72
https://doi.org/10.1016/j.ecoser.2017.06.016
https://doi.org/10.1016/j.ecoser.2017.06.016
https://doi.org/10.1016/j.scitotenv.2020.138182
https://doi.org/10.1016/j.scitotenv.2020.138182
https://doi.org/10.1016/j.habitatint.2014.06.023
https://doi.org/10.1016/j.enggeo.2021.106288
https://doi.org/10.1016/j.enggeo.2021.106288
https://doi.org/10.1016/j.scitotenv.2021.147058
https://doi.org/10.1890/080091
https://doi.org/10.1890/080091
https://doi.org/10.1016/j.biocon.2010.06.015
https://doi.org/10.1016/j.biocon.2010.06.015

Please cite this article in press as: Gonzalez-Garcia et al., Co-benefits of nature-based solutions exceed the costs of implementation, Cell Reports
Sustainability (2025), https://doi.org/10.1016/j.crsus.2025.100336

Cell Reports Sustainability

80.

81.

82.

83.

84,

Xia, Y., Li, Y., Guan, D., Tinoco, D.M., Xia, J., Yan, Z., Yang, J., Liu, Q., Huo,
H., Liu, Q., and Huo, H. (2018). Assessment of the economic impacts of
heat waves: a case study of Nanjing, China. J. Cleaner Prod. 7171,
811-819. https://doi.org/10.1016/j.jclepro.2017.10.069.

Watson, K.B., Ricketts, T., Galford, G., Polasky, S., and O’Niel-Dunne, J.
(2016). Quantifying flood mitigation services: the economic value of Otter
Creek wetlands and floodplains to Middlebury, VT. Ecol. Econ. 7130,
16-24. https://doi.org/10.1016/j.ecolecon.2016.05.015.

Brander, L.M., Tankha, S., Sovann, C., Sanadiradze, G., Zazanashvili,
N., Kharazishvili, D., Memiadze, N., Osepashvili, |., Beruchashvili, G., Ar-
obelidze, N., Osepashvili, I, Beruchashvili, G., and Arobelidze, N.
(2018). Mapping the economic value of landslide regulation by forests.
Ecosyst. Serv. 32, 101-109. https://doi.org/10.1016/j.ecoser.2018.
06.003.

Gonzalez-Garcia, A., Arias, M., Garcia-Tiscar, S., Alcorlo, P., and Santos-
Martin, F. (2022). National blue carbon assessment in Spain using INVEST:
current state and future perspectives. Ecosyst. Serv. 53, 101397. https://
doi.org/10.1016/j.ecoser.2021.101397.

Melaku Canu, D.M., Ghermandi, A., Nunes, P.A.L.D., Lazzari, P., Cossar-
ini, G., and Solidoro, C. (2015). Estimating the value of carbon sequestra-
tion ecosystem services in the Mediterranean Sea: an ecological eco-
nomics approach. Glob. Environ. Change 32, 87-95. https://doi.org/10.
1016/j.gloenvcha.2015.02.008.

85.

86.

87.

88.

89.

90.

¢? CellPress

OPEN ACCESS

Santamouris, M., Cartalis, C., Synnefa, A., and Kolokotsa, D. (2015). On
the impact of urban heat island and global warming on the power demand
and electricity consumption of buildings - a review. Energy Build. 98,
119-124. https://doi.org/10.1016/j.enbuild.2014.09.052.

Huizinga, J., De Moel, H., and Szewczyk, W. (2017). Global flood depth-
damage functions: Methodology and the database with guidelines (Publi-
cations Office of the European Union).

Trading Economics. (2023). EU carbon permits. https://tradingeconomics.
com/commodity/carbon.

Oakes, L.E., Rayden, T., Lotspeich, J., and Bagwill, A. (2022). Defining the
Real Cost of Restoring Forests: Practical Steps Towards Improving
Cost Estimates: A Trillion Trees White Paper. https://trilliontrees.org/wp-
content/uploads/2022/08/Trillion-Trees_Defining-the-real-cost-of-restoring-
forests.pdf.

Joint Research Centre: Institute for Environment and Sustainability; Die-
tzel, A., and Maes, J. (2015). Costs of Restoration Measures in the EU
Based on an Assessment of LIFE Projects. Report EUR 27494 EN (Publi-
cations Office of the European Union).).

Richardson, L., Loomis, J., Kroeger, T., and Casey, F. (2015). The role of
benefit transfer in ecosystem service valuation. Ecol. Econ. 115, 51-58.
https://doi.org/10.1016/j.ecolecon.2014.02.018.

Cell Reports Sustainability 2, 100336, March 28, 2025 19



https://doi.org/10.1016/j.jclepro.2017.10.069
https://doi.org/10.1016/j.ecolecon.2016.05.015
https://doi.org/10.1016/j.ecoser.2018.06.003
https://doi.org/10.1016/j.ecoser.2018.06.003
https://doi.org/10.1016/j.ecoser.2021.101397
https://doi.org/10.1016/j.ecoser.2021.101397
https://doi.org/10.1016/j.gloenvcha.2015.02.008
https://doi.org/10.1016/j.gloenvcha.2015.02.008
https://doi.org/10.1016/j.enbuild.2014.09.052
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref86
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref86
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref86
https://tradingeconomics.com/commodity/carbon
https://tradingeconomics.com/commodity/carbon
https://trilliontrees.org/wp-content/uploads/2022/08/Trillion-Trees_Defining-the-real-cost-of-restoring-forests.pdf
https://trilliontrees.org/wp-content/uploads/2022/08/Trillion-Trees_Defining-the-real-cost-of-restoring-forests.pdf
https://trilliontrees.org/wp-content/uploads/2022/08/Trillion-Trees_Defining-the-real-cost-of-restoring-forests.pdf
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref89
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref89
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref89
http://refhub.elsevier.com/S2949-7906(25)00032-1/sref89
https://doi.org/10.1016/j.ecolecon.2014.02.018

	CRSUS100336_proof.pdf
	Co-benefits of nature-based solutions exceed the costs of implementation
	Introduction
	Results
	Ecosystem services and biodiversity before and after nature-based solutions implementation
	Beneficiaries of nature-based solutions outcomes
	Monetary value of ecosystem services delivered by nature-based solutions and cost effectiveness
	Integrated analysis of nature-based solutions

	Discussion
	Cost effectiveness of nature-based solutions to tackle climate change
	Ecosystem service multifunctionality, biodiversity co-benefits, and scaling
	Improving nature-based solutions assessment and monitoring
	Conclusions

	Methods
	Nature-based solutions database and photointerpretation
	Ecosystem services modeling
	Biodiversity assessment
	Benefits and beneficiaries
	Monetary valuation of ecosystem services
	Cost and cost-effectiveness analysis
	Statistical analysis

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Declaration of generative AI and AI-assisted technologies in the writing process
	Supplemental information
	References



