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Abstract
1. Nature- based solutions (NbS) can prevent further climate change and increase 

local communities' capacity to adapt to the current impacts of climate change. 
However, the benefits obtained from implementing NbS are not distributed 
equally across people. Thus, it is key to further understand how people are im-
pacted when implementing NbS.

2. We developed a multi- objective prioritization approach to identify changes in (i) 
the biophysical provision of ecosystem services, (ii) optimal allocation of NbS and 
(iii) monetary benefits when targeting climate mitigation versus climate adapta-
tion goals. We used the increase in metric tons of carbon storage as representa-
tive of climate mitigation and the decrease in on- site and downstream tons of 
sediment per year as representative of climate adaptation.

3. Planning strategies that target climate mitigation or climate adaptation goals sep-
arately represent a loss of between 30% and 60% of the maximum possible car-
bon sequestration or sediment retention benefits. Conversely, targeting climate 
mitigation and climate adaptation goals at the same time captured more than 90% 
of the maximum possible benefits for all objectives.

4. Priority NbS in the mitigation planning strategy included soil and water conserva-
tion and forest rehabilitation, while priority NbS in the adaptation planning strat-
egy included grassland rehabilitation and hill terrace improvement.

5. Targeting mitigation and adaptation goals at the same time captures 35M USD 
(89% of the maximum attainable) in value of carbon restored and retained, and 
2M USD (100% of the maximum attainable) of avoided maintenance costs to the 
KGA hydropower plant. Conversely, failing to incorporate adaptation goals when 
developing climate plans only captures 1M of avoided maintenance costs to the 
KGA hydropower plant.

6. Our approach can be replicated in other locations to promote cost- effective in-
vestments in NbS able to secure both global and local benefits to people. This can 
improve the outcomes of international climate change financial schemes like the 
Green Climate Fund and the UN- REDD+ program.
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1  |  INTRODUC TION

Global action is urgently needed to prevent further climate change 
and counteract the negative impacts that climate change is causing 
on people's wellbeing and the natural environment. Climate change 
is increasing the prevalence of extreme temperatures and weather 
events, having a significant toll on people's lives (Bellprat et al., 2019; 
Herring et al., 2014; Perkins- Kirkpatrick et al., 2022). For instance, 
37% of heat- related deaths can be attributed to anthropogenic cli-
mate change (Vicedo- Cabrera et al., 2021). Nature- based solutions 
(NbS) refer to actions to protect, manage and restore ecosystems 
in ways that also provide benefits to people, and are considered 
an alternative to support climate mitigation and adaptation goals 
(Seddon, 2022). Yet we lack full understanding of the diversity of 
impacts on people's wellbeing when implementing NbS.

Application of NbS to mitigate climate change centres on pro-
tecting carbon stocks and enhancing carbon sequestration to pre-
vent further alteration of current climate patterns, mostly through 
forest protection or restoration (GCF, 2020a; Seddon, 2022). Use of 
NbS for climate change adaptation aims to decrease local people's 
vulnerability to the present impacts of climate change by enhancing 
ecosystems' health and their capacity to sustain people's wellbeing 
(i.e. ecosystem services; GCF, 2020b; Seddon, 2022). For example, 
in Sri Lanka, a climate change adaptation project using NbS focused 
on improving sustainable farm-  and land management practices to 
decrease upstream erosion and downstream flood risk (GCF, 2020b).

The importance of both mitigation and adaptation actions in 
fighting climate change has been widely recognized in international 
policy, yet practical efforts to date have largely focused only on 
enhancing carbon stocks through forest protection (i.e. a mitiga-
tion goal; GCF, 2021; UN, 2022; UNFCCC, 2022). Strong evidence 
suggests that carbon projects that only promote forest conserva-
tion may not enhance the provision of local ecosystem services, and 
can even adversely affect local communities' wellbeing (Aggarwal 
& Brockington, 2020; Chhatre & Agrawal, 2009; Duker et al., 2019; 
Kim et al., 2018; Rana et al., 2017). Therefore, there is a pressing 
need to better understand how NbS can help achieve climate adap-
tation and mitigation objectives and how to cost- effectively allocate 
the finite resources available to achieve both objectives.

Here, we use a spatial planning approach to explore the conse-
quences to different population sectors of investing in NbS when 
pursuing either climate mitigation or adaptation goals, or both. 
We evaluated the consequences to people through the biophys-
ical modelling and monetary evaluation of three regulating eco-
system services. We considered carbon storage as representative 
of climate mitigation goals, an ecosystem service that delivers the 
global benefit of climate stability. We considered local and down-
stream sediment retention as representative of climate adaptation 

goals. Previous work looking at the application of NbS for climate 
mitigation and adaptation has focused mostly on forest conserva-
tion or restoration (Hu et al., 2021; Khorchani et al., 2022; Nolan 
et al., 2021; Seddon, 2022). Here, we consider the implementation of 
a wider variety of NbS and we also assess changes in the distribution 
of benefits to different sectors of the population.

We applied our approach in the Kali Gandaki watershed in Nepal, 
a country with national- level commitments to climate change fi-
nancing (Government of Nepal, 2016; MoFE, 2018). Topographical 
conditions make Nepal highly prone to erosion, which is expected 
to intensify as a consequence of climate change (GCF, 2020c; 
Manandhar et al., 2012; Panthi et al., 2016). We specifically ask (1) 
How do the distribution of ecosystem services differs when target-
ing climate mitigation versus climate adaptation goals?; (2) How do 
priority locations and NbS differ when targeting mitigation versus 
adaptation goals?; (3) To what extent can different mitigation or ad-
aptation planning strategies balance trade- offs in the distribution of 
ecosystem services, and at what monetary cost?

2  |  METHODS

2.1  |  Study area

The Kali Gandaki River originates from the Mustang Plateau on 
the Chinese- Nepali border. We considered as the study region the 
Kali Gandaki watershed, covering 7600 km2 (Figure 1). The basin 
has variable geology, with altitude ranging from 525 to 8144 m 
(World Bank, 2019). Therefore, the Kali Gandaki watershed holds 
great climate diversity, from arid tundra at the highest altitudes, 
alpine, cold temperate, warm temperate and subtropical climates 
with decreasing altitudes, and monsoon climate in the lowest areas 
(Manandhar et al., 2012). According to the 2011 national census, 
there are approximately 590,000 people living in the Kali Gandaki 
watershed (Government of Nepal, 2013). Agriculture, grazing and 
collection of fuel wood are the main livelihoods in the region, with 
20% forest cover, 20% grassland and 14% cultivation (Figure 1). 
Agriculture occurs mostly at the lower altitudes, however, there is 
also agriculture occurring at very steep slopes (with a mean gradi-
ent of 41%). The steep slopes and high precipitation require that 
most croplands are converted to an elaborate system of terraces 
to control erosion and manage water on the hillslopes (World 
Bank, 2019). Terrace abandonment and expansion of the road net-
work without stabilization methods exacerbate the high levels of 
erosion in the watershed (World Bank, 2019). Almost 22 million 
cubic metres of sediment are transported to the Kali Gandaki Dam 
each year, resulting in high maintenance costs to the Kali Gandaki 
A Hydropower Plant (KGA hydropower plant; World Bank, 2019). 

K E Y W O R D S
carbon sequestration, disaggregation of beneficiaries, ecosystem services, Nepal, sediment 
retention, spatial prioritization
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1036  |   People and Nature VILLARREAL-ROSAS et al.

KGA is the largest hydropower power plant in Nepal with an in-
stalled capacity of 144MW, and is the largest single generator in 
the country (NEA, 2019).

2.2  |  Climate mitigation and adaptation 
beneficiaries

We formulated a decision problem to identify priority NbS and loca-
tions in the Kali Gandaki watershed to enhance carbon sequestration 
(climate mitigation goal), and sediment retention (climate adaptation 
goal; Table 1), considering the following objectives and beneficiaries: 
(1) increase in metric tons of carbon storage for its global climate 
regulation benefit, (2) decrease in on- site tons of sediment/year 
benefitting agricultural landholders and (3) decrease in downstream 
tons of sediment/year benefitting the KGA hydropower plant.

2.3  |  Nature- based solutions

We obtained modelled data from the World Bank (2019), reflect-
ing the impact of different NbS on sediment retention and carbon 

storage in the Kali Gandaki watershed (Table 2). NbS include hill 
terrace improvement, soil and water conservation practices, and 
rehabilitation of forests and grasslands. Modelled data reflect the 
difference in sediment retention and carbon storage between a 
baseline landscape reflecting the current management practices in 
place in the Kali Gandaki watershed and a hypothetical landscape 
reflecting the implementation of each of the different NbS sepa-
rately, and as bundles of actions. Bundles of actions included: (1) 
soil & water conservation practices + terrace improvement, (2) soil 
and water conservation practices + terrace improvement + forest 
rehabilitation, (3) soil and water conservation practices + terrace im-
provement + grassland rehabilitation, (4) soil and water conservation 
practices + terrace improvement + forest rehabilitation + grassland 
rehabilitation. Each NbS represents a suite of management prac-
tices, for example the NbS of hill terrace improvement accounts for 
practices like slope correction, planting of nitrogen- fixing species 
along the terrace margins and agroforestry (Table 2). Hypothetical 
action implementation models do not account for all of the practices 
listed under each NbS, instead, models reflect the average impact of 
the types of practices listed and this is incorporated into the models 
by changing model parameters. For full details on model equations 
and parameters used to reflect the baseline and hypothetical (after 
implementation) landscapes please see Supporting Information 
Text S1.

NbS and costs were obtained from the World Bank (2019). 
The methodology used to obtain this information included lit-
erature review (Atreya et al., 2008; Dahal & Bajracharya, 2013; 
ICIMOD, 2007; Paudel et al., 2017; Shrestha, 2016), official reports 
from the Department of Forests and Soil Conservation, Government 
of Nepal, and stakeholder consultation during two workshops held in 
October 2017 and January 2019 in Kathmandu (World Bank, 2019). 
Costs of each NbS reflect gross costs of the initial establishment and 
the maintenance costs borne by the landholders adopting the prac-
tice. Labour costs were calculated considering a common daily wage 
rate of US $3 per day, and all costs were adjusted to a common year 
(2018; World Bank, 2019).

2.4  |  Optimization

We used a multi- objective optimization approach to find what NbS 
and where to apply them in the Kali Gandaki watershed to best 
achieve climate mitigation and adaptation goals. For this, the study 
area was divided into 821 sub- watersheds with an average size of 
approximately 900 ha each, roughly the size of the individual micro- 
watersheds that the Department of Forests and Soil Conservation 
typically addresses through their watershed management programs 
(World Bank, 2019). Each of these sub- watersheds represented a 
‘decision unit’, the spatial regions on which green actions could be 
implemented. The area within each decision unit available for imple-
mentation was calculated based on a suitability layer (information 
obtained through literature review, official reports and workshops, 
World Bank, 2019).

F I G U R E  1  Land use– land cover in the Kali Gandaki watershed. 
Inset indicates the location of the Kali Gandaki watershed in Nepal 
(modified from World Bank, 2019).
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    |  1037People and NatureVILLARREAL-ROSAS et al.

We used the Restoration Opportunities Optimization Tool 
(ROOT) to solve our restoration problem (Beatty et al., 2018). 
ROOT formulates the optimization problem using linear program-
ming where the objectives and constraints are made up of linear 
functions and the objectives are combined as a weighted sum. The 
objective function for the optimization problem was defined as:

subject to

where wi is the weight assigned to each objective i, pij is the value of 
objective i in decision unit j, as a function of a vector of nature- based 
solutions xj, xj is a binary variable indicating which nature- based solu-
tions are allocated to decision unit j, Cj is the cost of implementing ac-
tion xj in decision unit j and T is a 40 million USD budget considering 

this is the average budget used in recent Green Climate Fund projects 
for Nepal (GCF, 2019, 2020c).

2.5  |  Identifying trade- offs between climate 
mitigation and adaptation goals

To identify how the distribution of ecosystem services differs when 
targeting climate mitigation versus climate adaptation goals (research 
question 1) we constructed Pareto efficiency frontiers between 
pairs of objectives representing a set of spatially explicit optimal so-
lutions where returns to one objective cannot be increased without 
diminishing returns to another objective (Gourevitch et al., 2016). 
Efficiency frontiers between pairs of mitigation and adaptation ob-
jectives also allowed us to identify how optimal allocation of NbS 
differed across decision units (research question 2). Pairs of objec-
tives were combined as a weighted sum with proportional increases 
and decreases in weight on each objective across 1000 iterations, 

max
xj

n
∑

i=1

w i

m
∑

j=1

pij
(

xj
)

(1)
m
∑

j=1

cj
(

xj
)

= T

TA B L E  1  Ecosystem services representing mitigation and adaptation goals, the different population sectors that benefit from these 
ecosystem services, and indicators used to measure benefits to people.

Climate 
change goal

Ecosystem 
service Beneficiary

Indicator and modelling approach used 
to quantify biophysical benefit World 
Bank (2019)

Indicator and approach used to 
quantify monetary benefit (USD) 
World Bank (2019)

Mitigation Carbon 
storage

Climate regulation 
benefiting people 
globally

Increase in carbon storage (Mt) from total 
baseline carbon stock in soils and 
above-  and below- ground biomass 
using the InVEST carbon model Sharp 
et al. (2018)

Value of carbon stored and retained 
based on social cost of carbon using 
a mid- range estimate of US $60

Adaptation Sediment 
retention

Agricultural 
landholders

On- site decrease in tons of sediment/
year lost to erosion, assessed using the 
Revised Universal Soil Loss Equation 
from InVEST Sharp et al. (2018)

Not assessed

KGA hydropower 
plant

Decrease in downstream tons of sediment/
year reaching the KGA hydropower 
plant, assessed using the InVEST 
Sediment Delivery Ratio Model 
Sharp et al. (2018) and the CASCADE 
model, which quantifies the sediment 
transport capacity in the river network 
Schmitt et al. (2018)

Avoided maintenance costs to the KGA 
hydropower plant and reduction 
in damage to equipment was 
calculated as a relationship between 
the marginal cost of sand removal 
and marginal damage from not 
removing a cubic meter of sand

TA B L E  2  Description of the specific land management practices and average costs per nature- based solution.

Nature- based solution Specific practices included in each nature- based solution
Average cost 
(USD/ha)

Hill terrace improvement Slope correction on existing terracing, planting nitrogen- fixing hedgerow species 
along the terrace margins in single or multiple rows, agroforestry

2230

Soil and water conservation practices Hedgerows, hedgerow intercropping, crop residues, mulches, cover crops, no 
tillage, reduced tillage, minimum tillage, windbreaks/shelterbelts, buffer strips/
greenbelts, conservation trenching, agroforestry

1100

Reclamation/rehabilitation of degraded 
land (forest)

Planting fuel and fodder tree species, conservation trenching, eyebrow pits, 
revegetation, hedgerow planting across the slope to regenerate degraded areas

1690

Reclamation/rehabilitation of degraded 
land (grasslands)

Greenbelts, buffer strips, rotational grazing, fodder planting, silvopasture 
improvement

880
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that is, from 100% to 0% weight on one objective to 0% to 100% on 
the other objective. Solutions giving 100% weight to carbon seques-
tration represent climate mitigation goals. Solutions giving 100% 
weight to local ecosystem services (i.e. on- site and downstream 
sediment retention) represent climate adaptation goals.

We also integrated all objectives into a multi- objective opti-
mization, with predefined weight allocations across objectives to 
represent climate planning strategies giving different relative im-
portance to mitigation and adaptation goals (Table 3). Our three 
climate strategies included: (i) Mitigation strategy: gives all weight 
to increasing carbon sequestration, (ii) Adaptation strategy: distrib-
utes weight equally between decreasing on- site and downstream 
sediment and (iii) Mitigation + Adaptation strategy: distributes 
weight equally between increasing carbon sequestration, decreas-
ing on- site and downstream sediment. This allowed us to assess 
the extent to which different mitigation and adaptation planning 
strategies help balance trade- offs in the distribution of ecosystem 
services (research question 3). We compared benefit for each ob-
jective across climate strategies as the proportion captured relative 
to the maximum obtained when each objective is given 100% of the 
weight. We then compared how monetary benefit associated with 
each objective changed between climate planning strategies.

3  |  RESULTS

3.1  |  Change in the distribution of benefits to 
people

A planning strategy 100% focused on increasing carbon storage (i.e. 
representing a mitigation goal) captures ~70% of the maximum pos-
sible value of on- site and downstream sediment respectively (i.e. 
representing adaptation goals; Figure 2a). Conversely, a planning 
strategy 100% focused on decreasing sediment loads locally and 
downstream (i.e. representing adaptation goals), only captures 56% 
of carbon storage (Figure 2b). A planning strategy that gives the same 
weight to mitigation and adaptation goals significantly decreases the 
trade- offs between all objectives, capturing 93% of carbon storage, 
96% of decrease in downstream sediment and 97% decrease in on- 
site sediment loads (Figure 2c). The trade- offs between adaptation 

and mitigation strategies are not impacted by the specific adaptation 
goal pursued (i.e. either on- site or downstream sediment) as targeting 
the decrease in on- site or downstream sediment loads captures 95% 
of either objective (Figure S1). This is because the amount of sedi-
ment reaching streams was estimated based on the on- site sediment 
load values (Supporting Information Text S1).

3.2  |  Change in the allocation of nature- 
based solutions

In the mitigation planning strategy, soil and water conservation is the 
main NbS selected in priority decision units (45% of the total number 
of decision units selected) followed by forest rehabilitation (35%), 
and hill terrace improvements (20%) (Figure 3a). In the adaptation 
planning strategy, grassland rehabilitation is the main NbS selected 
in priority decision units (57% of the total number of decision units 
selected), followed by hill terrace improvements (41%) and forest 
rehabilitation (2%). In the mitigation + adaptation planning strategy, 
the main NbS selected in priority decision units shifted to forest 
rehabilitation (76% of the total number of decision units selected), 
followed by hill terrace improvements (17%) and grassland rehabili-
tation (7%). Decision units selected are located mostly in the South 
of the Kali Gandaki watershed for the three planning strategies, al-
though soil and water conservation actions are also allocated North 
for the mitigation strategy. Despite the changes in the configura-
tion of selected NbS across decision units, hill terrace improvements 
are the action with the highest area selected for implementation 
across planning strategies (15,700– 17,000 ha), followed by grassland 

TA B L E  3  Matrix of weight allocations among mitigation and 
adaptation goals representing different climate planning strategies.

Ecosystem service goal

Increase in 
metric tons 
of carbon 
storage

Decrease 
in on- site 
tons of 
sediment/
year

Decrease in 
downstream 
tons of 
sediment/
year

Climate 
planning 
strategy

Mitigation 1 0 0

Adaptation 0 0.5 0.5

Mitigation and 
adaptation

0.333 0.333 0.333

F I G U R E  2  Proportion of ecosystem service objectives 
captured under different climate planning strategies at a $40M 
budget. Y- axis units are in percentages relative to the maximum 
benefit obtained if each objective is given 100% of the weight. (a) 
Mitigation: planning strategy where 100% of the weight is given to 
carbon storage; (b) adaptation: planning strategy where weight is 
equally distributed between decrease in on- site and downstream 
sediment; (c) mitigation and adaptation: planning strategy where 
weight is equally distributed between all mitigation and adaptation 
objectives.
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    |  1039People and NatureVILLARREAL-ROSAS et al.

rehabilitation (0– 5500 ha), soil and water conservation (0– 2542) and 
forest rehabilitation (307– 321 ha; Figure 3b).

3.3  |  Change in the distribution of 
monetary benefits

A planning strategy 100% focused on increasing carbon storage (i.e. 
a mitigation goal) captures 39M in monetary benefits, from that fig-
ure, 38M represents the value of carbon restored and retained by 
implementing NbS, and 1M represents the value of avoided main-
tenance costs to the KGA hydropower plant (Figure 4). A planning 
strategy focused on decreasing on- site and downstream sediment 
at the same time (i.e. adaptation goals) captures 23M in monetary 
benefits. In this strategy, the value of carbon restored and retained 
decreases to 21M, which represents 54% of the maximum possi-
ble value attainable. Conversely, the value of avoided maintenance 
costs to the KGA hydropower plant increases to almost 2M, which 
represents 100% of the maximum possible attainable. The mitiga-
tion + adaptation planning strategy captures 37M in monetary 

benefits. In this strategy, the value of carbon restored and retained 
only decreases to 35M, which represents 89% of the maximum pos-
sible value attainable. While the value of avoided maintenance costs 
to the KGA hydropower plant remains at near 2M.

4  |  DISCUSSION

4.1  |  Use of nature- based solutions to achieve 
climate mitigation and adaptation

The need to better integrate adaptation and mitigation into climate 
change agendas has been highlighted (IPCC, 2018, 2022a, 2022b; 
OECD, 2021). Yet this integration is not prominent in current policy 
or practice (Hurlimann et al., 2021; Seddon, 2022; UN, 2022). For 
instance, the Green Climate Fund, the biggest international mecha-
nism supporting the use of NbS to fight climate change in develop-
ing countries (https://www.green clima te.fund/), evaluates mitigation 
and adaptation goals separately (GCF, 2020a, 2020d, 2021). Using 
spatial prioritization, we show how pursuing climate mitigation and 

F I G U R E  3  Change in the allocation 
of nature- based solutions at a $40M 
budget. (a) Optimal allocation of nature- 
based solutions across priority decision 
units. (b) Area available for implementing 
nature- based solutions within priority 
decision units. Mitigation: planning 
strategy where 100% of the weight is 
given to carbon storage; adaptation: 
planning strategy where weight is equally 
distributed between decrease in on- site 
and downstream sediment; mitigation 
and adaptation: planning strategy where 
weight is equally distributed between all 
mitigation and adaptation objectives.
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adaptation goals separately can miss more than 30% of local benefits 
to people and more than 40% of carbon storage benefiting people 
globally. Conversely, integrating climate mitigation and adaptation 
goals at the same time captures 90% of the maximum possible global 
and local benefits (Figure 2). Our results highlight the need to better 
understand how implementation of NbS impacts different groups of 
people in a landscape, and we show how this information can be used 
to cost- effectively achieve both mitigation and adaptation goals.

Previous research identified that protecting healthy ecosys-
tems, improving land management and restoring ecosystems are the 
three most cost- effective NbS for climate mitigation (Cook- Patton 
et al., 2021). In this study we show that a combination of NbS (includ-
ing improved management practices and ecosystem rehabilitation) is 
necessary to evenly achieve both climate mitigation and adaptation 
goals. Particularly, we find that the most feasible and effective NbS 
to achieve climate mitigation and adaptation is hill terrace improve-
ments (Figure 3). Our results align with recent research indicating that 
improved terracing practices increased soil sequestration by more 
than 30% across different mountainous landscapes in China (Chen 
et al., 2020). Terracing systems have been used for agriculture in 
mountainous landscapes for thousands of years, and have been shown 
to reduce sediment loads by 52% if adequately maintained (Deng 
et al., 2021). We also find that forest rehabilitation is selected as the 
optimal NbS in most decision units, however, with significantly lower 
area available for implementation relative to hill terrace improvement 
actions. This is due to the relatively low extension of remaining forest 

cover in the Kali Gandaki Watershed, covering 20% (155,300 ha) of the 
total land use land cover (Figure 1). From the total extension of forest 
cover, only 330 ha are considered degraded and therefore available to 
implement rehabilitation actions (World Bank, 2019).

Our results also emphasize the need to consider relevant NbS 
according to the local context in order to achieve both climate mit-
igation and adaptation. Particularly, we highlight the importance of 
supporting traditional land management practices like hill terracing 
systems. Agroforestry practices have been shown to achieve mitiga-
tion and adaptation goals while also providing biodiversity cobene-
fits and supporting local communities' livelihoods (Seddon, 2022). In 
cases of high- intensity climate hazards (e.g. storm water management 
in cities), approaches that use a combination of NbS and technolog-
ical or engineering solutions may be preferred (Chen et al., 2021). 
Achieving climate adaptation also requires careful consideration of 
cultural and social norms (Friedman et al., 2022; Mashi et al., 2020). 
For instance, in Papua New Guinea, women and men obtain climate 
information through different social networks (Friedman et al., 2022). 
Understanding these social complexities is key when delivering pre-
vention and education campaigns to improve people's responses to 
climate emergencies like flood events (Mashi et al., 2020).

4.2  |  Valuing mitigation and adaptation benefits

In this study we measured the benefits of implementing NbS in a 
landscape in terms of biophysical change in ecosystem function, and 
we translated two of these benefit streams into monetary terms. 
Understanding change in ecosystem function from intervention is 
key in evaluations of NbS, as it is the processes and dynamics oc-
curring within ecosystems that fundamentally supports the benefits 
people obtain from nature (e.g. reductions in soil loss, increase in 
carbon stocks, improved water quality) (Chan & Satterfield, 2020). 
However, we also translate biophysical change into monetary ben-
efits as international climate funding mechanisms operate under the 
monetization of the benefits obtained from nature. Carbon credits 
have been used since 1997 with the adoption of the Kyoto Protocol 
on climate change (UN, 1998). The Green Climate Fund and programs 
like REED+ (Reducing emissions from deforestation and forest deg-
radation in developing countries) also operate through carbon cred-
its. Carbon credits are a unit of exchange (equivalent to one metric 
ton of greenhouse gases removed from the atmosphere) that busi-
nesses and developed countries use to pay developing countries to 
offset their greenhouse gas emissions (UN, 2015). Even though the 
monetization of the benefits provided by nature has been widely de-
bated (Chan & Satterfield, 2020; Jacobs et al., 2016; Martin- Ortega 
et al., 2019), the creation of international climate funds indicates that 
monetization is a useful method to assist private and government 
sectors to integrate climate change into policy and action.

Here, we use on- site and downstream reductions in sediment re-
tention benefiting local landholders and reductions in maintenance 
costs of the Kali Gandaki hydropower plant to represent climate 
adaptation benefits. We did not measure the monetary benefits 

F I G U R E  4  Change in monetary value for two benefit streams 
captured from different climate planning strategies at a $40M 
budget. Mitigation: planning strategy where 100% of the weight 
is given to carbon storage; adaptation: planning strategy where 
weight is equally distributed between decrease in on- site and 
downstream sediment; mitigation and adaptation: planning strategy 
where weight is equally distributed between all mitigation and 
adaptation objectives.
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that agricultural landholders would obtain from on- site decreases 
in sediment loads due to lack of appropriate data. However, based 
on reported cost- share by local landholders from similar implemen-
tation programs (World Bank, 2019), we estimate that landholders 
would obtain an equivalent of 84% benefit from the total project 
cost. Considering a 40M budget, agricultural landholders would 
obtain 34M of benefit from reduced on- site erosion in the form of 
improved soil fertility, water capture and agricultural productivity 
(World Bank, 2019). Agriculture takes place on hillslope terraces that 
are highly susceptible to erosion from precipitation events, exacer-
bated by climate change (Panthi et al., 2016). Thus, investing in hill 
terrace improvement practices increases soil carbon sequestration 
and helps improve the adaptive capacity of local farmers to climate 
change. We also find that reducing downstream sediment loads 
can avoid 2M USD in maintenance costs from de- sanding turbines 
and maintaining reservoir capacity in the KGA hydropower plant. 
Maintaining reservoir capacity is only valuable when the flow in the 
Kali Gandaki River is insufficient to meet electricity demands (World 
Bank, 2019). Thus, the benefit of implementing NbS to ensure res-
ervoir capacity is likely to become more valuable with the increased 
variability of the monsoon season associated with climate change 
(Panthi et al., 2016).

We acknowledge, however, that monetary valuations do not cap-
ture the many benefits people receive from nature. Particularly the 
nonmaterial connections that people have with nature and that are 
shaped by people's unique cultural lenses (as is captured by the term 
‘nature's contributions to people’ that encompasses the more com-
mon term of ecosystem services; Díaz et al., 2018). For example, the 
significance that practicing terrace agriculture may have for farm-
ers (Salas & Tillman, 2021) or community perceptions of the indirect 
impacts of hydropower plants (Sousa et al., 2019). Other methods 
would be required to capture these nonmaterial connections be-
tween people and nature. For example, participatory mapping, 
focus groups, photograph analysis, among others (Chan et al., 2012; 
Hirons et al., 2016). Extraction of forest resources for sustenance 
and other provisioning services were also out of the scope of our 
study. However, finding planning solutions to ensure climate mit-
igation goals while securing people's access to forest resources is 
a key area that requires further consideration. Specifically in light 
of the range of literature demonstrating the negative impacts that 
strict forest protection strategies for climate mitigation are causing 
on local communities' livelihoods (Aggarwal & Brockington, 2020; 
Chhatre & Agrawal, 2009; Duker et al., 2019; Kim et al., 2018; Rana 
et al., 2017). These considerations are bolstered by this study's find-
ings that only planning for climate mitigation can result in a lower 
realization of local benefits than it would if both local and global 
benefits were considered.

It is also important to note that the reductions in on- site and 
downstream sediment loads from the interventions we show here 
are likely to be conservative estimates. In the Himalayas, sediment 
sources include glaciation, mass- movement (i.e. landslides and rock-
falls), sheet and rill erosion from natural hillslopes and agricultural 
areas, and erosion in river channels (Wasson, 2003). In addition, 

anthropogenic activities like road construction or mining can also 
increase sediment loads (Sidle & Ziegler, 2012). However, our es-
timates of on- site and downstream sediment loads, based on the 
InVEST Sediment Delivery Ratio model, only account for sheet and 
rill erosion processes (Sharp et al., 2018). Our estimates of carbon 
sequestration are also subject to model limitations. The InVEST car-
bon model assumes linear change in carbon sequestration over time 
and does not account for biophysical conditions such as photosyn-
thesis rates and the presence of soil organisms that facilitate carbon 
sequestration. The model also assumes carbon sequestration is not 
affected by land cover and management practices in neighbouring 
areas (Sharp et al., 2018).

4.3  |  Policy implications

In November 2022, at the United Nations Climate Change 
Conference COP27, an unprecedented Climate Adaptation 
Implementation Plan was announced (UNFCCC, 2022). This plan 
acknowledges that developing countries experience greater loss 
and damage to livelihoods and infrastructure from climate change 
disasters than previously recognized, and urges to increase finan-
cial support for climate adaptation (UNFCCC, 2022). Underlying this 
urgent call for climate adaptation is the recognition of the existing 
gap between the low support available for climate adaptation rela-
tive to the high levels of adverse climate change impacts that people 
are experiencing today (UN, 2022; UNFCCC, 2022; Vicedo- Cabrera 
et al., 2021). Our study provides pertinent and timely information to 
improve the development of spatial plans that focus on the use of 
NbS to contribute to the climate change mitigation and adaptation 
goals pursued globally. NbS can significantly improve local people's 
adaptation capacities (Seddon, 2022); however, it is important to 
note that the contribution of NbS to global climate mitigation goals 
is relatively small compared to the impact that would be obtained if 
fossil fuels were drastically cut down (Anderson et al., 2019). On the 
other hand, countries like Nepal that currently have very low levels 
of annual per capita emissions— only 0.59 Mt in 2020, compared to 
>12 Mt from the 20 highest countries (Crippa et al., 2021)— have less 
potential for drastically reducing emissions but have tremendous 
potential to achieve mitigation and adaptation targets through the 
strategic use of NbS.

Our study could also help incentivize local watershed and for-
est management policies in Nepal and in the Himalayan Region. The 
Nepalese government has incentivized community forest manage-
ment for over 50 years, and there is interest from local government 
institutions in developing watershed management programs that 
emphasize local benefits (GCF, 2019; Paudyal et al., 2018; Sharma 
et al., 2017). Our study indicates how local benefits from NbS would 
be distributed across different sectors and locations in the Kali 
Gandaki watershed based on assumptions of the relative importance 
between mitigation and adaptation goals. Our results only reflect the 
extreme distributions of relative importance across objectives and 
a set budget of 40M for implementation, other weight allocations 
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and budgets may result in different distributions of benefits across 
beneficiaries. Setting different weight allocations among objectives 
usually reflect planning preferences or social values assigned to eco-
system services (Li et al., 2020). To improve equitable outcomes for 
the Kali Gandaki watershed, open negotiations about the trade- offs 
incurred at different weight allocations would be required between 
the practitioners and beneficiaries involved in the planning process 
(Kovacs et al., 2016).

Ensuring benefits from implementation are realized would re-
quire successful engagement and cooperation between the different 
beneficiaries and stakeholders involved. Enablers for successful im-
plementation of NbS include good governance, secure land tenure, 
sustainable livelihoods and finance and positive values for nature 
(Seddon, 2022). For instance, the estimated 2M of avoided damages 
and maintenance costs benefiting the KGA hydropower plant can 
only be achieved if hill terracing practices are maintained and imple-
mented by upstream landholders. We have also identified that land-
holders could benefit from improved agricultural productivity. Yet, 
lack of access to financial capital, lack of information about the ben-
efits obtained from improved hill terracing or high implementation 
costs could discourage the adoption of NbS (Kovacs et al., 2016). 
Considering the social context where NbS are to be implemented is 
therefore necessary to develop parallel strategies directed at incen-
tivizing local engagement, capacity building and gaining community 
trust (Pagdee & Kawasaki, 2021; Ruano- Chamorro et al., 2022).

Establishing local compensatory mechanisms between upstream 
and downstream beneficiaries could also incentivize adoption of 
land practices by compensating landholders (Jack et al., 2008). For 
example, in the Chure region in Nepal, previous studies have found 
that downstream beneficiaries would be willing to pay a higher 
amount for drinking water than they were currently paying if the 
quality of the water improved (Bhandari et al., 2016). Incentivizing 
local engagement and compensatory programs would also require 
incorporation of the views and values of the different beneficia-
ries involved, and consideration of power dynamics between them 
(Paudyal et al., 2018; Wunder et al., 2018). For example, in North 
India, monetary compensation for upstream beneficiaries to protect 
and sustainably manage forested areas was provided by downstream 
beneficiaries in return of better water quality and increased protec-
tion against flood events (Kovacs et al., 2016). However, imbalances 
in power relations between the rural upstream and wealthier down-
stream towns created intra- community conflicts in the upstream 
town, undermining their capacity to build collective institutions fun-
damental for the long- term existence of the compensatory schemes 
(Kovacs et al., 2016). Further research in the Kali Gandaki watershed 
could also characterize the socioeconomic status of agricultural 
landholders. With this information, management plans could be de-
veloped to specifically direct benefit to the most vulnerable popula-
tion sectors (Gourevitch et al., 2016; Li et al., 2020).
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