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Abstract
Nature-based Solutions (NbS) offer significant potential to address socio-ecological challenges, yet their implementation 
is often constrained by planning approaches that fail to integrate biophysical suitability with stakeholder knowledge and 
values. This study presents a Spatial Multi-Criteria Analysis (SMCA) framework for NbS opportunity mapping in the 
Yala Basin, Western Kenya, which systematically integrates multiple knowledge systems. The SMCA consists of four 
steps: (1) biophysical suitability mapping using geospatial parameters; (2) integration of ecosystem services weighted by 
stakeholder priorities; (3) participatory mapping workshops with spatial extrapolation; and (4) urgency indices combining 
current pressures and future threats. In addition, we conducted a poverty and infrastructure analysis to identify Nature-
based Enterprise (NbE) opportunities that align ecological potential with socioeconomic needs. We assessed six NbS 
types – agroforestry, terraces, riparian buffers, wetland restoration, cover crops, and afforestation. Results show limited 
overlap between stakeholder-identified priorities and biophysically optimal areas, underscoring the importance of incorpo-
rating local knowledge into spatial planning. Integrating stakeholder perspectives substantially modified purely biophysical 
assessments: marginally suitable areas expanded from <0.05% to 51.8% of the basin, while preserving consistency in core 
high-priority zones. Analysis of NbS–poverty relationships identified “high opportunity” areas, particularly in the middle 
basin, whereas infrastructure constraints emerged as barriers in the lower basin. This SMCAbased framework advances 
knowledge co-production and provides a practical approach for integrating ecological, social, and economic dimensions 
in watershed management, offering insights for balancing conservation and livelihoods in sub-Saharan Africa. 

Keywords  Nature-based Solutions · ecosystem services · participatory planning · co-production · spatial mapping · 
socio-ecological systems 
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restore natural or modified ecosystems (Cohen-Shacham et 
al. 2016). They aim to address societal challenges in effec-
tive and adaptive ways, while also supporting both human 
well-being and biodiversity. NbS can support critical func-
tions and co-benefits including water purification, erosion 
control, soil health, carbon sequestration, biodiversity, and 
flood mitigation. For instance, afforestation efforts in Kenya 
have been associated with increased vegetation cover and 
biodiversity, reduced erosion and downstream flooding, 

Introduction

Nature-based Solutions (NbS) have emerged as a key 
approach for sustainable environmental management to 
address the increasing threat of ecological degradation and 
climate change impacts in interconnected socio-ecological 
systems (Bayissa et al. 2025; Juma et al. 2014; Muyodi et al. 
2010; Nyamweya et al. 2023). Nature-based Solutions (NbS) 
are defined as actions that protect, sustainably manage, and 
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and improved cooperation between water users following 
improved water quantity and quality (Agol et al. 2021). 
Further, agroforestry systems across Africa have shown 
potential to simultaneously address food security and cli-
mate change challenges through soil improvement, carbon 
sequestration, and livelihood diversification (Bogale and 
Bekele, 2023; Cammelli et al. 2025; Muthee et al. 2022).

However, while biophysical benefits are commonly 
mapped and quantified, social benefits such as livelihood 
support and local knowledge alignment are often over-
looked or underrepresented in spatial planning tools (Arms-
worth et al. 2007; Brauman et al. 2007; Ferreira et al. 2019; 
Howarth et al. 2025; Torralba et al. 2016).

Current NbS planning focuses largely on spatial 
approaches that use geospatial and biophysical data (Agha-
loo and Sharifi 2025; Feng et al. 2022), particularly when 
targeting ecosystem services and biodiversity support (de 
Groot et al. 2010; Keesstra et al. 2018). The effectiveness of 
NbS depends on selecting appropriate locations, hence the 
need for spatial optimisation data and criteria to determine 
optimal NbS placement (Chausson et al. 2020; Guerrero et 
al. 2018; Seddon et al. 2020). This can be supported by earth 
observation (EO) data, biophysical models, spatial multi-
criteria decision analysis, or ecosystem service mapping 
tools such as InVEST and Co$tingNature (Asare et al. 2024; 
Loos and Rogers 2016; Meerow and Newell 2017; Mulli-
gan 2024; Natural Capital Project, 2024). These tools can 
also contribute to addressing interconnected water, energy, 
food and environmental challenges through NbS suitability 
mapping (Schlemm et al. 2025a, b) and assessing the effec-
tiveness of NbS (Bouguerra et al. 2024; Mulligan 2024). 
While biophysical suitability is crucial for ensuring NbS are 
locally relevant and succeed in achieving intended impacts 
(Somarakis et al. 2019), preference-less approaches have 
inherent limitations, including insufficient consideration of 
social acceptability, local knowledge, cultural values, and 
local economic factors essential for successful and sustain-
able implementation (Nesshöver et al. 2017). A fundamen-
tal disconnect exists between where maps identifying where 
NbS could function biophysically, and where they are likely 
to be accepted, maintained, and successfully implemented 
by local communities. This gap is particularly problematic 
in conservation initiatives, which require socially embedded 
and locally supported solutions for long-term sustainabil-
ity. There is a clear need to consider both biophysical and 
socio-economic realities of ecosystem services supply and 
demand, as well as local preferences and social dimensions 
for effective planning and implementation.

Inclusive and equitable stakeholder and community 
engagement has the potential to improve environmen-
tal decision-making outcomes in NbS development and 
implementation (Aghaloo and Sharifi 2025; Mitincu et al. 

2023; Nesshöver et al. 2017). Local knowledge integra-
tion in environmental planning has evolved to recognise 
the need to incorporate and represent diverse worldviews, 
interests, values, and knowledge systems (Agramont et al. 
2022; Norström et al. 2020; Reed et al. 2018). Local knowl-
edge systems are particularly valuable because of intimate, 
long-term interactions between local communities and their 
ecosystems, resulting in nuanced understanding of ecosys-
tem functioning and distinct conceptualisations of value. 
For example, the shift towards formalising nature’s con-
tributions to people (NCP) in academia and governance 
recognises the central role that culture plays in defining 
the bi-directional links between people and nature, while 
including diverse worldviews and values that conceptualise 
humanity as an integral component of complex socio-eco-
logical systems. This framework elevates the role of indig-
enous and local knowledge in environmental management 
as complementary and equally valid alongside scientific 
knowledge, recognising the different ways of knowing and 
valuing nature (Díaz et al. 2018; Himes et al. 2024; Mauser 
et al. 2013; Norström et al. 2020; Reed et al. 2018; Schlemm 
et al. 2025a, b). These approaches are reflected in adap-
tive co-management, transdisciplinary planning, two-way 
approaches, and community-based resource management, 
(Agramont et al. 2019; Armitage et al. 2011; Múnera and 
van Kerkhoff 2019; Preuss and Dixon 2012; Raymond et al. 
2010). Despite the recognition of its importance, literature 
combining scientific and stakeholder knowledge in spatial 
contexts remains sparse (Kainer et al. 2009; Mistry and 
Berardi 2016; Raymond et al. 2010; Schlemm et al. 2025a, 
b). Further, efforts often struggle to overcome extractive 
practices or knowledge-power asymmetries in collaborative 
settings due to institutional barriers, differing epistemolo-
gies (ways of knowing and understanding the world), and 
unequal power dynamics between and within groups (gov-
ernment, NGOs, or researchers and communities) (Moreno-
Cely et al. 2021; Seddon et al. 2021; Turnhout et al. 2020). 
Furthermore, as emphasised by Reed et al. (2018), when 
participation processes fail to go beyond simple information 
sharing, the result is often low adoption, implementation 
failure, and public dissatisfaction with regulatory outcomes 
(Agramont et al. 2022, 2025; Kiwango et al. 2018; Pascua 
et al. 2017; Reed et al. 2018). This underscores the need to 
engage stakeholders and communities (defined here as local 
residents, resource users, government representatives, NGO 
practitioners, and other actors with direct interests in basin 
resources) in decision-making related to planning activities, 
implementation, and monitoring of NbS (Kainer et al. 2009; 
Lawrence et al. 2006).

In addition to stakeholder engagement in planning pro-
cesses, a critical consideration for long-term success is 
how to bridge conservation and livelihood objectives to 
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ensure genuine sustainable implementation of NbS within 
socio-ecological systems. Nature-based Enterprises (NbEs) 
capitalise on livelihood demands that often challenge suc-
cessful conservation, providing mechanisms to support NbS 
implementation. Kooijman et al. (2021) define NbE as “an 
enterprise, engaged in economic activity, that uses nature 
sustainability as a core element of their product, service, 
offering”. NbEs represent sustainable business models that 
generate income whilst maintaining or enhancing ecosystem 
services and NCPs, including activities such as sustainable 
forest products and value-added processing of natural prod-
ucts. NbSs and NbEs that engage communities in natural 
resource governance while providing alternative livelihoods 
can reduce pressures on natural resources and alleviate pov-
erty, while enhancing environmental stewardship (Bennett 
et al. 2018; Nielsen et al. 2021; Pascua et al. 2017). Suc-
cessful examples in rural contexts include community for-
estry enterprises, apiculture, horticulture, and nature-based 
tourism (Ambrose-Oji et al., 2015; Carias Vega & Keenan, 
2016; Dimitrov & Davis, 2025; Ludvig et al., 2018; Mandić, 
2019), highlighting the importance of socially driven and 
community-orientated solutions.

The integration of NbS and NbE represents a paradigm 
shift from viewing humanity as separate from nature, rec-
ognising conservation and development as complementary 
strategies within a unified socio-ecological framework. NbS 
provide the ecological foundation that enable NbE devel-
opment, whilst NbE provide the economic incentives and 
livelihood benefits that ensure long-term NbS maintenance 
and community buy-in. This integrated approach is par-
ticularly relevant in poverty-affected regions, such as East 
Africa, which harbours some of the highest concentrations 
of biodiversity on the planet whilst facing rapid ecologi-
cal declines driven by multifaceted poverty (Calvet-Mir et 
al. 2015; Wei et al. 2018). In these contexts, livelihoods 
depend on healthy ecosystems, yet immediate survival 
needs often prioritise short-term resource extraction over 
long-term conservation, creating competing demands for 
natural resources (Calvet-Mir et al. 2015; Wei et al. 2018). 
Understanding poverty-NbS relationships is therefore criti-
cal for designing implementation strategies that consider 
socio-ecological systems by addressing both conservation 
objectives and livelihoods needs.

Despite the recognition of socio-ecological systems in 
natural resource management, stakeholder inclusion in cur-
rent NbS opportunity mapping and related decision-making 
remains limited. Stakeholder perspectives are often included 
theoretically or from census data (Arlati et al. 2021; Bourne 
et al. 2016; Lupp et al. 2021; Mok et al. 2021; Ziervogel et 
al. 2017), with their ultimate influence on NbS development 
and implementation remaining low (Mitincu et al. 2023). 
Further, the effective integration of local and scientific 

knowledge remains scarce at a time when both conserva-
tion and livelihood needs must be addressed (Albert et al. 
2019; Kooijman et al. 2021; Tengö et al. 2014). Address-
ing the gap between biophysical approaches and stake-
holder inclusion is important for ensuring environmental 
sustainability and social acceptability of NbS (Lupp et al. 
2021). There is therefore a critical need to advance beyond 
purely biophysical assessments towards integrated spatial 
prioritisation frameworks that: (1) explicitly incorporate 
diverse stakeholder knowledge systems; (2) reflect local 
values through participatory mapping and ecosystem ser-
vices weighting; and (3) identify synergies, trade-offs, and 
co-benefits between ecological potential and socioeconomic 
needs, including opportunities for NbE.

This study seeks to address this gap in the Yala Basin 
in Western Kenya, within the Lake Victoria basin, which is 
undergoing conservation initiatives to address highly com-
plex and interconnected challenges (Wanjala et al. 2024), 
including soil erosion, wetland encroachment, flooding, 
water scarcity, crop yield and biodiversity declines (Aloo 
2003). The basin is home to important forests and wetland 
ecosystems, which are faced with continued environmen-
tal degradation and agricultural expansion (Githiora et al. 
2023). These environmental threats are augmented by the 
‘poverty trap’ within the basin, emphasising the importance 
of balancing ecological conservation with local livelihood 
needs (Swallow et al. 2009). Existing efforts to integrate 
local knowledge into wetland management through the 
Yala Land Use Plan show that participation was largely 
consultative, with limited decision-making power for com-
munities (Odero and Odenyo 2021, 2022), reinforcing the 
need for stronger knowledge co-production approaches in 
NbS planning. This study aligns with broader global ini-
tiatives to mainstream NbS into watershed management 
and the ‘Yala WaterFund’, which aims to implement NbS 
in the Yala basin (Wanjala et al. 2024). In watershed man-
agement, NbS can help regulate hydrological flows, reduce 
erosion, improve water quality, enhance biodiversity, and 
support climate adaptation and mitigation, while provid-
ing multiple co-benefits to local communities (Agol et al. 
2021; Keesstra et al. 2018). Kenya’s Nationally Determined 
Contribution explicitly emphasises ecosystem-based adap-
tation approaches, with afforestation and climate-smart 
agriculture among priority interventions. Such NbS, and 
associated NbE, are being implemented in Kenya’s Lake 
Baringo basin, the Mpala Conservancy in Laikipia, and the 
Amboseli Biosphere reserve, including ecotourism, erosion 
barriers, and restoration of indigenous vegetation to address 
ecological and livelihood challenges, though without inte-
grative spatial prioritisation (Kimiti et al. 2017; Mureithi 
et al. 2016; Ogutu 2002). These existing initiatives demon-
strate the potential for NbS-NbE integration but highlight 
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the need for more systematic spatial planning approaches 
that identify optimal locations for combined conservation 
and enterprise development. This study aims to develop and 
test an operational framework that systematically integrates 
biophysical suitability assessments with local stakeholder 
knowledge and socio-economic considerations for NbS and 
NbE opportunity mapping. By addressing the substantial 
literature gap regarding stakeholder inclusion in spatial pri-
oritisation, we demonstrate how participatory approaches 
can transform conservation planning from expert-driven 
technical assessments to co-produced strategies that reflect 
both ecological potential and community priorities. Our 
framework explicitly incorporates biophysical data, ecosys-
tem services, and stakeholder perceptions, while consider-
ing social barriers and opportunities in the face of regional 
poverty. To evaluate this integrated approach, we pose four 
research questions:

1.	 To what extent do stakeholder preferences align with bio-
physically optimal locations for NbS in the Yala basin?

2.	 How does systematic integration of multiple knowledge 
systems transform NbS opportunity identification com-
pared to technical approaches alone?

3.	 What spatial relationships exist between ecological 
potential, poverty, and infrastructure access?

4.	 How do these spatial patterns inform strategies for inte-
grated NbS-NbE development that can simultaneously 
address conservation and livelihood objectives?

Methodology

Study area

The Yala Basin in western Kenya spans approximately 
3,351 km2 across six counties (Nandi, Usain Gishu, Kaka-
mega, Vihiga, Siaya, and Busia) (Fig. 1). The basin features 
diverse landscapes ranging from highlands (2800 m) to 
lowlands (1100 m), with varied rainfall patterns (800–2000 
mm/yr, (Vidyarthi 2024). The region contains important 
ecosystem including the Yala Swamp (207 km2, in the 

Fig. 1  Map of the Yala basin 
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western part of the basin, Fig. 1) with extensive papyrus 
vegetation and Lake Kanyaboli in the lower basin, and the 
King’wal wetland (32 km2) in the upper basin (Odero and 
Odenyo 2022). Key biodiversity areas include the North 
Nandi, South Nandi, Mau, and Kakamega forests, with the 
basin supporting approximately 600 bird species, 19 fish 
species, and 40 mammal species (Odero and Odenyo 2021). 
Land use within the basin is primarily agriculture (47%), 
followed by bushland (18%), forests (15%), wetlands (7%), 
commercial farms (7%), and grasslands (5%) (Fig. 1). With 
over 90% of the 1.4 million inhabitants being smallholder 
farmers, most farms being less than 1 hectare, there is a sig-
nificant pressure on natural resources (Githiora et al. 2023; 
Ogoma et al. 2023).

Poverty levels in the Yala Basin are both high and spatially 
variable, with the highest rates observed in the lower Yala 
(over 65%) and lowest in the upper Yala basin (35–45%) 
(Swallow et al. 2009). Recent data from the Multidimen-
sional Poverty Index (MPI), which measures deprivations in 
health, education, and living standards (1 being the highest 
possible level of poverty), shows an average MPI of 0.095 
across six basin counties in 2022, ranging from 0.064 to 
0.123. Poverty is higher in the lower basin (Busia 0.122, 
Siaya 0.103) than in the upper basin (Uasin Gishu 0.064, 

Nandi 0.107), averaging 0.112 and 0.086, respectively. 
This is below Kenya’s national MPI of 0.171 and those of 
neighbouring Uganda (0.281) and Tanzania (0.284), and 
also lower than the global rural average of 0.121 (Alkire 
et al. 2023). The basin also faces numerous environmental 
challenges, including upstream soil erosion, downstream 
flooding, widespread water quality degradation, and loss of 
ecosystem services, underscoring its importance as a prior-
ity area for the implementation of NbS (Kiluva et al., 2022; 
Wanjala et al. 2024).

Integrated NbS opportunity methodology 
framework

Our methodology implements a three-step Spatial Multi-
Criteria Analysis (SMCA) that integrates multiple knowl-
edge systems into NbS and NbE opportunity mapping (Fig. 
2) addressing the critical gap of limited stakeholder engage-
ment during MCA processes (Adem Esmail and Geneletti 
2018; Pacetti et al. 2022). During the SMCA intelligence 
phase, we employed Causal Loop Diagram mapping in a 
participatory stakeholder workshop to visualise intercon-
nections between socio-ecological challenges (see Section 
S1 in the Supplementary Materials). Graph theory analysis 

Fig. 2  Flowchart of the inte-
grated NbS opportunity mapping 
methodology. SMCA steps are 
numbered and in bold
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of this collaborative system mapping (Giordano et al. 2025) 
identified four central basin problems: soil erosion, defores-
tation, water quality, and crop yields.

The SMCA steps are as follows: 1 – Mapping NbS 
suitability using 11 biophysical criteria; 2 – Integrating 
14 ecosystem services weighted by stakeholder input; 3 – 
Incorporating participatory mapping results through spatial 
extrapolation; and 4 – Including future threats and pressure 
on ecosystem services.

The integrated approach of this study recognises that 
successful NbS implementation requires biophysical suit-
ability, local knowledge, and socio-ecological consider-
ations. Each step provides a distinct perspective, generating 

complementary outcomes that demonstrate the value of 
integrated approaches for robust spatial prioritisation (Sch-
lemm et al. 2025a, b). Despite growing literature on NbS 
prioritisation and the importance of involving stakeholder 
in NbS planning (Anderson et al. 2021; Ferreira et al. 2022; 
Lupp et al. 2021; Mitincu et al. 2023), few existing studies 
have systematically incorporated stakeholder preferences 
into spatial opportunity mapping in a way that modifies and 
enhances biophysical outputs. The methodology is designed 
for watershed-scale studies, given the resolution of the eco-
system service maps and use of global datasets, and should 
be followed by the field surveys and local data integration 
for implementation. The components of each SMCA step 
are described below (Fig. 2).

Selection of nature-based solutions

Six NbS types (Table 1) – agroforestry systems, cover 
crops, terraces, riparian buffers, wetland restoration, and 
afforestation – emerged through a stakeholder consultation 
process led by The Nature Conservancy (TNC) and Women 
in Water and Natural Resources Conservation (WWANC) 
for the River Yala Water Fund (Nature4Water, 2025; 
WWANC, 2025). The selection process began with a sci-
entific literature review, followed by basin-wide workshops 
where community representatives, government officials, 
and NGO practitioners evaluated interventions based on 
local environmental challenges, particularly sedimentation 
reduction. Interventions seen as inappropriate for local con-
ditions were removed, while locally relevant alternatives 
were added. The final six NbS (Table 1) selected for this 
study reflect data availability and mapping capabilities, with 
the list developed from the consultation adapted to include 
Fanyaa juu structures within terraces and combine woodlots 
with forest rehabilitation into afforestation.

Data preparation and standardisation

To ensure consistency across all analysis, we standardised 
input data (Table S3 in the Supplementary Materials) using 
Python v3.11.9 through the following:

1.	 Spatial alignment and reprojection to EPSG:32,636 - 
WGS 84/UTM zone 36 N, and resampling to 30 m reso-
lution (representing the highest resolution available in 
existing datasets) using bilinear interpolation for con-
tinuous variables and nearest neighbour for categorical 
variables.

2.	 Derived slope (%) from Digital Elevation Model (DEM) 
using the Horn (1981) slope algorithm, as implemented 
in QGIS v3.34.6, and calculated Euclidean distance to 
streams, forests, and wetlands.

Table 1  Definitions and objectives of selected NbS (from TNC High-
level Implementation Plan for River Yala Water Fund, 2023, unpub-
lished)
NbS Definition Primary 

objective
Co-benefits

Agroforestry Agricultural 
use of trees 
planted 
within crops 
or livestock 
pastures

Improve 
soil health 
and reduce 
erosion while 
providing 
income

Increased soil fertil-
ity, reduced erosion, 
additional livelihood, 
carbon sequestra-
tion, and increased 
biodiversity

Cover crops Planting of 
vegetation 
in agricul-
tural soils 
between or 
after main 
crops

Improve soil 
health and 
prevent soil 
loss

Improved soil health, 
reduced erosion, 
improved water infil-
tration, and carbon 
sequestration

Terraces Reshap-
ing slopes 
into level 
platforms by 
moving soil

Prevent soil 
erosion and 
reduce water 
runoff speed

Soil conservation, 
reduced runoff veloc-
ity, improved water 
infiltration, and 
increased crop yields

Riparian 
buffers

Reveg-
etation of 
zones along 
waterways 
with native 
species and 
grasses

Re-establish 
connections 
between 
terrestrial 
and aquatic 
ecosystems

Reduced riverbank 
erosion, improved 
water qual-
ity, groundwater 
recharge, reduced 
flood risk, and 
additional fodder/
products

Wetland 
restoration

Re-estab-
lishment of 
hydrology, 
plants, and 
soils of 
degraded 
wetlands

Restore 
natural water 
regulation 
and sediment 
trapping

Groundwater 
recharge, maintained 
dry season flows, 
improved water qual-
ity, reduced flooding, 
enhanced biodi-
versity, and carbon 
sequestration

Afforestation Establish-
ment of 
forest cover 
through 
planting 
and natural 
regeneration

Reduce 
erosion and 
improve 
water 
availability 
through 
enhanced 
forest cover

Reduced sedimenta-
tion, groundwater 
recharge, maintained 
dry season flow, 
improved biodiver-
sity, timber produc-
tion, and carbon 
sequestration
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3.	 Continuous variables were normalised to a 0–1 scale to 
facilitate comparison and integration.

Step 1: biophysical suitability analysis

The biophysical suitability analysis identified optimal loca-
tions for implementing each NbS type based on physical 
landscape characteristics (Table S3 in the Supplementary 
Materials). Similar methods have been applied in both 
rural and urban contexts (Adem Esmail and Geneletti 2017; 
EPA, 2024). Parameter thresholds were derived from peer-
reviewed literature, expert consultation, regional adapta-
tion of guidelines, and local stakeholder feedback (Adem 
Esmail and Geneletti 2017; Bayissa et al. 2025; Keesstra 
et al. 2018; Schröder and Prasse 2013; Seddon et al. 2020; 
Vicente et al. 2019; Viedma et al. 2015).

Each NbS type was assessed using specific combina-
tions of biophysical parameters with distinct thresholds and 
weights (derived from a sensitivity analysis). The param-
eters matrix in Table 2 shows the application of criteria 
across all six NbS types.

Parameter weights were calculated from a manual sensi-
tivity analysis in Python that systematically varied param-
eter thresholds by ± 10%, ± 20%, ± 30% and quantified the 
resulting changes in suitable area. This allowed for the cal-
culation of elasticity values (percent change in suitable areas 
divided by percent change in parameter threshold) for each 
parameter, revealing the relative influence of each param-
eter on suitability outcomes. Higher weights were assigned 
to parameters showing greater elasticity values, indicating a 
stronger influence on suitability outcomes.

Following the application of parameter thresholds to iden-
tify suitable locations, parameters were normalised (0–1) 
and multiplied by their respective weights and summed to 
create a weighted suitability score (BNbS) (Figure S2 in the 
Supplementary Materials):

BNbS =
Σ (Pi × Wi)

Σ (Wi)

Where BNbS = the biophysical suitability score for a spe-
cific NbS tye; i = each parameter considered for the specific 
NbS type; Pi = normalised value of the parameter i; Wi = the 
weight of parameter i derived from the sensitivity analysis.

Step 2: ecosystem service integration

To include ecosystem services in the NbS opportunity map-
ping, we integrated both current ecosystem service deficits 
(supply and demand) and future potential benefits using the 
Co$tingNature tool (Mulligan 2024). Co$tingNature is a 
web-based policy support system designed for spatial assess-
ments of ecosystem services, biodiversity, and human land 
pressures to support conservation planning. The tool, avail-
able at www.policysupport.org, uses over 100 EO inputs 
(see Mulligan (2024) for details), providing outputs at 1 
hectare or 1 km2 resolution which are expressed as biophys-
ical units or normalised biophysical (priority) values rang-
ing from 0 to 1 (Mulligan 2012, 2024). Our study included 
normalised biophysical assessment of 15 realised ecosystem 
services (see Table S4 in the Supplementary Materials) at 
1 km2 resolution, which includes services which are ‘con-
sumed’, and potential ecosystem service provision.

Stakeholder ecosystem service valuation  An online survey 
was conducted between December 2024 to January 2025, 
collecting feedback from Yala basin stakeholders on eco-
system service perceptions and priorities. The survey was 
completed by 18 key stakeholders (6 female respondents 
and 12 male respondents; with 16 (88.9%) of respondents 
rating their familiarity with the basin as 4 or 5 out of 5) 
representing government or government agencies (n = 5), 
NGOs (n = 3), academia (n = 6), and community-based 
organisations (n = 3), with some individuals having associa-
tions with multiple institutions. Survey responses were used 
to weight individual ecosystem service maps according to 
stakeholder-assigned importance values, producing spa-
tially explicit ecosystem service maps that reflect local val-
ues and community preference rather than assuming equal 

Table 2  Application criteria for Step 1 of the SMCA, where NV = normalised value
Citeria Agroforestry Cover crops Terraces Riparian buffers Wetland restoration Afforestation
C1. Slope ≤ 15% ≤ 20% 6–45% ≤ 20% ≤ 10% 0–25%
C2. Clay content 20–50% 5–40% 6–70% 20–70% 25–70% 20–45%
C3. Soil depth ≥ 40 cm ≥ 0.01 cm ≥ 30 cm – – –
C4. Nitrogen load ≥ 0.2 NV ≥ 0.1 NV – ≥ 0.1 NV ≥ 0.05 NV –
C5. Phosphorus load ≥ 0.2 NV ≥ 0.1 NV – ≥ 0.1 NV ≥ 0.05 NV –
C6. Distance to river – – – 0–100 m – –
C7. Distance to wetland – – – – ≤ 90 m –
C8. Distance to forest – – – – – ≤ 200 m
C9. Drainage class – – – – Poor–Moderate –
C10. Land use Agricultural/Grass Agricultural Agricultural Multiple Multiple Forest/Bushland
C11. Erosion risk ≥ Moderate ≥ Low ≥ Moderate ≥ Moderate ≥ Low ≥ Moderate

http://www.policysupport.org
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importance across all services. The weighting approach 
captures stakeholder value priorities and cultural impor-
tance assigned to different ecosystem services, rather than 
validating the accuracy of underlying biophysical data. This 
assumes that the spatial prioritisation benefits from align-
ing technical assessments with community values, as imple-
mentation success depends on interventions that address 
services which stakeholders consider important. Similar 
integration approaches have been shown to improve social 
legitimacy and uptake of conservation plans (Borges et al. 
2025). The detailed survey methods and ecosystem ser-
vice integration procedures are provided in Supplementary 
Materials in Section S3.

Ecosystem service integration procedures  The integration 
included three components: (1) Current service deficits: 
Areas with lower current ecosystem service supply and 
demand were identified as priorities for NbS implementation 
to address existing gaps in service delivery and demand; (2) 
Future ecosystem service potential: Areas with high poten-
tial for ecosystem service enhancement through NbS were 
identified as opportunities for maximising benefits through 
restoration and sustainable management interventions; (3) 
NbS specific ecosystem service relevance: NbS specific rel-
evant weights, derived from expert assessment and scien-
tific literature to individual ecosystem service maps (Table 
3) to account for the differential capacity of each NbS type 
to enhance specific ecosystem services.

The steps included (see equations in Section S3 of the 
Supplementary Materials:

1.	 Inverted the total realised ecosystem service map to 
highlight areas with lower current service use (both sup-
ply and demand).

2.	 Calculated a combined score that balances addressing 
current low ecosystem service use with maximising 
future potential, providing the same importance to both.

3.	 Applied NbS-specific relevance weights (Table 3) to 
account for the varying capability of each NbS type to 
enhance ecosystem services.

4.	 Combined bundled service assessment with the NbS spe-
cific relevance weighting:

ESNbS = (ESC x 0.6) + (ESR x 0.4)

Where ESNbS = final combined ecosystem score; ESC = cur-
rent and potential ecosystem services combined; ESR = NbS 
weighted ecosystem services.

Step 3: participatory mapping

A key innovation in this methodology is the integration of 
participatory NbS opportunity mapping with stakeholders 
through spatial extrapolation. This approach extends locally 
identified stakeholder preferences across the basin using bio-
physical similarity analysis. This enables basin-wide plan-
ning whilst respecting place-based knowledge and avoiding 
the limitations of purely site-specific or purely technical 
approaches (Hasanzadeh 2022; Herrick et al. 2010).

Stakeholder workshop methodology  Key stakeholders 
from government agencies, NGOs, academia, and commu-
nity-based organisations were identified through a snowball 
sampling method (Naderifar et al. 2017). These represented 
different regions in the basin and various sectors related to 

Table 3  Ecosystem service weights used for specific NbS types, derived from peer-reviewed literature, expert consultation, and ecosystem service 
studies (Bayissa et al. 2025; Bitoun et al. 2022; Correa et al. 2023; Evers et al. 2018; Feld et al. 2010; Goldstein et al. 2012; Griffiths et al. 2024; 
Karabulut et al. 2016; Keesstra et al. 2018; Schröter et al., 2019). Weights reflect the relative capacity of each NbS type to enhance specific eco-
system services based on documented performance and regional implementation experience
Ecosystem service Agroforestry Cover crops Terraces Riverine buffers Wetland restoration Afforestation
ES-C1. Carbon sequestration and storage 0.8 0.3 0.2 0.5 0.8 0.9
ES-C2. Nature-based tourism 0.0 0.0 0.0 0.0 0.5 0.5
ES-C3. Culture-based tourism 0.0 0.0 0.0 0.0 0.5 0.5
ES-C4. Clean Water provision 0.5 0.4 0.6 0.8 0.9 0.7
ES-C5. Hazard mitigation 0.6 0.2 0.9 0.8 0.9 0.8
ES-C6. Commercial timber 0.3 0.0 0.0 0.1 0.0 0.6
ES-C7. Domestic timber 0.8 0.0 0.0 0.3 0.0 0.8
ES-C8. Artisanal fisheries 0.0 0.0 0.0 0.6 0.8 0.2
ES-C9. Fuelwood provision 0.8 0.0 0.0 0.3 0.0 0.7
ES-C10. Grazing and fodder 0.5 0.5 0.2 0.2 0.3 0.1
ES-C11. Non-wood forest products 0.6 0.0 0.0 0.4 0.1 0.8
ES-C12. Wildlife services 0.7 0.5 0.0 0.6 0.6 0.9
ES-C13. Environmental quality 0.7 0.4 0.4 0.7 0.8 0.9
ES-C14. Terrestrial biodiversity 0.6 0.3 0.0 0.7 0.7 0.9
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water, energy, food, and the environment. The co-creation 
workshop in September 2024 was attended by 25 partici-
pants (12 female participants; 13 male participants) from the 
Yala basin and followed Norström’s principles for knowl-
edge co-production specially emphasising context-based, 
pluralistic, goal-orientated, and interactive approaches that 
recognise multiple ways of knowing (Norström et al. 2020) 
(see Supplementary Materials).

Spatial extrapolation methodology  To develop the stake-
holder preference map, the following steps were taken:

1.	 Participatory mapping: Workshop participants devel-
oped NbS maps of the Yala basin by discussing and plac-
ing tokens representing the different NbS on a map of 
the basin, focusing on: Current locations of NbS imple-
mentation; priority areas for future NbS implementation; 
contextual environmental and socio-economic factors.

2.	 Map interpolation: Tokens representing different NbS 
were mapped in QGIS (version 3.34.6) and interpolated 
into a continuous raster surface using Inverse Distance 
Weighting (IDW), with a weighting power of p = 40 and 
a smoothing factor of 0.05. This was selected through a 
systematic testing of different interpolation methods and 
parameter combinations (see Supplementary Materials, 
Section S4) and maximised the centre-to-edge suitability 
gradient while minimising boundary artefacts between 
adjacent tokens. Each token rectangle was represented 
by five points: a centre point (value = 5, representing the 
location of highest stakeholder-identified suitability) 
and four corner points (value = 1, representing the token 
boundary), with four additional basin-extent anchor 
points (value = 0) to prevent edge inflation. This pro-
duced a preference-density surface in which suitability 
is highest at token centres and fades smoothly outward, 
reflecting the gradual rather than binary nature of NbS 
suitability across space. The IDW surface represents a 
spatially encoded stakeholder preference intensity rather 
than a predictable interpolation of a measured field. The 
surface was normalised to 0–1.

3.	 Biophysical similarity calculation: Similarities between 
biophysical variables and NbS preferences were calcu-
lated using Gaussian similarity based on distance from 
mean for continuous variables, and frequency-based 
similarity for categorical variables.

4.	 Distance decay application: Exponential distance decay 
function was calculated to prioritise areas closer to stake-
holder-identified locations.

5.	 Final extrapolation calculation: Combined similarity 
scores and distance decay using: SPNbS = CS x (DDDDF), 

where CS = weighted sum of individual variable simi-
larities and interaction terms; DD = distance decay; 
DDF = 0.5 (to control how quickly preference decreased 
with distance).

This spatial extrapolation methodology extends stakeholder 
preferences to areas with similar biophysical character-
istics while accounting for spatial proximity to identified 
priority locations, successfully bridging local knowledge 
with comprehensive basin-wide planning. Building on 
established biophysical extrapolation and participatory 
mapping approaches (Hasanzadeh 2022; Lemercier et al. 
2012; Mccall and Dunn 2012; Strong and Elliott 2017), our 
approach addresses geographic limitations of site-specific 
stakeholder input while maintaining integrity of place-based 
knowledge systems.

Step 4: future threats and pressure integration

The urgency integration component added a temporal 
dimension of current pressures (population pressure, agri-
cultural intensity, infrastructure density) and future threats 
(accessibility, proximity to deforestation fronts, projected 
population changes, and climate change vulnerability) from 
Co$tingNature. This combined approach ensures that areas 
facing immediate degradation risks receive priority atten-
tion whilst maintaining focus on biophysically suitable 
locations (see Supplementary Materials Section S5).

The final integrated assessment systematically combined 
multiple components to prioritise biophysical suitability as 
the foundation while allowing stakeholder knowledge and 
urgency factors to enhance suitability in areas that meet 
basic biophysical criteria:

FinalNbS = [(BNbS × 0.6) + (ENbS × 0.4)] × [1 + SPNbSx 0.5] × [1 + (UIx 0.3]

Where BNbS = Biophysical suitability score; ENbS = eco-
system services suitability; SPNbS = stakeholder prefer-
ences; and UI = urgency index.

Finally, the FinalNbS map was classified into five cat-
egories:1 – Not suitable (0.0–0.2); 2 – Marginally suitable 
(0.2–0.4); 3 – Moderately suitable (0.4–0.6);4 – Highly suit-
able (0.6–0.8); 5 – Optimally suitable (0.8–1.0).

Poverty and infrastructure analysis

To ensure that NbS implementation addresses socio-eco-
logical dimensions of sustainability, we developed a Pov-
erty Index for the Yala Basin and conducted an analysis 
of the relationship between NbS suitability, poverty lev-
els, and infrastructure. The analysis identified NbE oppor-
tunity where high ecological potential coincides with 
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socio-economic needs, supporting long-term sustainable 
ecological conservation alongside poverty alleviation.

Poverty index development and trade-off analyses  County-
level Multidimensional Poverty Index (MPI) values were 
extracted from Alkire et al. (2023), based on the methodol-
ogy developed by Alkire and Foster (2011), which measures 
acute poverty based on deprivations in health, education, 
and living standards across ten indicators. The MPI values 
were downscaled using population density and classified 
into quantile-based categories. Trade-off categories were 
systematically classified into high/low thresholds (≥ 0.4) for 
both poverty and NbS suitability:

	● Low relevance (both low).
	● Ecological potential (high NbS, low poverty).
	● Social need (low NbS, high poverty).
	● High opportunity (high NbS, high poverty).

NbE opportunity mapping integrated poverty levels with 
NbS suitability for agroforestry, afforestation, and riparian 
buffer. The NbS were selected based on their relation to cur-
rent and potential NbE in the basin based on stakeholder 
input and regional examples of successful community enter-
prises. Infrastructure proximity was assessed through 3 km 
buffers around roads and market centres to identify areas 
where ecological potential, social need, and market access 
converge. Infrastructure access serves as a robust proxy for 
NbE potential in East African contexts, where market access 
determines farming enterprise viability and food security 
outcomes (Berg et al. 2020; Ume 2023).

Map validation and comparison

Outputs were valuated through (see Section S6 in the Sup-
plementary Materials):

1.	 Statistical comparison: Jaccard Index measured overlap 
of high-priority areas between biophysical and integrated 

approaches; Kappa coefficients assessed overall agree-
ment across suitability classes.

2.	 Stakeholder validation: Focus group discussion with 7 
stakeholders in April 2025 evaluated map outputs, dis-
cussed alignment with local experiences, and provided 
feedback for parameter refinement.

Results

Biophysical suitability distribution

Spatial analysis reveals substantial divergence between 
stakeholder preferences and biophysically optimal loca-
tions for most NbS types (Figs. 3 and 4). Biophysical suit-
ability analysis demonstrates distinct spatial patterns driven 
by landscape characteristics, with agroforestry showing the 
most widespread suitability (2.37% of the basin classified as 
highly and optimally suitable combined), particularly con-
centrated in the middle basin where erosion rates are higher. 
Riparian buffers (0.83%) align with the river network but 
show higher concentration in the middle basin where they 
can address both erosion and water quality concerns. Wet-
land restoration opportunities (0.78%) cluster near existing 
wetlands in the upper, middle, and lower basin, particularly 
around the Yala Swamp and King’wal wetland. Terraces 
(0.61%) are predominantly located in the upper basin where 
steeper slopes and higher erosion risk require erosion con-
trol measures. Cover crops (0.45%) appear most scattered 
across agricultural areas in the middle and lower basin in 
areas with moderate slopes and higher clay content. Affores-
tation shows the most limited distribution (0.20%), primar-
ily concentrated in the middle basin near existing forests. 
The observed spatial heterogeneity in biophysical suitabil-
ity distributions underscores the importance of localised, 
context-specific NbS implementation strategies rather than 
uniform basin-wide approaches.

In contrast, stakeholder-identified priority areas show 
notable divergence from biophysical assessments (Fig. 4). 
Agroforestry, terraces, cover crops, and afforestation show 
almost inverse spatial patterns between stakeholder pref-
erences and biophysical suitability. Only wetland restora-
tion and riparian buffers show moderate spatial alignment 
between stakeholder preferences and biophysical assess-
ment, likely due to the more visibly identifiable nature of 
the related ecosystem features. This divergence suggests 
that stakeholders consider broader livelihood implications, 
cultural values, and implementation feasibility that cannot 
be captured through biophysical parameters alone.

Fig. 3  Primary biophysical suitability for NbS implementation
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Transformation through knowledge integration

Knowledge system integration transformed NbS oppor-
tunity identification, as demonstrated by the integrated 
opportunity maps (Figs. 5 and 6) that combine biophysical 
assessment, stakeholder-weighted ecosystem services, par-
ticipatory mapping extrapolation, and urgency indices. The 
integrated approach produced a modified but still heteroge-
neous distribution of NbS potential across the Yala basin, 
validated through stakeholder focus group discussions that 
confirmed general alignment with on-the-ground experi-
ence. Importantly, core high-priority areas (suitability score 
0.6–1.0) remained largely consistent, validating the scien-
tific foundation of the integrated mapping. The areas classi-
fied as highly suitable showed modest changes for most NbS 
types: riparian buffers (< 0.5% of their area reclassified as 
highly suitable), agroforestry (1.1%), terraces (9.8%), and 
cover crops (15.6%). Afforestation showed moderate expan-
sion (16.1%), while wetland restoration experienced the 
largest change (39.7% increase in highly suitable area clas-
sification). The most significant transformation occurred in 
marginally suitable areas (suitability score 0.2–0.4), which 
expanded substantially from < 0.05% to 51.8% of the basin 
land area (Figs. 7 and 8). This expansion adds nuance to 
the technical assessment, reflecting areas where stakeholder 
knowledge, ecosystem service priorities, and urgency fac-
tors identify areas with implementation feasibility despite 
sub-optimal biophysical conditions. This redistribution 
of suitability categories reflects that NbS implementation 

success depends on multiple factors beyond biophysical 
suitability – including social acceptance, local capacity, 
community priorities, and urgent environmental need. For 
example, stakeholders identified degraded areas requiring 
immediate intervention where moderate biophysical suit-
ability could be enhanced through community management, 
or locations where strong local motivation compensates for 
marginal technical conditions. The enhanced assessment 
thus identifies additional implementation opportunities that 
technical approaches alone cannot capture, while preserv-
ing the integrity of core priority zones identified through the 
biophysical analysis.

The Jaccard Index (JI), measuring overlap between 
high-priority areas in both maps, confirms high consistency 
for riparian buffers (JI = 1.0, indicating a perfect overlap 
of highly suitable areas) and agroforestry (JI = 0.99), with 
moderate agreement for afforestation (JI = 0.84), cover crops 
(JI = 0.82), and terraces (JI = 0.71), and lowest agreement for 
wetland restoration (JI = 0.59). This pattern indicates that 
stakeholder integration has differential impacts across NbS 
types, with greater modification occurring for interventions 
where local implementation knowledge diverges most from 
biophysical optimisation. The Kappa coefficient analysis 
across all suitability classes shows lower overall agreement 
(values ranging from − 0.07 to 0.22), primarily due to sub-
stantial redistribution among suitability classes. This redis-
tribution reflects a more nuanced assessment that captures a 
larger range of implementation feasibility (Fig. 7).

Fig. 4  Differences between stake-
holder preferences and biophysi-
cal suitability NbS opportunity 
maps, indicating areas where 
NbS are mapped by biophysical 
assessment only, participatory 
mapping only (stakeholder), or 
both
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Socio-ecological implementation contexts

Spatial analysis reveals distinct implementation contexts 
requiring differential strategies when examining the inter-
section of NbS potential, poverty distribution, and infra-
structure access (Figs. 9 and 10). Trade-off analysis between 
NbS suitability and poverty levels reveals four distinct spa-
tial patterns with different implementation strategies. Areas 
of ‘low relevance’ (low NbS opportunity and low poverty) 
and ‘social need’ (high poverty but low NbS opportunity) 
are widespread across the basin, particularly in the middle 
section. ‘Ecological potential’ areas (high NbS opportunity 
but low poverty) concentrate in the upper basin, driven by 
suitability for terraces, agroforestry, riparian buffers, and 

wetland restoration. ‘High opportunity’ zones (high NbS 
opportunity overlapping with high poverty) cluster in the 
middle basin, primarily associated with wetland restora-
tion, riparian buffers, agroforestry, and afforestation, with 
smaller contributions from terraces and cover crops. Minor 
opportunity zones appear in the lower basin, particularly for 
agroforestry and cover crops near the Yala Swamp, indicat-
ing areas that are optimal for NbS-NbE interventions such 
as papyrus-based products, apiculture, and ecotourism (Fig. 
11).

When overlaid with infrastructure access (Fig. 12), the 
highest opportunity areas (high NbS potential, high pov-
erty, high infrastructure access) remain concentrated in the 
middle basin. The upper and lower basin show lower overall 

Fig. 5  Final integrated oppor-
tunity maps for individual NbS 
(a-f) and combined NbS (g)
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opportunity scores but also fewer trade-offs. Infrastructure 
access is primarily driven by road presence, with market 
centres more limited in distribution, particularly in the lower 
basin. This analysis suggests that the lower basin faces 
implementation barriers related to market access despite 
having both NbS potential and poverty-related need, high-
lighting areas where infrastructure could enable more effec-
tive NbS implementation through NbE. The identification of 

Fig. 9  Map of MPI across the Yala Basin with infrastructure

 

Fig. 8  Changes in highly suitable areas (score 0.6–0.8) after final NbS 
integration

 

Fig. 7  Comparison of biophysical and final integration suitability for 
all NbS combined

 

Fig. 6  Differences between 
final integrated and biophysical 
suitability NbS opportunity map 
hotspots (score ≥ 0.6)

 



1 3

Sustainability Science

these ‘high opportunity’ zones reflects our integrated meth-
odology’s core premise that successful NbS implementation 
in poverty-affected regions requires concurrent attention 
to conservation feasibility and economic viability through 
enterprise development.

Discussion

This study demonstrates how the integration of biophysi-
cal assessments with local stakeholder knowledge systems 
bridges the gap between technical optimisation and imple-
mentation feasibility in NbS and NbE mapping. Our find-
ings reveal three key insights: (1) the substantial divergence 

between stakeholder preferences and biophysically opti-
mal locations highlights the limitations of purely technical 
approaches; (2) integrating multiple knowledge systems 
significantly expands NbS implementation opportunities 
whilst maintaining scientific validity; and (3) spatial analy-
sis of poverty-NbS relationship reveals distinct socio-eco-
logical contexts which require differentiated strategies that 
integrate conservation with enterprise development.

Understanding knowledge systems divergence

Our comparative analysis reveals that stakeholder prefer-
ences and biophysical optimal locations showed substantial 
spatial divergence for most NbS types, with only wetland 

Fig. 11  Overall NbE opportunity 

Fig. 10  Trade-off and synergies 
between NbS and poverty across 
the Yala basin
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restoration and riparian buffers achieving moderate align-
ment. This divergence reflects fundamentally different ways 
of understanding landscape suitability: whilst biophysical 
mapping prioritises parameters like slope and soil priorities, 
local stakeholders consider broader livelihood implications, 
cultural values, and implementation feasibility (Agramont et 
al. 2022; Mauser et al. 2013; Raymond et al. 2010). Expert-
driven planning operates from the assumption that optimal 
locations can be determined through biophysical parameters 
alone, which is challenged by our findings. As noted dur-
ing the final focus group discussion, “[the stakeholders] are 
thinking beyond the biophysical. They are also looking at 
how it can help them, what can happen to their livelihoods”, 
highlighting local values and knowledge that cannot be cap-
tured in purely biophysical assessments (Broek 2019).

Our spatial extrapolation methodology successfully 
addresses the tensions between locally specific knowledge 
and basin-wide planning needs. As one workshop partici-
pant noted, the “view of the catchment might be very nar-
row. It depends where you live, sometimes they don’t have 
the image of the catchment as a holistic thing”. Our extrapo-
lation approach creates a bridge between local knowledge 
and comprehensive basin-wide planning whilst maintaining 
scientific rigour (Hasanzadeh 2022; Herrick et al. 2010). 

Importantly, stakeholder NbS priorities showed a weak 
correlation with the poverty map, suggesting that local 
preferences are shaped by a broader set of environmental, 
cultural, or experiential factors (Sterling et al. 2017; Tengö 
et al. 2014). During the focus group discussion, participants 
highlighted how cultural contexts influence NbS prefer-
ences, with one noting that “the culture of [the] upper end 
is not the culture of the lower end”, reflecting the diversity 
of perspectives across the basin. This aligns with emerg-
ing theoretical frameworks of knowledge co-production for 
sustainability, which emphasise context-based, pluralistic, 
goal-oriented, and interactive approaches for integrating 
diverse forms knowledge systems (Norström et al. 2020; 
Reed et al. 2018).

The most significant methodological contribution lies 
in demonstrating that integrating extrapolated stakeholder 
knowledge enhances biophysical assessments. Knowl-
edge systems integration dramatically expanded margin-
ally suitable areas from < 0.05% to 51.8% of the basin, 
whilst core high-priority areas remained largely consistent. 
Methodologically, this addresses a persistent challenge 
in participatory environmental planning: how to scale up 
local knowledge without either oversimplifying it (through 
crude aggregation) or limiting its utility (by keeping it site-
specific). This redistribution demonstrates that local stake-
holder knowledge identifies implementation opportunities 
that technical approaches alone cannot capture. The consis-
tency in high-priority areas (particularly for riparian buffers 
and agroforestry) validates the scientific foundation, whilst 
the expanded suitable areas reflect the more nuanced real-
ity of implementation feasibility. The result is not a diluted 
technical assessment, but an enhanced one that accounts for 
local conditions and experiences that are absent from remote 
sensing and models. Rather than viewing participation as a 
mechanism for building social acceptance for expert-deter-
mined plans, our approach demonstrates that stakeholder 
integration throughout the planning process fundamentally 
improves the scientific quality of spatial prioritisation by 
incorporating contextual knowledge that technical assess-
ments systemically exclude.

Implementation realities and enterprise 
opportunities

Our spatial analysis revealed three distinct implementation 
contexts requiring differentiated strategies. ‘High opportu-
nity’ zones where high NbS potential coincides with socio-
economic need present promising locations for interventions 
that simultaneously address environmental restoration and 
poverty alleviation through equity-driven and inclusive NbE 
development, aligning with the growing emphasis on NbS 
as tools for achieving multiple Sustainable Development 

Fig. 12  NbE opportunity a near roads; b near markers; c near roads 
and markets
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goals (McElwee et al. 2020). Areas of ‘ecological poten-
tial’ (high NbS suitability, low poverty) concentrate in the 
upper basin and are suitable for conservation financing 
mechanisms, whilst ‘social need’ areas (high poverty, low 
NbS suitability) require alternative livelihood interventions. 
In accordance with this, the Lake Baringo basin in Kenya 
demonstrates successful integration of restoration with live-
lihood benefits (Mureithi et al. 2016). However, research 
in western Kenya also demonstrates that Ecosystem-based 
Adaptation interventions can produce uneven benefit distri-
bution, with upstream interventions sometimes restricting 
downstream access or delayed benefits (Agol et al. 2021), 
highlighting the importance of equitable benefit-sharing 
mechanisms.

Infrastructure emerges as a critical determinant of NbE 
viability, particularly in the lower basin which has limited 
market centres in tandem with high NbS potential and high 
poverty levels. As recognised during the focus group dis-
cussion “the lower basin is the only area that faces oppor-
tunity away from market centres…suggesting this region 
has the highest Nature-based Enterprises infrastructure 
development opportunity”. Our analysis identifies spatially 
differentiated NbE opportunities reflecting the importance 
of matching enterprise types to local ecological condi-
tions, cultural practices, local stakeholder values, and mar-
ket accessibility (Kooijman et al. 2021). The lower basin 
offers potential for papyrus-based crafts (mats, baskets, and 
paper), fisheries and aquaculture development, and eco-
tourism; the middle basin shows potential for tree-based 
and agroforestry enterprises including fruit production, 
non-wood forest products, and honey production; whilst 
the upper basin could support forest-based enterprises 
(Kooijman et al. 2021). The critical lesson for implementa-
tion agencies is that environmental interventions failing to 
address socioeconomic needs face inherent implementation 
barriers and limited sustainability (Cohen-Shacham et al. 
2016; Radosavljevic et al. 2020; Shi et al. 2023).

Effective NbS implementation requires addressing 
multiple interconnected barriers identified through our 
stakeholder engagement: Political challenges including 
transboundary issues, uncoordinated sectoral approaches, 
weak law enforcement, and conflicting policies; resource 
limitations including limited funding, insufficient techni-
cal capacity, and lack of access to resources (e.g. seeds and 
seedlings); social barriers including limited community par-
ticipation, insufficient education and sensitisation efforts, 
gender inequalities that limit participation; and land owner-
ship issues including challenges related to land tenure, prop-
erty rights, and demarcation that can hinder implementation. 
These barriers interact with broader socio-ecological sys-
tem dynamics we identified through causal loop mapping, 
which identified soil erosion, deforestation, water quality, 

crop yield, and water availability as central variables in the 
basin’s environmental challenges (Figure S1 in the Supple-
mentary Materials). Targeting high-opportunity areas for 
terraces, agroforestry, and wetland restoration could cre-
ate cascading benefits throughout this interconnected sys-
tem, reinforcing the importance of implementing multiple 
complementary NbS rather than isolated interventions. The 
fragmented county governance structure present key coor-
dination challenges, as effective interventions often require 
cross-boundary collaboration. Workshop participants high-
lighted how the current “lack of integrated interventions” 
and “disjointed” approaches act as barriers to NbS imple-
mentation success. They emphasised the need for harmon-
ised policies, multi-sectoral implementation strategies, and 
strong community ownership to overcome the “uncoordi-
nated sectoral approaches and governance” that currently 
limit effectiveness. Research demonstrates that village-led 
projects often prove most efficient due to higher community 
participation levels and ownership, highlighting the impor-
tance of governance arrangement that genuinely empower 
local communities (Shi et al. 2023). 

Towards participatory environmental planning

This study provides a methodological SMCA framework 
for integrating diverse knowledge types into NbS and NbE 
opportunity mapping. Our approach demonstrated that 
meaningful stakeholder engagement enhances scientific 
rigour, developing detailed opportunity maps reflecting both 
scientific understanding and local values whilst identifying 
specific NbE opportunities that can support implementation. 
The framework provides theoretical contributions to knowl-
edge co-production literature by demonstrating how spatial 
extrapolation can bridge local and landscape-scale plan-
ning, while offering practical contributions through a repli-
cable methodology adaptable to other watersheds, including 
data-limited contexts.

Implementation recommendations based on our inte-
grated analysis include:

1.	 Prioritising high opportunity areas for initial NbS 
implementation, particularly in the middle basin where 
ecological potential coincides with socioeconomic 
needs.

2.	 Developing tailored support mechanisms for areas with 
different trade-off profiles (e.g. alternative livelihoods 
for areas with high social needs, and innovative financ-
ing for areas with high ecological need).

3.	 Aligning NbS implementation with NbE development 
opportunities (e.g. tree nurseries, bamboo planting, 
papyrus planting, beekeeping) to provide alternative 
livelihoods.
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4.	 Investing strategically in infrastructure (roads and mar-
ket centres) development in the lower Yala basin to sup-
port NbE potential.

5.	 Strengthening cross-scale and cross-sector coordina-
tion between county governments, community organ-
isations, NGOs, and landowners through establishment 
of a basin-wide coordination mechanisms that includes 
representatives from all counties, key stakeholder 
groups, and multiple sectors.

6.	 Enhancing stakeholder and community education and 
sensitisation to NbS and NbE through targeted capac-
ity building programmes delivered by county exten-
sion services, NGO partners, and community-based 
organisation.

7.	 Promoting equitable and inclusive community engage-
ment during design, development, implementation, and 
monitoring of NbS through participatory planning pro-
cesses that ensure meaningful participation of women, 
youth, and marginalised groups.

8.	 Establishing long-term monitoring and research part-
nerships to track implementation impacts and enable 
adaptive management.

9.	 Incorporating the identified high opportunity and trade-
off areas into the spatial planning of County Integrated 
Development Plans.

10.	 Formalising integrated and pluralistic mapping 
approaches in national cross-sectoral policies, such as 
the Climate Change Action Plan, to ensure interven-
tions address ecological restoration and stakeholder 
needs.

Framework scalability and applicability

The SMCA framework presented here is most appropriate 
for watershed to regional scales where biophysical gradi-
ents are sufficient for meaningful suitability differentia-
tion, whilst participatory stakeholder engagement remains 
logistically feasible. Within this scale, the 1 km resolution 
of the Co$tingNature outputs aligns reasonably with plan-
ning decisions, and multiple NbS types can be distinguished 
spatially. However, at finer scales, such as city-wide or 
neighbourhood levels (< 10km2), the framework would 
require substantial modification. As well as the challenges 
introduced by coarse resolution biophysical global datasets, 
land tenure and socio-political constraints become criti-
cal factors, necessitating finer-scale local data collection. 
Whilst the general SMCA structure is transferable across 
contexts – intelligence phase, criteria definition, stakeholder 
weighting, participatory mapping, and integration – specific 
components require local calibration. NbS type selection, 
biophysical thresholds, and ecosystem service priorities 
must be determined through context-specific participatory 

processes rather than directly transferred between regions 
(Albert et al. 2019).

Study limitations and future research directions

Despite the innovations explored in this study, several limi-
tations remain. Most critically, our stakeholder sample was 
relatively small (n = 26 for participatory mapping, n = 18 for 
ecosystem service valuation, n = 7 for focus group discus-
sion), and may not fully represent diverse basin perspec-
tives, values, and experiences. Additionally, we engaged 
community representatives rather than conducting direct 
community workshops, yet local communities are the pri-
mary NbS implementers and maintainers. Previous NbS 
implementation failures have often resulted from insuf-
ficient consideration of community concerns regarding 
labour requirements, maintenance costs, and opportunity 
costs of land use change (Mabon et al. 2022; Zyoud and 
Zyoud 2025). Other significant limitations include lack of 
field validation, coarse resolution socio-economic data, lim-
ited integration of dynamic factors such as climate change 
projections. For example, our ecosystem service weightings 
represent a hybrid approach that integrates stakeholder val-
ues with global biophysical datasets, not local ecological 
knowledge per se. Future work should explore the co-pro-
duction of finer-resolution indicators through participatory 
field monitoring and mapping, potentially revealing where 
local experiential knowledge exceeds remote sensing accu-
racy for services like water quality or soil fertility. Addition-
ally, future research should strengthen economic analysis 
of implementation costs and financial sustainability whilst 
expanding direct community engagement and participa-
tory monitoring opportunities (Forest Peoples Programme, 
2020; Zingraff-Hamed et al. 2021). In accordance with this, 
our use of road and marker infrastructure as proxies for NbE 
potential overlooks other critical factors, including access to 
credit business training, social networks, and institutional 
support. Gender-specific barriers to enterprise participa-
tion are also not captured in our spatial analysis. Finally, 
future implementation must consider the hydrological con-
nectivity between upper basin ‘ecological potential’ areas 
and downstream ‘high opportunity’ and ‘social need’ zones. 
This connectivity necessitates benefit-sharing mechanisms 
that transfer downstream benefits to upstream implementers 
(Schirpke et al. 2019; Willemen et al. 2013).

Conclusion

This paper demonstrates that effective NbS and NbE oppor-
tunity mapping requires systematic integration of bio-
physical assessments with local stakeholder knowledge 
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systems to bridge the gap between technical optimisation 
and implementation feasibility. The integrated SMCA 
framework revealed substantial divergence between stake-
holder preferences and biophysically optimal locations for 
most NbS types, with only wetland restoration and ripar-
ian buffers showing moderate spatial alignment. The diver-
gence reflects fundamental differences in how technical 
mapping and local stakeholders assess landscape suitabil-
ity, with the former potentially missing livelihood impli-
cations, cultural values, and implementation constraints. 
The integration of multiple knowledge systems dramati-
cally enhanced NbS opportunity identification, expanding 
marginally suitable areas from < 0.05% to 51.5% of the 
basin, whilst maintaining consistency in core-high priority 
zones. This expansion demonstrates that stakeholder inte-
gration identifies implementation opportunities that purely 
technical and preference-free approaches cannot capture, 
providing a more nuanced understanding of where NbS 
can realistically succeed. Our spatial extrapolation meth-
odology successfully bridges local knowledge with basin-
wide planning, addressing the geographical limitations of 
site-specific stakeholder input. Our analysis revealed three 
distinct implementation contexts requiring differentiated 
strategies: ‘high opportunity’ zones where ecological poten-
tial coincides with socioeconomic needs, optimal for inte-
grated NbS-NbE development; ‘ecological potential’ areas 
suitable for conservation financing; and ‘social need’ areas 
requiring alternative interventions. Infrastructure emerged 
as a critical determinant of NbE success, underscoring that 
successful NbS implementation requires parallel attention 
to both ecological suitability and socioeconomic enabling 
conditions. The framework provides a replicable framework 
for integrating multiple forms of knowledge into NbS-NbE 
opportunity mapping, which is adaptable to other water-
shed, including data-limited contexts. By demonstrating 
that meaningful stakeholder engagement enhances rather 
than comprises scientific rigour, this research offers a path-
way toward more inclusive environmental planning that can 
simultaneously achieve conservation and poverty allevia-
tions through NbS and NbE development.
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