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Abstract

The compounding effects of hydrometeorological hazards are being driven by climate
change. As urban areas expand, this leads to degradation of the surrounding environment
and exposes more people to hazards. Growing losses show that conventional approaches
to addressing these issues can compound these problems. Over the last few decades,
nature-based solutions (NBSs) have become an increasingly popular alternative. These
measures, inspired by natural processes, have shown potential for reducing hazards by
complementing traditional approaches and providing co-benefits in the form of eco-system
services. With the adoption of NBSs becoming a more mainstream approach, there is a
need for tools that support the planning and implementation of interventions. Geospatial
suitability assessment is a part of this planning process. Existing tools are limited in their
application for large-scale measures. This paper intends to improve this by building upon
a multi-criteria analysis (MCA)-based approach that incorporates biophysical and land use
criteria and conditions for mapping the suitability of large-scale NBSs. The methodology
was developed and tested on six sites to assess the suitability of floodplain restoration,
retention or detention, afforestation, and forest buffer strips. The resulting suitability maps
also show potential for combining two or more measures for greater risk reduction.
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1. Introduction
Climate change causes significant challenges in this century, evident in the increasing

frequency and magnitude of hydrometeorological extreme events such as floods, landslides,
windstorms, and droughts [1]. This trend is concerning as it exposes more people to these
risks each year [2]. Over the last two decades, hydrological disasters have affected over
2.8 billion people and killed more than 200,000 [3]. Unfortunately, these numbers are
expected to increase in the near future, emphasizing the urgent need for mitigation and
adaptation strategies to address the adverse impacts of climate change on hydrometeoro-
logical risks.

Historically, grey infrastructure such as concrete dams, dikes, and drainage systems
has been used to protect communities from extreme hydrometeorological events. However,
in the last few decades, there has been a paradigm shift, leaning towards approaches like
ecosystem-based adaptation (EbA), blue–green infrastructure, and nature-based solutions
(NBSs) to mitigate the impacts against these extreme events. NBSs are inspired by or
supported by nature [4]. The size of these measures can vary considerably. Small scale
measures such as green roofs, rain gardens, and bioswales are typically seen in urban
settings [5].

Large-scale, catchment-level interventions integrate different measures within a sys-
tem to achieve long-term strategies [6]. Examples include retention ponds and detention
basins for storing water, regulating water flow to effectively manage floodwater by increas-
ing room for water bodies by restoring floodplains, widening, and deepening rivers [7,8].
Measures such as forest conservation, reforestation, and afforestation can lessen the risk
by reducing peak flow [9]. Increasing vegetation cover can also reduce urban heat [10].
These measures not only reduce risk, but they have the potential to provide additional
benefits in the form of ecosystem services and opportunities for social benefits. They offer
opportunities to enhance biodiversity [11,12] and contribute to mitigating climate change
by absorbing more CO2 through biotic carbon assimilation processes [13]. Access to green
areas provides opportunities for recreation and can have benefits for human well-being [14].

As the adoption of NBSs increases, it becomes more important to ensure they are
designed and implemented based on current knowledge and best practices [15]. In this
regard, selecting an NBS and determining locations suitable for intervention is a significant
part of the planning process. As such, there is a great need for tools to support these
activities. Fontana et al. [16] proposed methods for the selection of an NBS, based on risk
reduction as the main objective. Ruangpan et al. [17] developed a multi-criteria (MCA)
framework that integrates stakeholder preferences in choosing the right NBSs for local
needs. Similarly, several tools for assessing the geospatial suitability of NBSs exist [18–20].
However, they were found to be restricted to small-scale or urban interventions, applicable
to a specific location, or limited by software compatibility or data needs [21].

To address this issue, Mubeen et al. [21] developed a GIS-based toolbox for mapping
the suitability of four large-scale measures: floodplain restoration, a detention basin, a
retention pond, and river widening. One major limitation of the toolbox developed by
Mubeen et al. [21] is that it can only analyse spatial suitability for these four types of NBSs.
Additionally, the suitability maps produced did not consider smaller settlements in the
analysis. Finally, the version of ESRI ArcMap that the toolbox was developed for has been
discontinued and is no longer supported.
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This study aims to update and expand the methodology from Mubeen et al. [21] by
developing models for geospatial assessment and allocation of two additional large-scale
NBSs. The improved method will be applied on the six European collaborator sites of
the RECONECT project [22]. The objectives include the identification of hazards and
risk, the selection of NBSs, the determination of suitability criteria and conditions, the
development of a suitable toolbox, and the application of the methodology on the case
studies detailed below.

2. Materials and Methods
2.1. Case Studies

The six European collaborator sites that are studied are the Bregana River Basin, Jadar
River Basin, Kamchia River Basin, Pilica River Basin, Tamnava River Basin, and the Vrbanja
River Basin. They are distributed along central and eastern Europe (Figure 1), including
the Balkans.

Figure 1. RECONECT European collaborator sites.

2.1.1. The Bregana River Basin, Croatia

The dense hydrographic network that makes up the Bregana River is a 92 km2 basin
with steep slopes. It is a 26 km long transboundary river flowing along the border between
Croatia and Slovenia, and is a tributary of the Sava River, joining it in its middle course. It
is prone to flash floods and erosion triggered by heavy rainfall combined with typically
saturated soil in spring and late autumn. Recent major events include floods in the year
2005, 2014, and 2015. Houses were flooded, while the concrete cascades, bridges, and
culverts as well as asphalt and macadam roads were damaged. Apart from partial bank
stabilisation along the main river course, other flood mitigation measures do not exist in
the basin.

2.1.2. The Jadar River Basin, Serbia

The 81.7 km long Jadar River, located in western Serbia, flows into the Drina River, the
longest tributary of the Sava River. The drainage area covers 990 km2 of a mostly flat and
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wide valley that receives several torrential tributaries and is therefore prone to frequent
torrential floods. The Jadar River Valley is well known for its floods, which occur virtually
every year. In May 2014, devastating flash floods particularly affected the municipality
of Krupanj, causing significant material damage and fatalities. Current flood mitigation
measures in the basin are not sufficient because they are limited to the dikes along the Jadar
River near its mouth and within few population centres.

2.1.3. The Kamchia River Basin, Bulgaria

The Kamchia River in eastern Bulgaria is the longest river in the Balkan peninsula
flowing into the Black Sea. The basin covers 5358 km2 and 5% of the area of Bulgaria.
The basin consists of mostly rural regions with advanced agricultural practices, mainly
crop-based. The river supplies drinking water to the cities of Varna (population 420,000)
and Burgas (280,000) from the Ticha and Tsonevo reservoirs. About 30% of the area is also
designated as Natura 2000 protected areas. Several locations within the basin are prone to
frequent fluvial or pluvial flooding. Two significant floods in the Kamchia River’s middle
course in 2015 and 2018 forced the evacuation of residents from one town and one village
but did not result in any fatalities or significant material damage. The floods followed days
of intense rain after which stormwater cascaded down the slopes. Existing flood mitigating
facilities in the basin include reservoirs, dikes, floodgates, drainage canals, and others, but
there is potential for introducing NBSs as additional measures.

2.1.4. The Pilica River Basin, Poland

Located in central Poland, the Pilica River is the Vistula River’s longest left tributary.
The Pilica River is 319 km long, with a basin size of 9252 km2. The catchment is mainly
covered by arable land and forests which make up 39.6% and 38.6% of the area, respectively.
The watershed of the Pilica River is known for its rapid runoff, but both floods and
droughts are identified as the main hazards in the basin. Floods in the main Pilica course
are controlled by four major reservoirs, while the upper parts of the basin are more prone to
floods and erosion, requiring measures to improve flood and erosion control, water quality,
and water balance during drought conditions.

2.1.5. The Tamnava River Basin, Serbia

The 87 km long Tamnava River, a tributary of the Kolubara River, which itself is
a tributary of the Sava River, flows across western Serbia. The Tamnava River and its
principal tributary Ub are found in the 726 km2 Tamnava basin. While the upper watershed
is mountainous, making the region vulnerable to flash floods, the middle and lower sections
are distinguished by flat river valleys experiencing regular fluvial floods. Devastating
floods struck the basin in 1999, 2006, 2009, and 2014. A three-month rainfall record caused
widespread flooding in both urban and rural regions in May 2014 [23]. Houses, portions of
highways, and bridges were destroyed by high-intensity flash floods, and there were also
reported fatalities. Flooding in this region still poses a threat to infrastructure, residential
and commercial properties, crops, and human life despite existing mitigation efforts [24]
consisting of dikes within urban centres in the most downstream sections.

2.1.6. The Vrbanja River Basin, Bosnia and Herzegovina

One of Bosnia and Herzegovina’s most significant integrated water management
systems, the Vrbas River basin, includes the Vrbanja River basin. It occupies an area of
804 km2 and is situated in the Republic of Srpska’s central region. The Vrbanja River’s top
course is mountainous with steep hills, the middle course is somewhat hilly, and the lower
course is a lowland. Sixty-one percent of the land is covered by forests. Intense deforestation
resulted in the acquisition of farmed land throughout the basin. Given the increasing
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tendency of flood flows over the past ten to fifteen years, the Vrbanja River watershed
is particularly vulnerable to flash floods. The flat, densely populated downstream areas
are likewise at risk of flooding. Most of the mitigation measures implemented are in the
basin’s urban areas. They primarily involve grey structural solutions such as embankments,
regulating river channels, and clearing bottlenecks such as bridge structures.

2.2. Identification of Hazards and Needs

It has been reported that the most common causes of disasters in Europe are hazards
related to water [25]. This is observed across the areas in this study, with flooding being
the most common hazard across all the study areas. The Kamchia River Basin experienced
both fluvial and pluvial floods. The Bregana, Jadar, Tamnava, and Vrbanja River Basins
recorded mostly fluvial floods, including flash floods. The Pilica River Basin flood was
driven by snowmelt and rainfall, largely in summer.

In addition to flooding, the Tamnava and Pilica River Basins experienced droughts [26].
The increasing prevalence of geophysical hazards such as landslides and earthquakes is of
concern as well. Erosion was prevalent in the Jadar River Basin. Both study areas in Serbia
(Jadar and Tamnava River Basins) also reported landslides [27].

The potential impacts of these hazards on infrastructure and economic activities must
not be understated. The study areas are rural or peri-urban areas with agriculture as
the most common activity. Therefore, damage to this sector is considered a serious risk.
Roads and highways passing through these regions have been identified as vulnerable
infrastructure. Similarly, the need to protect local ecosystems and enhance biodiversity is
just as important.

2.3. Selection of NBSs for Hydrometeorological Risk Reduction

Liera et al. [27] carried out preliminary selection of NBSs using the RECONECT mea-
sure selection tool. Measures that were either unsuitable or not relevant to a specific site
were removed. The measures were then ranked using a multi-criteria analysis (MCA)
framework, developed by Ruangpan et al. [17], that selected measures based on the stake-
holder preferences for that area. The stakeholders that participated in the process include
local, regional, and national authorities, civil society and NGOs, political representatives,
commercial/private sector, academia, and international organizations. A total of 110 stake-
holders across 6 cases provided input via an online questionnaire [17,27]. Stakeholders
ranked measures based on their preferences for achieving the goal of risk reduction and
subgoals related to water quality, biodiversity, habitat structure, human well-being, and
socio-economic benefits.

The large-scale NBSs that ranked highest for the hazard combinations of flooding,
landslide, and drought, and the subgoals based on Liera et al. [27] include the following:
(1) reforestation and forest conservation, (2) afforestation, forests, and naturally vege-
tated lands, (3) floodplain excavation, enlargement, or restoration, (3) upper watershed
restoration, (4) bypass or diversion channels, (5) retention ponds, (6) detention basins,
(7) buffer strips, (8) natural bank stabilisation, (9) wetland restoration and enhancement,
and (10) widening water bodies. These NBSs may be divided into three categories based
on the mechanism by which they reduce hazards: source control (forest conservation,
reforestation, afforestation, upper watershed restoration, buffer strips, and natural bank
stabilisation), water storage (wetland restoration, retention ponds, and detention basins),
and making room for water bodies (floodplain restoration and widening rivers) [7,28,29].

2.4. Mapping Suitability of NBSs

The next step in the process is to assess the spatial suitability of the measures. Mubeen
et al. [21] applied GIS-based MCA to develop an ArcGIS toolbox with models for mapping
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suitability for floodplain restoration (FP), as well as retention ponds and detention basins
(RDs). In previous work, we reviewed existing tools for spatial allocation of NBSs at the
time to identify criteria and conditions that can be used to determine the suitability of large-
scale NBSs. Slope, land use/landcover, buffer zones from roads, distance from streams, and
soil class were used as general criteria for assessing the suitability of NBSs based on their
applicability in the spatial allocation of diverse NBS types over varying scales. Additional
criteria that were specific to each NBS were included in the models as well.

The toolbox was set up to derive Boolean maps that show regions that match the
conditions set for each criterion. The suitability of NBSs was elucidated by combining these
maps through intersection to delineate zones where all the relevant criteria are met.

In this study, we improve existing models and expand the toolbox by adding models
for assessing the suitability of source control measures, namely afforestation (AF) and forest
buffer strips (FB), to the toolbox. These two measures were chosen as they ranked high in the
selection process, and the toolbox currently does not include any NBS that works through
source control. The NBSs included in the toolbox are described in Appendix A: Description
of Nature-based solutions.

2.4.1. Refining the Existing Model for Mapping Suitability

The previous study [21] used slope, distance from rivers, distance from roads, and
land use/land cover (LULC) as general criteria for spatial allocation of large-scale NBSs. In
addition to the general criteria, NBS-specific criteria, which in this case include delineation
of upstream, midstream, and downstream areas, and connectivity to existing streams, were
used to map suitability for floodplain restoration, retention, or detention ponds in the
Tamnava River Basin.

However, the resulting suitability maps did not account for rural development, par-
ticularly for small towns and villages. This was attributed to the use of the Corine Land
Cover (CLC) 2018 [30] as LULC. CLC 2018 provided maps with extensive classification
with 44 land cover types. The lower resolution (100 m) of the product means that finer
details in a built-up area are missing from the analysis.

A more recent LULC product, WorldCover 2021 [31] released by European space
agency (ESA), provides 10 m resolution maps. While WorldCover is limited to 11 land
use classes, the high-resolution representation of built-up areas can be used to address the
limitations in our previous study. Thus, in addition to CLC 2018, ESA WorldCover has
been added to the model as an additional input to improve the assessment of LULC within
the suitability mapping toolbox. Additionally, the toolbox and existing models have been
updated to be compatible with ArcGIS pro version 3.

Along with this improved toolbox for mapping the suitability of measures that provide
storage and room for the rivers, a similar approach is used to produce models that map
areas with potential for using vegetative measures, including afforestation and riparian
forest buffers.

2.4.2. Criteria and Conditions for Mapping Suitability of Vegetative Measures

The conceptual model and criteria from Mubeen et al. [21] are applicable in the
assessment of the geospatial suitability of afforestation and forest buffers. The general
criteria (slope, distance from stream, road buffer, LULC, and soil class) and respective
conditions used in the model can be kept unchanged or may be adjusted based on the needs
of the user and the availability of data. For example, the condition used for road buffers is
50 m from the centre line of roads to account for roads and roadside infrastructure. This has
been left unchanged as detailed data on roads, for example width, layout, and pavement
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extent, were not available for the study areas. However, the conditions related to slope,
distance from streams, LULC, and soil have been adjusted to suit vegetative measures.

Kokutse et al. [32] determined that the threshold at which plant roots could sig-
nificantly improve the stability of a slope is between 30◦ and 40◦ (57.7 to 83.9% slope)
depending on the type of soil. It can also be difficult for plants to establish and grow on
slopes steeper than 60◦ (173%) [33]. Based on these findings and the design principles
and considerations in soil bioengineering techniques provided by the Natural Resources
Conservation Agency of the United States Department of Agriculture [34], a threshold of
60% was used as a condition for slopes.

For reclassifying land use, any areas that contain forests, natural areas, wetlands, and
waterbodies were classified as currently existing vegetated or natural sites and considered
unsuitable. Similarly, urban fabric, built-up zones, and industrial areas, including mining,
were presumed to be less likely to change and were also removed in the assessment.

The width of riparian vegetation can vary significantly along the length of a river. Mac
Nelly et al. [35] found that the width of these zones varied between 5 and 55 m, within
steam orders 1 to 4. However, groundwater levels which are dependent on slope and
soil type may be a more reliable indicator of the width of the riparian zone [36]. While
groundwater data are available for set observation points or wells, there is not enough
information to estimate groundwater levels across the catchment. A conservative distance
of 100 m from the banks or centre line of streams was treated as suitable for riparian forest
buffers. This criterion was not used to assess the suitability of afforestation as it is not
necessary for vegetation to be in proximity to streams or rivers as long as plants have access
to water from other sources.

In lieu of soil type, hydrogeology was used as an NBS-specific criterion for afforesta-
tion and forest buffers. For this criterion, aquifer type was sourced from the International
Hydrogeological Map of Europe (IHME1500) produced by Bundesanstalt für Geowis-
senschaften und Rohstoffe (BGR; Federal Institute of Geo-sciences and Natural Resources),
Hanover, Germany [37]. The aquifer type is used as a representation of the availability of
ground water for plants. Areas with highly or locally productive aquifers were selected as
appropriate areas for vegetative measures.

2.4.3. Setting up the Toolbox for Mapping Suitability

The criteria and conditions described in the preceding sections were used to modify
the models produced by Mubeen et al. [21] and to build an updated toolbox in the model
builder environment of ArcGIS Pro 3.3, using geoprocessing tools for spatial analysis. Two
new models were added to the suitability toolbox, for afforestation and forest buffer strips.
As before, the conceptual model from Mubeen et al. [21] was used as a basis to define
the input and the processes needed to assess the geospatial suitability of these NBSs. The
workflow for mapping the suitability of vegetative measures is illustrated in Figure 2. The
base maps used as the input are described in Table 1.

Table 1. Input data and sources.

Input Data Type and Resolution Source

DEM (EU-DEM) Raster (30 m) https://ec.europa.eu/eurostat/web/gisco (accessed on 21 June 2022)
River Network Vector (500 m) https://www.hydrosheds.org (accessed on 20 June 2022)
Road Network Vector (500 m) https://mapcruzin.com (accessed on 20 June 2022)

LULC (CLC 2018) Raster (100 m) https://land.copernicus.eu (accessed on 21 June 2022)
LULC (WorldCover 2021) Raster (10 m) https://esa-worldcover.org (accessed on 21 June 2022)

Hydrogeology (IHME 1500) Vector (1500 m) https://www.bgr.bund.de (accessed on 21 June 2022)

https://ec.europa.eu/eurostat/web/gisco
https://www.hydrosheds.org
https://mapcruzin.com
https://land.copernicus.eu
https://esa-worldcover.org
https://www.bgr.bund.de
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The slope was derived using digital elevation models (DEMs) from EU-DEM version
1.1 [38]. The spatial analysis tool “Distance accumulation” was used to calculate the dis-
tance from stream and roads. It replaced “Euclidean distance” in the updated toolbox.
Intermediate results were derived through raster calculation for the criteria slope, distance
from streams, and road buffer. LULC was reclassified to show areas that are suitable and
have the potential for respective measures. The resolution of all maps, derived in inter-
mediate processes, was set as the highest resolution within the input data, i.e., 10 m. The
criteria and conditions used in the suitability mapping process are provided in Appendix B:
Criteria and conditions for suitability of NBS in Tables A1–A4.

Figure 2. Workflow for mapping suitability of vegetative measures.

For simplification, all intermediate results were transformed to Boolean scale, 1 for
suitable and 0 for not suitable. This ensures that all of the maps are on the same scale before
starting the final processes. The areas that are suitable, i.e., the areas with pixel values equal
to 1, were extracted using conditional raster calculations. These maps individually show
suitability for each criterion. They were transformed into vectors to produce polygons.
Since the aquifer type dataset is already available as shapefiles from IHME 1500, it was used
after removing unsuitable areas. They can easily be removed by selecting those features
from the attribute table and deleting them. An intersection process was carried out to
produce suitability maps that show regions where all the relevant criteria are met. Any
polygons that of less than 1 hectare (rounded up) are removed in post-processing as they
consist of mostly disjointed or disconnected zones. A snapshot of the workflow in ArcGIS
Pro’s ModelBuilder environment is provided in Appendix B: Figure A1.

3. Results
The updated toolbox was used to assess the geospatial suitability of four NBSs, flood-

plain restoration (FP), retention/detention (RD), afforestation (AF), and forest buffer strips
(FB), in the six RECONECT case studies described in Section 2.1. The suitability maps
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produced are illustrated in Figure 3a–f. High-resolution maps for each study area and
additional details are tabulated in Appendix C: Results.

 

Figure 3. Geospatial suitability of NBSs (area in ha) in the (a) Bregana, (b) Jadar, (c) Kamchia, (d) Pilica,
(e) Tamnava, and (f) Vrbanja River Basins.

The Bregana River Basin, with 7.58% (676 ha) of the catchment, shows the smallest
extent of suitable area for NBSs among all the study areas. The steeper slopes of the Bregana
River Basin closer to the stream restrict the suitability for FP and RD, with 2.05 and 1.08%
(183 and 97 ha), respectively. This is the study area showing the lowest suitability for
RD. The catchment largely consists of natural forests, which means that there is also little
potential for AF, except at the downstream end of the catchment with 6.18% (551 ha).
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The Jadar River Basin shows the largest amount of space, 47.07% (42,033 ha) of the
basin area, suitable for at least one of the considered NBSs. A total of 50.42% (45,023 ha) is
taken up by AF. FP and RD make up 5.59 and 2.43% (4993 and 2174 ha), respectively.

The second largest study area, the Kamchia River Basin, has an area of 144,190 ha
(26.91%) that is suitable for NBSs. Here, the area suitable for AF, 131,294 ha (24.50%), is
mostly distributed along the northern, southern, and downstream areas of the catchment.
An area of 11,596 and 51,477 ha (2.16 and 9.61%) in the basin is suitable for FP and RD. The
catchment also has a considerable area covered by natural forests.

The largest catchment in this study, the Pilica River Basin, has a suitable area of
161,833 ha, accounting for 34.11% of the basin. This is the study area showing the least suit-
ability for AF, only 5.13% (24,353 ha). This is attributed to the limited extent of productive
aquifers within the catchment. Its suitability for FP and RD constitutes 10.41 and 22.76%
(49,397 and 108,002 ha), the highest for both NBSs within the six study areas.

The Tamnava River Basin showed that 36.05% (26,024 ha) of the catchment is suitable
for NBSs. This catchment comprised the second largest area, 44.68% (32,258 ha) of the
basin, suitable for AF. This region also showed the second largest suitable extent for FP
and RD, with 7.52 and 11.45% (5431 and 8266 ha) of the catchment showing suitability for
these NBSs.

Like the Bregana River Basin, the steeper slopes of the Vrbanja River Basin restrict its
suitability for FP and RD, being only 0.32 and 2.47% (255 and 1989 ha). This is the study
area showing the lowest suitability for FP. A total of 26.23% (21,087 ha) of the basin is
suitable for AF. Combined, 24.50% (19,692 ha) of the catchment shows suitability for NBSs.

Overall, the NBS with the highest suitability among all the study areas is seen for AF,
except for the Pilica River Basin. RD showed the next highest level of suitability. FP, being
restricted to only the downstream areas of the catchments, showed the lowest amount of
suitability. These results are summarised in Tables 2 and 3.

Table 2. Area suitable for each large-scale NBS, not including areas of common or intersecting suitability.

Study
Area

Area (ha) Basin Area Suitable
for NBS (%)Basin FP RD AF FB Total

Bregana 8921 110 93 391 82 676 7.58
Jadar 89,292 1575 513 38,615 1330 42,033 47.07

Kamchia 535,851 3669 34,315 103,126 3080 144,190 26.91
Pilica 474,447 46,373 101,066 14,343 51 161,833 34.11

Tamnava 72,191 1898 1833 21,398 895 26,024 36.05
Vrbanja 80,384 80 344 17,786 1481 19,692 24.50

Table 3. Area suitable for NBS, including areas of common or intersecting suitability.

Study
Area

Suitable Area (ha)

Basin FP RD AF FB

Bregana 8921 183 97 551 130
Jadar 89,292 4992 2174 45,023 3502

Kamchia 535,851 11,596 51,477 131,294 7671
Pilica 474,447 49,397 108,002 24,353 1615

Tamnava 72,191 5431 8266 32,258 2946
Vrbanja 80,384 255 1989 21,087 2344

Since the area allocated for the riparian buffer zones are within 100 m of the stream
centre lines within the suitability models, the extent of the area suitable for riparian buffer
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strips is limited. The suitable length of a stream relative to the total stream length used
in this study is a better indicator of suitability for forest buffer strips. The suitability for
riparian forest buffer strips (Table 4) ranged from 4.21% of the length of streams in the
Bregana River Basin up to 39.63% in Jadar.

Table 4. Length of stream suitable for riparian forest buffer (FB).

Study Area
Length (km) Stream Length

Suitable for FB (%)Streams Suitable for FB

Bregana 188 7.91 4.21
Jadar 643 254.83 39.63

Kamchia 1230 367.24 29.87
Pilica 1065 78.38 7.36

Tamnava 720 159.53 22.15
Vrbanja 466 114.18 24.50

We can also see that there is a considerable amount of overlap or intersection between
areas that are suitable for each of the four NBSs in Figure 3a–f and in the maps for each study
area in Appendix C: Results (Figures A2–A7). These zones with common, intersecting, or
shared suitability between NBSs indicate areas in which there is opportunity to establish
more than one type of NBS. This is further illustrated in Figure 4. It shows the extent of
areas where the suitability of different NBSs intersect (Appendix C: Tables A7, A9 and A10)
in each of the study areas.

Figure 4. Percentage of area for NBS over suitability of all NBSs.

This is observed between AF and RD in nearly all of the study areas. The lowest
number of intersecting zones is observed for FP and FB. Areas that are suitable for FB
always fall within zones where afforestation is appropriate but are limited by the conditions
related to their proximity to water bodies, i.e., 100 m from stream, as described earlier in
Section 2.4.2.

We selected additional measures to include in the toolbox (2.3) based on their mecha-
nism of action. A summary of the geospatial suitability of NBSs based on the mechanism by
which the measures work to reduce risk is provided in Table 5. This information combined
with the information on intersecting areas (Figure 4) can be valuable for delineating areas
where a combination of measures could be used. Applying a combination of different
approaches for reducing hydrometeorological risk in the same areas could prove to be more
effective than using a single technique. It may also provide additional co-benefits.
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To compare the improved model with those in the previous toolbox by Mubeen
et al. [21], the same input dataset was used to generate suitability maps using the criteria
and conditions from both the old toolbox and the new toolbox. This was carried out for the
Tamnava River Basin (Figure 5), which was in the initial study.

Table 5. Areas determined to be suitable for NBS based on mechanism of action.

Study
Area

Area (ha)

Conveyance
(FP)

Storage
(RD)

Source Control
(AF + FB)

Bregana 110 93 474
Jadar 1575 513 39,945

Kamchia 3669 34,315 106,206
Pilica 46,373 101,066 14,393

Tamnava 1898 1833 22,293
Vrbanja 80 344 19,267

 

Figure 5. A comparison of suitability between the improved models and the older model.

The area suitable for floodplain restoration decreased from 5963 ha to 5431 ha (8.92%).
Zones suitable for retention or detention also decreased from 8753 ha to 8266 ha (5.57%).
Overall, there was a 6.93% (1019 ha) decrease in suitable area in maps generated using
the improved models. These changes can be attributed to two things: the use of ESA
WorldCover to remove built-up areas, and changes to criteria and conditions that have
been updated. Overall, the new suitability models can be considered an improvement.

4. Discussion
This study demonstrates that GIS tools can be effectively utilised for mapping the

geospatial suitability of large-scale NBSs. It improves upon previous research [21] by fixing
some limitations as well as adding two additional measures, afforestation and forest buffer
strips, to the suitability modelling toolbox. The ESRI ArcMap version 10.7 on which the
toolbox was initially created has been discontinued. Therefore, the toolbox and models
have been updated to be compatible with ArcGIS Pro 3.4. The improved models were
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applied not only in the Tamnava River Basin but five more regions: the Bregana, Jadar,
Kamchia, Pilica, and Vrbanja River Basins.

The toolbox and method used for mapping suitability in this study are solely reliant on
GIS and remote sensing data. This information may not always be available for data-scarce
regions, and the available data may not be in a resolution or form that can be used in the
same model. The datasets used for this study are global or regional datasets that are openly
available to enable wider use of the method. While using these products alleviates the data
availability problem in general, it can introduce some uncertainty at a local scale. Where
local data are available, global data in the spatial analysis can easily be replaced for higher
precision and accuracy.

ArcGIS Pro is proprietary software and may not be available or affordable for everyone
who may benefit from such a tool. The same method, including the criteria and conditions
which have been detailed in this study, may be applied using open-source GIS platforms.
Kpadé et al. [39] carried out a systematic review of multi-criteria decision making (MCDM)
methods used in the management of forest ecosystems. They found that these methods are
not as commonly used in developing countries. While the current study is based in Europe,
the toolbox method may be applied in any river basin across the world where the base data
used as input are available. However, in larger catchments such as the Pilica River Basin,
the model may provide less detail, particularly around smaller streams. The suitability
maps show much more detail when used at subcatchment or major tributary levels, similar
to the Jadar, Tamnava, and Vrbanja River Basins.

The use of hydrogeology, in this case aquifer type from IHME 1500, somewhat limits
assessing the suitability of vegetative measures. This is particularly apparent in Pilica
where hydrogeological suitability in terms of productive aquifers is limited to a very small
part of the catchment. While it is used to represent the availability of groundwater in this
study, more information such as the local groundwater conditions and quality of soil can
be added for a more detailed analysis provided the data are available.

A simplistic verification of the results was carried out by overlaying the results with
digital images of the study areas from Google Earth Pro, showing that the areas do not
intersect urban and rural settlements. This was not possible earlier due to the low resolution
(100 m) of the LULC data used. The inclusion of ESA WorldCover to delineate these areas
has therefore improved the performance of the model. However, isolated buildings are not
considered even in the new iteration of the toolbox.

Valente et al. [40] developed an MCA-based approach for prioritising forest restoration
taking ecosystem services into account. They also utilised slope, soil conditions, proximity
to water, and LULC in their analysis. The ranking was carried out using expert participants.
The selection of NBSs used a similar approach to that used in this study. Suitability
mapping could benefit from additional stakeholder participation to rank potential areas
based on local contexts. The methodology can also be further enhanced based on specific
conservation needs for an area. For example, soil erosion may be addressed by including
addition criteria and methods employed by Campos et al. [41] and Bozali [42].

The geospatial suitability can only serve as a preliminary step in planning for NBSs.
Validation or statistical verification may not add much value in initial planning stages.
Absolute areas are indirectly informative about the potential benefits and costs of planned
measures. For example, larger areas dedicated to afforestation can reduce runoffs but incur
greater costs. On the other hand, retention ponds may contribute to a smaller percentage of
the area, but the storage capacity is not apparent at this stage of the planning process. So,
their area gives little information on potential benefits. It may be necessary to assess local
conditions physically.
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The selection of sites for implementation must consider the local context in addition to
suitability and must therefore include local stakeholders in the decision making process.
Local managers can use the maps not only to decide on the feasibility and the extent
of the planned measures but also to integrate the measures in spatial plans to preserve
the space and protect it from other uses. Hydrological and hydrodynamic models can
benefit from direct input from the tool, with delineated areas under measures qne all
attributes necessary for the modelling process, especially those related to setting model
parameters. For example, hydrological models can integrate information on areas planned
for afforestation along with the attributes related to land use to adjust model parameters
related to interception, evapotranspiration, and infiltration.

Planning, design, and implementation must reflect larger regional goals [43]. For
example, the Bregana, Kamchia, and Pilica River Basins host conservation areas under
Natura 2000. Areas suitable for proposed NBSs intersect some of these areas [44]. The
conservation status of these regions indicates that the interventions that can be carried out
in those zones are limited or even prohibited. On the other hand, incorporating these zones
into the implementation of proposed NBSs could also contribute to significant benefits
for biodiversity.

Although the planning process is often focused on the benefits related to NBSs, it is
just as important to consider the tradeoffs. The use of measures that include vegetation
can offer benefits for improving habitats for target species, increasing infiltration [45], and
reducing heat. On the other hand, changes to the ecosystem that are beneficial to one
species may be harmful for others. Increasing the amount of vegetation in an area can also
affect groundwater quality and exacerbate droughts [46,47]. Restoration strategies may
need to be adjusted to attain various co-benefits, such as the recreation or production of
timber [48]. Changes to land use can also affect access to resources. It is imperative that we
ensure balance between benefits and tradeoffs when implementing NBSs for risk reduction,
and therefore, the NBS planning process must be conducted very carefully.

5. Conclusions
The adverse effects of climate change and rapid urbanization are exposing commu-

nities and the environment to significant damage. More innovative planning and man-
agement approaches are needed to cope with these problems. The adoption of NBSs has
the potential to support risk reduction and help restore ecosystems. More informed plan-
ning processes are needed for these measures to be effective. In that regard, assessing the
geospatial suitability of large-scale NBSs proves to be a useful part of the planning process.
The work presented aims to improve and expand the methodology developed by Mubeen
et al. [21] in assessing the geospatial suitability of large-scale NBSs. The improved toolbox
produced during this study incorporates additional criteria and conditions for suitability.

The methodology was developed and tested on six European collaborator sites of
the RECONECT project: the Bregana, Jadar, Kamchia, Pilica, Tamnava, and Vrbanja River
Basins. The main hydrometeorological hazards within the areas were determined to be
fluvial, flash, and pluvial floods and drought. The most appropriate large-scale NBSs
were selected and ranked based on hazards and stakeholder consultations. The NBSs that
ranked high on this list for all sites include floodplain restoration, retention or detention,
afforestation, and forest buffer strips. The toolbox produced by Mubeen et al. [21] included
models for mapping the suitability of floodplain restoration and retention or detention.
These measures work by increasing room for water bodies and providing storage areas
for flood water. The new suitability models added to the model are vegetative measures,
afforestation, and riparian forest buffer strips. These vegetative measures are NBSs that
work via source control as their mechanism.



Hydrology 2025, 12, 272 15 of 26

All of the suitability models were improved by adding ESA WorldCover 2021 to
delineate built-up areas. Hydrogeology was included as an additional criterion to assess
aquifer productivity and identify suitable locations for the new measures; riparian buffer
strips and afforestation. The enhanced methodology was used to update and test the toolbox
within the model builder environment in ArcGIS Pro 3.3, and we tested for compatibility in
version 3.4 and 3.5.

The suitability maps produced by using the toolbox demonstrated the geospatial
suitability of the four large-scale NBSs in the study areas. The suitability for large-scale
NBSs ranged from 7.58% of the catchment area in the Bregana River Basin to 47.07% in
the Jadar River Basin. The measure with the greatest suitable extent was afforestation and
the lowest was forest buffer strips. Slope and aquifer productivity were found to be the
limiting criteria in most cases. The resulting suitability maps also showed potential for
implementing two or more measures in combination for greater risk reduction. Overlaying
the suitable areas with digital images from the study areas showed that the improved
models now account for small settlements as well.

The planning, design, and implementation of large-scale NBSs consist of several inter-
linked steps. The determination of geospatial suitability must be considered an initial part
of the planning process. The process can be extended through hydrological and hydrody-
namic modelling of suitable areas. Assessment of risk and vulnerabilities is an important
step that follows. Further research can contribute to developing and standardizing meth-
ods for performing these steps in the planning, design, and implementation of large-scale
NBSs. The participation of all relevant stakeholders and inclusive approaches is of utmost
importance in every step, particularly when considering co-benefits and balancing trade-
offs. Understanding barriers and enablers within the local context can further inform the
decision making process.
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Appendix A. Description of Nature-Based Solutions
Appendix A.1. Afforestation

Afforestation is a process of planting trees or sowing seeds that would grow into
trees and form forests. Forests are believed to mitigate flooding by serving as sponges,
trapping water after heavy rainfall and eventually releasing it into waterways, reducing
flood incidence and maintaining stream flow during dry periods. Developing forests
comprising native species could provide a greater range of co-benefits.

Appendix A.2. Riparian Forest Buffer Strips

Riparian forest buffers are patches of vegetation that are planted adjacent to streams
and other water bodies. They have a greater water-holding capacity than cutover or non-
forest covered areas. Because of their rougher ground surface, they can slow runoff more
effectively than bare ground. However, riparian forest buffers have a limited ability to store
and slow terrestrial runoff due to their relatively small breadth.

Buffer strips provide multiple benefits like reducing and decelerating runoff, removing
nutrients like nitrogen from the runoff, maintaining biodiversity and ecosystems within
the riparian zone, increasing bank stability, etc. Because of its multi-functional nature, it is
considered one of the Best Management Practices (BMPs).

Appendix A.3. Detention Basins

A detention basin is free space from water in dry weather. It is designed to store runoff
for a temporary period during high flow, then releasing it slowly downstream or to a nearby
watercourse, using an outlet control structure to control the flow rate. Detention basins
can also be vegetated depressions designed to hold runoff from impermeable surfaces
and allow for the settling of sediments and associated pollutants. The storage capacity
is dependent on the design of the basin, which can be sized to accommodate any size of
rainfall event. Detention basins can reduce the risk of surface flooding in conjunction with
other NBS features, and in doing so contribute to climate change adaptation.
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Appendix A.4. Retention Ponds

Retention ponds are ponds designed with additional storage capacity to attenuate
surface runoff during rainfall events. Ponds are created by using an existing natural
depression, by excavating a new depression, or by constructing embankments. Increasing
storage can be applied on different scales. Retention ponds reduce peak runoff through
storage and controlled outflow and reduce the risk of surface flooding. Reductions in
discharge cause lower water levels downstream of the site of the measures.

Appendix B. Criteria and Conditions for Suitability of NBSs

Table A1. Criteria and conditions for mapping suitability.

Criteria
Conditions

FP RD AF FB

Slope (%) ≤5 ≤5 ≤60 ≤60
Distance from streams (m) ≤1000 ≤1000 Not applicable ≤100
Distance from roads (m) ≥50 ≥50 ≥50 ≥50

Table A2. Reclassification conditions of IHME 1500 aquifer type.

Code Aquifer Name Value

1 Highly productive fissured aquifers (including karstified rocks) 1

2 Highly productive porous aquifers 1
3 Inland water 0
4 Locally aquiferous rock, fissured or porous 1
5 Low and moderately productive fissured aquifers (including karstified rocks) 0
6 Low and moderately productive porous aquifers 0
7 Practically non aquiferous rocks, porous or fissured 0
8 Snowfield/ice field 0

Table A3. Reclassification conditions of ESA WorldCover.

Code Landcover Value

10 Tree cover 1
20 Shrubland 1
30 Grassland 1
40 Cropland 1
50 Built-up 0
60 Bare/sparse vegetation 1
70 Snow and ice 0
80 Permanent water bodies 0
90 Herbacious wetland 0
95 Mangroves 0

100 Moss and lichen 1

Table A4. Reclassification conditions of CLC 2018.

Code Landcover FP RD AF/FB

111 Continuous urban fabric 0 0 0
112 Discontinuous urban fabric 0 0 0
121 Industrial or commercial units 0 0 0
122 Road and rail networks and associated land 0 0 0
123 Port areas 0 0 0
124 Airports 0 0 0



Hydrology 2025, 12, 272 18 of 26

Table A4. Cont.

Code Landcover FP RD AF/FB

131 Mineral extraction sites 0 0 0
132 Dump sites 0 0 0
133 Construction sites 0 0 0
141 Green urban areas 1 1 1
142 Sport and leisure facilities 1 1 1
211 Non-irrigated arable land 1 1 1
212 Permanently irrigated land 1 1 1
213 Rice fields 1 1 1
221 Vineyards 1 1 1
222 Fruit trees and berry plantations 1 1 1
223 Olive groves 1 1 1
231 Pastures 1 1 1
241 Annual crops associated with permanent crops 1 1 1
242 Complex cultivation patterns 1 1 1

243 Land principally occupied by agriculture, w. significant areas
of natural vegetation 1 1 1

244 Agro-forestry areas 1 1 1
311 Broad-leaved forest 1 1 0
312 Coniferous forest 1 1 0
313 Mixed forest 1 1 0
321 Natural grasslands 1 1 0
322 Moors and heathland 1 1 0
323 Sclerophyllous vegetation 1 1 0
324 Transitional woodland-shrub 1 1 0
331 Beaches, dunes, sands 1 1 0
332 Bare rocks 1 1 0
333 Sparsely vegetated areas 1 1 1
334 Burnt areas 1 1 1
335 Glaciers and perpetual snow 0 0 0
411 Inland marshes 1 1 0
412 Peat bogs 1 1 0
421 Salt marshes 1 1 0
422 Salines 1 1 0
423 Intertidal flats 1 1 0
511 Water courses 1 1 0
512 Water bodies 1 1 0
521 Coastal lagoons 0 0 0
522 Estuaries 0 0 0
523 Sea and ocean 0 0 0
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Figure A1. Workflow in ArcGIS Pro ModelBuilder environment.

Appendix C. Results
Appendix C.1. High-Resolution Maps of Results from Each Study Area

Figure A2. Geospatial suitability of NBSs in the Bregana River Basin.
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Figure A3. Geospatial suitability of NBSs in the Jadar River Basin.

Figure A4. Geospatial suitability of NBSs in the Kamchia River Basin.
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Figure A5. Geospatial suitability of NBSs in the Pilica River Basin.
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Figure A6. Geospatial suitability of NBSs in the Tamnava River Basin.

Figure A7. Geospatial suitability of NBSs in the Vrbanja River Basin.



Hydrology 2025, 12, 272 23 of 26

Appendix C.2. Data Tables with Additional Details

Table A5. Area suitable for NBS, including areas of common or intersecting suitability.

Study
Area

Suitable Area (ha)

Basin FP RD AF FB

Bregana 8921 183 97 551 130
Jadar 89,292 4992 2174 45,023 3502

Kamchia 535,851 11,596 51,477 131,294 7671
Pilica 474,447 49,397 108,002 24,353 1615

Tamnava 72,191 5431 8266 32,258 2946
Vrbanja 80,384 255 1989 21,087 2344

Table A6. Percentage of basin area suitable for NBSs, including areas of common or intersecting suitability.

Study
Area

Percentage of Basin Area Suitable (%)

FP RD AF FB

Bregana 2.05 1.08 6.18 1.46
Jadar 5.59 2.43 50.42 3.92

Kamchia 2.16 9.61 24.50 1.43
Pilica 10.41 22.76 5.13 0.34

Tamnava 7.52 11.45 44.68 4.08
Vrbanja 0.32 2.47 26.23 2.92

Table A7. Area only suitable for each NBS, not including areas of common or intersecting suitability.

Study
Area

Suitable Area (ha)

Basin FP RD AF FB Total

Bregana 8921 110 93 391 82 676
Jadar 89,292 1575 513 38,615 1330 42,033

Kamchia 535,851 3669 34,315 103,126 3080 144,190
Pilica 474,447 46,373 101,066 14,343 51 161,833

Tamnava 72,191 1898 1833 21,398 895 26,024
Vrbanja 80,384 80 344 17,786 1481 19,692

Table A8. Percentage of basin area only suitable for each NBS, not including areas of common or
intersecting suitability.

Study
Area

Percentage of Basin Area Suitable (%)

FP RD AF FB Total

Bregana 1.23 1.04 4.39 0.92 7.58
Jadar 1.76 0.57 43.25 1.49 47.07

Kamchia 0.68 6.40 19.25 0.57 26.91
Pilica 9.77 21.30 3.02 0.01 34.11

Tamnava 2.63 2.54 29.64 1.24 36.05
Vrbanja 0.10 0.43 22.13 1.84 24.50

Table A9. Areas of common, intersecting, or shared suitability between NBSs.

Study
Area

Suitable Area (ha)

AF & FP AF & RD FB & FP FB & RD

Bregana 74 4 48 0
Jadar 3417 1661 968 1205
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Table A9. Cont.

Study
Area

Suitable Area (ha)

AF & FP AF & RD FB & FP FB & RD

Kamchia 7926 17,162 1710 2881
Pilica 3024 6936 410 1154

Tamnava 3533 6433 491 1561
Vrbanja 174 1645 96 767

Table A10. Percentage of basin area common, intersecting, or shared suitability between NBSs.

Study
Area

Percentage of Basin Area Suitable (%)

AF & FP AF & RD FB & FP FB & RD

Bregana 74 4 48 0
Jadar 3417 1661 968 1205

Kamchia 7926 17,162 1710 2881
Pilica 3024 6936 410 1154

Tamnava 3533 6433 491 1561
Vrbanja 174 1645 96 767
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17. Ruangpan, L.; Vojinovic, Z.; Plavšić, J.; Doong, D.-J.; Bahlmann, T.; Alves, A.; Tseng, L.-H.; Randelović, A.; Todorović, A.; Kocic,
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