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• The spatial distribution of six realised 
urban ecosystem services was modelled. 

• Systematically combined ecosystem 
service models and multicriteria 
analysis. 

• Targeted areas for green infrastructure 
planning were identified. 

• The methods applied can be adapted for 
ecosystem services-based planning 
globally.  
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A B S T R A C T   

Unprecedented urban growth and extensive land use change especially in the Global South has placed increasing 
pressure on urban ecosystem services (UES). While there are numerous studies modelling and mapping 
ecosystem services, integrating the outputs of multiple ecosystem service assessments to provide recommenda-
tions for nature-based planning remains a challenge. The objective of this study is to characterise the spatial 
distribution of multiple UES in a rapidly urbanising catchment and to develop a systematic approach to facilitate 
the integration of UES into planning green infrastructure (GI). We used InVEST models to spatially quantify and 
map six realised UES (heat mitigation, runoff retention, sediment retention, scenic quality, urban recreation and 
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agricultural production (i.e., ‘urban farming’)) in a rapidly developing, peri-urban catchment in Greater Kuala 
Lumpur, Malaysia. We identified synergies and tradeoffs between services and assessed the cooccurrence and 
overlap of hotspots between multiples services. Our assessment revealed that densely built areas generally had 
low UES provision. In the final step, we conducted a multicriteria analysis using ecosystem services-based criteria 
to identify locations for five GI strategies: conservation of headwaters, reforestation for biodiversity, develop-
ment and conservation of urban parks and greening of built infrastructure (e.g., green walls and roofs). The 
selection of the appropriate GI strategy must consider the degree of urban development, especially in areas where 
multiple strategies were suitable. The findings of our study support GI planning within the catchment and the 
methods applied can be adapted to support sustainable land use management in urban areas globally.   

1. Introduction 

Unprecedented urban growth has placed increasing pressure on 
ecosystem services in towns and cities (Nagendra et al., 2018; Romero- 
Duque et al., 2020). As urban areas expand, especially peri-urban ones, 
they undergo intensive land use change due to the infrastructure needs 
of growing urban populations. Such rapid urbanisation and urban 
sprawl are often accompanied by a range of socio-environmental issues, 
which can be exacerbated by poor planning (Jones, 2014; Palanivel, 
2017; United Nations, 2018). These land use changes often result in the 
degradation or loss of natural ecosystems which, in turn, undermines 
ecosystem service provision and affects the wellbeing of urban pop-
ulations (Lechner et al., 2020; MEA, 2005). 

Urban Ecosystem Services (UES) are those ecosystem services in 
urban and peri-urban areas provided by green (and blue) infrastructure 
(GI) such as forests, wetlands, parks, lakes, street greenery and green 
roofs (Bolund & Hunhammar, 1999; Gómez-Baggethun et al., 2013; Tan 
et al., 2020). We use the term ‘urban ecosystem services’ to mean 
ecosystem services provided in urban or peri-urban areas (Tan et al., 
2020), which is also the most common interpretation (Luederitz et al., 
2015). These UES range from heat mitigation, stormwater retention, 
opportunities for recreation, aesthetic value and habitats for urban 
biodiversity, all of which enrich the quality of life in urban environments 
(Elmqvist et al., 2015; Goddard et al., 2010; Konijnendijk et al., 2013; 
Parker & Simpson, 2018). As demands for liveable, sustainable and 
resilient cities rise (United Nations, 2015), the role of GI in alleviating 
the environmental repercussions of urbanisation, in addition to the 
pressures of climate change, becomes increasingly important (Lafor-
tezza et al., 2018; Lechner et al., 2020; Sanusi and Bidin, 2020). 
Increasing use and recognition of the UES concept highlights the 
dependence of urban populations on GI (Tan et al., 2020) and empha-
sises the need to better manage and protect GI, which is often more 
cost-effective than restoring degraded ecosystems. 

Mapping and modelling of multiple ecosystem services are useful for 
capturing landscape-scale information on the distribution of UES and 
their interactions in a spatially explicit manner (Maes et al., 2012). 
Various models have been used to value the supply and demand for 
ecosystem services, although quantitative biophysical, empirical and 
geographic information system (GIS)-based models are most common 
(Haase et al., 2014; Hamel et al., 2021). Multiple UES are often modelled 
at large spatial scales (i.e. city scale or larger) (Nikodinoska et al., 2018), 
in order to capture hotspots of UES across the landscape, as well as 
synergies and tradeoffs between them (Nelson et al., 2009). Hotspots 
and coldspots respectively refer to areas with high and low amounts of 
an ecosystem service and can be determined using various techniques 
such as Getis-Ord Gi* (Schröter & Remme, 2016). In addition to map-
ping the spatial distribution of UES, assessments of synergies and 
tradeoffs can be used to examine the interactions between two or more 
UES; interactions are typically described as being either positive- 
positive (synergy) or positive–negative (tradeoff) (Mouchet et al., 2014). 

UES mapping has also been integrated with multicriteria analysis 
(MCA) to more explicitly link the spatial patterns of multiple UES and 
help identify suitable locations for specific land use management ac-
tivities (Cortinovis et al., 2021; Saarikoski et al., 2015). MCA consists of 

structured methods that formalise the decision-making process needed 
to address a defined problem (Langemeyer et al., 2016). Application of 
MCA to the assessment of ecosystem services has long been advocated 
(Koschke et al., 2012). Studies have used MCA in ecosystem service- 
based decision-making through scenario analysis (Kremer et al., 2016; 
Vollmer et al., 2016), prioritising land use tradeoffs (Martínez-López 
et al., 2019; Meerow, 2019) and integrating stakeholder preferences 
(Griffin et al., 2015; Zoderer et al., 2019). MCA is used to identify the 
suitability of a site for a given purpose or use, based on defined con-
straints and criteria (Gelan, 2021; Li et al., 2021). In conjunction with 
UES assessments, this approach can be used to identify suitable areas for 
new urban parks or green roofs (Cortinovis & Geneletti, 2018; Lange-
meyer et al., 2020). Past studies using spatial multicriteria analysis have 
applied land cover proxy-based ecosystem service models (Apud et al., 
2020; Cortinovis & Geneletti, 2020; Langemeyer et al., 2020; Wang 
et al., 2017), but this approach has not been applied in tandem with 
multiple, biophysical UES models to plan GI. 

There are numerous studies modelling and mapping UES, but com-
plex assessments of UES often fall short of effectively communicating 
outcomes in a manner that is relevant to urban planning or lack elements 
that are crucial for supporting decision-making (Hamel et al., 2021). 
One element frequently lacking is consideration of whether the UES 
being assessed is ‘potential’ or ‘realised’. Potential service is the service 
value irrespective of use by people (i.e., it represents the supply of the 
service), while the realised service value accounts for use by benefi-
ciaries (i.e., it is a function of service supply and demand) (Turner et al., 
2012). While modelling the potential distribution of UES solely iden-
tifies areas of high UES supply, modelling of realised UES illustrates the 
benefits of UES more clearly to decision-makers and so is of greater 
value for planning (Aziz & Van Cappellen, 2019). Cortinovis and Gen-
eletti (2019) have taken this further by conceptualising UES as service 
providing units, service benefitting areas and interlinking variables 
which occur at various spatial scales (Fisher et al., 2009; Syrbe & Walz, 
2012). 

The aims of this study are (i) to characterise the spatial distribution 
of multiple UES in a rapidly urbanising landscape, and (ii) develop a 
systematic approach to integrate UES within GI planning by combining 
biophysical modelling with MCA. We applied InVEST (INtegrated 
Valuation of Ecosystem Services and Tradeoffs), a widely used 
ecosystem services modelling tool (Hamel et al., 2021; Sharp et al., 
2020), together with readily available GIS tools, to assess six realised 
UES (heat mitigation, runoff retention, sediment retention, scenic 
quality, urban recreation and agricultural production) in a rapidly 
developing, peri-urban catchment in Greater Kuala Lumpur, Malaysia. 
We analysed hotspots, identified synergies and tradeoffs between UES, 
and examined the cooccurrence and overlap of hotspots between mul-
tiple UES. We then undertook a spatial multicriteria analysis to identify 
opportunities for GI strategies to improve the provision of UES (con-
servation of headwater areas, reforestation for biodiversity, develop-
ment and conservation of urban parks and greening of built 
infrastructure (impervious surfaces)). This novel approach combines 
multiple UES models with MCA to support ecosystem service-based 
decision-making. 
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2. Methods 

2.1. Study area 

The Langat catchment is located along the southern metropolitan 
boundary of Greater Kuala Lumpur, Malaysia’s capital city (Fig. 1). The 
Langat is the most urbanised river basin in Malaysia and a major source 
of water for the 7.9 million residents of Greater Kuala Lumpur (Mem-
arian et al., 2014; United Nations, 2019). We selected two upper sub- 
catchments in the Langat, hereafter referred to collectively as the 
‘Upper Langat’. These two sub-catchments, the Semenyih and mainstem 
Langat rivers, provide examples of the UES and urban development 
pressures that are common to urban development in the Global South, 
especially in larger growing cities in Southeast Asia. While the focus of 
the study was on UESs, we had to include non-urban areas to allow us to 
model catchment scale hydrological processes and evaluate the down-
stream benefits of hydrological UES. However, as our focus was on UES 
within urban and peri-urban parts of the Upper Langat, we do not assess 
non-UES provided by other parts of the catchment such as non-timber 
products provided by forested headwater areas. We included only the 
upper catchment to avoid the complexities associated with hydrological 
modelling of the large, man-made and intensively managed Putrajaya 
wetlands located further down in the catchment, as well as the extensive 
tidal influence in the lower section of the river. 

The Upper Langat study area (spanning 1022 km2) has distinct 
topographic contrasts, with a mountainous area located in the north-
eastern region and plains in the southwestern region. The eastern area is 
also densely forested (denoted by C in Fig. 1). Urban development is 
most intense in the west (denoted by A in Fig. 1), expanding southeast 
with major townships such as Kajang, Bangi and Nilai. Previous studies 
of the Upper Langat highlight problematic trends in river discharge and 
fine sediment loads due to poorly planned development (Memarian 
et al., 2012, 2014; Muhamad et al., 2015). Rapid development in peri- 
urban areas such as Semenyih and Beranang often involves clearance 
of secondary forests and agricultural land (denoted by B in Fig. 1). The 

continued expansion of urban areas in the Upper Langat threatens the 
provision of UES to the local population, which could potentially result 
in intense urban heat island effects, reduced water quality, increased 
risk of urban floods, loss of recreational spaces and adverse impacts on 
biodiversity. These issues are addressed by UES modelling presented in 
this paper. 

2.2. Overview of analyses 

Fig. 2 summarises the steps taken to model the six UES and the 
subsequent data processing and analyses. The UES modelled in this 
study are heat mitigation (HM), runoff retention (RR), sediment reten-
tion (SR), scenic quality (SQ), urban recreation (REC) and agricultural 
production (AP) (i.e. urban farming). Of these six, the RR, SR, SQ, REC 
and AP UES models estimated the realised distribution of UES by 
default. The choice of UES to focus on was based on expert knowledge 
and literature, as well as the availability of data and models. The HM 
model estimates potential service distribution, so additional steps were 
undertaken to model the realised service provision (detailed in sections 
2.4). The realised UES were normalised prior to spatial analyses (see 
2.6.1). The outcomes of the analyses were used as ecosystem service 
criteria in a spatial multicriteria analysis to identify suitable locations 
for five GI strategies: conservation of headwater areas, reforestation for 
biodiversity, development of new urban parks, conservation of existing 
urban parks and the greening of built infrastructure. The remainder of 
the methods section provides further details of the UES models (section 
2.3), the conceptual framework used to capture realised UES (section 
2.4), data sources and inputs (section 2.5), spatial analyses undertaken 
(section 2.6) and the MCA (section 2.7). 

2.3. Urban ecosystem service models 

Developed by the Natural Capital Project, the InVEST suite of models 
quantifies and maps the distribution of ecosystem services using spatial 
and environmental variables (Sharp et al., 2020). InVEST is best suited 

Fig. 1. The location and land use and cover (LULC) characteristics of the Upper Langat catchment. Vegetated areas in the catchment have been divided into 
agricultural vegetation (i.e., oil palm, rubber and other agriculture) and ‘non-agricultural vegetation’ (includes forests, parks, street greenery and vacant vegetated 
land). Areas of interest within the Upper Langat catchment are: A – dense built areas, B – agricultural areas, and C – forest reserve. 
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for analysing multiple UES as it is designed to inform decision-makers 
about natural resource management or urban GI planning (Hamel 
et al., 2021). We used InVEST version 3.8.7 (Sharp et al., 2020) to model 
HM, RR, SR, REC and AP. We used a bespoke model to capture SQ using 
the Observer Points tool on ArcGIS Pro, building on previous tools which 
use viewshed analyses (ESRI, 2020a). A summary of each UES model is 
provided in the sections below, while more detailed descriptions of how 
the models work are given in supplementary material A. 

2.3.1. Heat mitigation (HM) 
Urban green spaces have strong cooling capacities which mitigate 

urban heat island effects. The cooling effect of green spaces is a function 
of their size, with larger green spaces having stronger cooling effects 
(Richards et al., 2020; Zardo et al., 2017). The HM model calculates the 
cooling capacity of green spaces based on distance, evapotranspiration, 
shade and albedo and estimates the heat mitigation index by taking into 
consideration the cooling effect of large green spaces (Sharp et al., 
2020). 

2.3.2. Runoff retention (RR) 
Increased surface runoff retention by green spaces can prevent 

flooding, reducing threats to human life and damage to infrastructure in 
urban areas. The RR model uses the Curve Number method to calculate 
runoff production and flood attenuation based on a specified design 
storm (USDA, 2004) and estimates stormwater runoff retained in a 
catchment. 

2.3.3. Sediment retention (SR) 
Major changes in the export of sediment from a catchment due to 

land use conversion can affect soil fertility, water quality, downstream 
irrigation and in-stream biodiversity (Jones et al., 2012; Taylor & 
Owens, 2009). The SR model estimates the amount of annual soil loss 
per pixel based on the revised universal soil loss equation (RUSLE1), 
then calculates the per pixel sediment retention of the land cover rela-
tive to bare soil (Sharp et al., 2020). 

2.3.4. Scenic quality (SQ) 
Urban green spaces provide scenic and aesthetic qualities which may 

be compromised by urban development. Assuming that all vegetation 

increases scenic quality, our bespoke SQ model evaluates the percentage 
of population benefitting from scenic views of vegetation (agricultural 
and non-agricultural) based on sampled observer points (ESRI, 2020a). 
The model uses a digital surface model to capture possible visual ob-
structions resulting from the built environment. 

2.3.5. Urban recreation (REC) 
Urban green spaces provide important recreational and wellbeing 

benefits to residents. The REC model quantifies access to nature as the 
difference between green space supply and demand per pixel, which is 
used as a proxy for daily recreation. Demand for green spaces is based on 
the distance of urban populations to green spaces (Liu et al., 2022). We 
set this to 2000 m, meaning that we are only considering daily recreation 
in proximity to residents’ homes. The supply–demand balance repre-
sents the per pixel surplus or deficit of recreation service, expressed in 
m2 per capita. 

2.3.6. Agriculture production (AP) 
Conversion of land in peri-urban areas impacts agricultural produc-

tion services, and consequently local livelihoods. The AP model quan-
tifies the 95th percentile of agricultural production service of oil palm 
and rubber (the predominant agricultural land use in the Upper Langat), 
in tons per pixel per year, based on observed production yields, pre-
cipitation and temperature (Sharp et al., 2020). 

2.4. Realised ecosystem service conceptual model 

The realised distribution of an ecosystem service is a subset of the 
potential supply that is enjoyed by beneficiaries. Thus, the realised 
distribution of a service is a function of potential supply of, and demand 
for, that service. We modelled the realised distribution of the six target 
UES based on the spatial relation between the service providing unit 
(SPU), service benefitting area (SBA) and the potential scale of SBA for 
each service (Cortinovis & Geneletti, 2019), as illustrated by Fig. 3. For 
UES that have potential SBA that spans the entire upper Langat study 
area (i.e. RR, SR and AP), we considered the modelled UES to be a 
realised service. For HM, we used population distribution as a proxy for 
demand (Burkhard et al., 2014). We multiplied the output from the HM 
model by population, changing the units to ‘heat mitigation index 

Fig. 2. Flow chart of the methods applied in this study, outlining the steps taken to model the six realised urban ecosystem services, data processing and the various 
analyses conducted. The outcomes of the analyses were used as ecosystem services criteria in the multicriteria analysis for five green infrastructure strategies. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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multiplied by population in a given pixel’. By multiplying the potential 
service maps by population distribution, areas with high potential ser-
vice and high population were translated into areas of high realised 
service; conversely, areas with high potential service but low population 
became areas with low realised service. We did not apply this method for 
the SQ and REC models, as the respective models take into consideration 
both supply and demand in its evaluation. Further details of each UES 
model are provided in supplementary material A. 

2.5. Data sources and inputs 

We selected input parameter values using spatial data as close as 
possible to 2018 (when this study commenced), using the LULC as our 
reference layer. Given limitations in data availability and accessibility in 
the study area, models were parameterised based on best available data 
and local literature. When data for the study area were unavailable, we 
used data from Putrajaya, the nearest city within the Langat catchment. 
Underpinning the analysis for all of the UES modelled was a 10 m LULC 
layer composed of ten classes – built up areas, major roads, minor roads, 
non-agricultural vegetation (includes open spaces, urban forests, parks, 
street greenery, vacant vegetated land), bare soil, water, dams, oil palm, 
rubber and other agricultural land use (Danneck et al., in review). We 
also used a 15 m Digital Terrain Model (DTM) and Digital Surface Model 
(DSM) obtained from the Department of Survey and Mapping Malaysia 
(JUPEM). The model inputs were resampled to 10 m and aligned to the 
original LULC layer. All data were resampled using the appropriate 
resampling methods (categorical: nearest; continuous: bilinear). We 
delineated the Upper Langat catchment boundary using the ArcSWAT 
extension in ESRI ArcMap 10.5 (ESRI, 2020b). The complete list of data 
sources and input parameters for each model is available in supple-
mentary material B. We used a 100 m population count layer (number of 
people per pixel) to transform the heat mitigation and scenic quality 
model outputs as realised UES. The population data was obtained from 
WorldPop for 2018 and mapped using random forest-based dasymetric 
redistribution (Lloyd et al., 2019; WorldPop, 2020). 

2.6. Spatial analysis 

2.6.1. Normalisation and sample independence 
The model outputs were normalised (values between 0 and 1) using 

the following equation: 

X′
ij =

Xij − Xmin

Xmax − Xmin
(1)  

where X’ij represents the normalised value of the jth criteria in cell i, Xij 
is the raw realised UES model output of the jth criteria in cell i, and Xmin 
and Xmax respectively represent the minimum and maximum value of Xij. 
Normalisation allows for comparison between different models. 

We used the Global Moran’s I in ArcGIS Pro (ESRI, 2020a) to char-
acterise the spatial autocorrelation of ecosystem services. The spatial 
processing, analysis and visualisation of maps was conducted using 
ArcGIS Pro. 

2.6.2. Hotpot analysis 
We used the Getis-Ord Gi* statistic to quantify hotspots and cold-

spots, which respectively represent significant clustered areas of high 
and low service provision. We used the Gi* statistic over the top 10% of 
pixels method because the Gi* statistic reports hotspots/coldspots at a 
neighbourhood scale (Getis & Ord, 1992), as opposed to the top 10 % 
method which operates at a global scale. This means that hotspots/ 
coldspots are determined by comparing the magnitude of service pro-
vision of a pixel relative to neighbouring pixels, capturing areas of high/ 
low service provision with greater granularity than if hotspots/coldspots 
were defined as the absolute percentage of pixels with the highest/ 
lowest service provision across the study area (i.e., top/bottom 10% of 
pixels). The Gi* statistic distinguishes between hotspots and coldspots 
with varying significance of clustering (Li et al., 2017), so is useful for 
our purpose. 

We applied the fixed distance method for the hotspot analysis, where 
the distance band was determined by the minimum Euclidean distance 
required for each pixel to have at least one neighbouring pixel (ESRI, 
2021). The hotspot analysis was run at 100 m resolution, since the finest 
resolution of population data available for the study area was 100 m; 

Fig. 3. The links between potential service benefitting area (horizontal axis) and the spatial relations between service providing units (SPU) and service benefitting 
areas (SBA) (vertical axis) for the six modelled UES in the Upper Langat study area. The spatial relations between SPU and SBA can take four forms, as illustrated from 
top to bottom on the vertical axis: in-situ, omnidirectional, directional upstream–downstream and directional buffer. Figure . 
adapted from Cortinovis and Geneletti (2019) 
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this is also a more useful scale for characterising ecosystem services from 
the perspective of planning as it removes the fine-scale “salt and pepper” 
effects (ambiguous areas where pixels have a mix of high and low 
values) which were observed at 10 m. All subsequent analyses were also 
carried out at 100 m resolution. 

2.6.3. Overlap of multiple UES hotspots 
We summed the individual hotspot maps from the Getis-Ord Gi* 

analysis to derive the overlap of hotspots and coldspots for multiple UES 
(Falinski, 2016). We applied this analysis to visualise areas with syn-
ergistic interactions, as these areas have high or low values respectively 
across multiple UES. Hence, we did not differentiate the statistical 
confidence levels for multiple UES hotspots and coldspots. 

2.6.4. Synergies and tradeoffs 
We used Spearman’s rank correlation coefficient to identify pixel- 

scale synergies and tradeoffs between pairs of UES. The strength of 
correlation between UES is expressed by the Spearman’s correlation 
coefficient, rs (high values indicate stronger correlations) and signifi-
cance is taken as p < 0.05. The direction of correlation, positive and 
negative, indicates synergy or tradeoff between ecosystem services. We 
performed the pairwise correlation test using the ‘Raster’ package in R 
version 4.02 (R Core Team, 2020). 

2.6.5. Cooccurrence of UES 
The cooccurrence of UES was quantified by applying a median 

threshold to each service, where values above the median value denote 
the presence of an ecosystem service and values below the median 
denote absence (Bai et al., 2011; Pan et al., 2020). These binary layers 
were summed to derive the cooccurrence of UES, which is the number of 
UES present in a given pixel. 

2.7. Multicriteria analysis 

The results of the ecosystem service modelling were used to conduct 
the MCA. The objective of this part of the work was to identify suitable 
locations for (a) conservation of headwater areas, (b) reforestation for 
biodiversity, (c) conservation of existing urban parks, (d) development 
of new urban parks and (e) greening of built infrastructure (impervious 
surfaces). These five GI strategies were selected based on the common 
existing green space types found in the study area. We selected GI 
strategies that were most relevant in providing the six modelled UES. 

Green spaces in the Upper Langat include recreational forests 
(including parts of forest reserves with public access) and urban parks of 
different sizes (extending from small neighbourhood parks to larger 
community parks). As such, we selected ‘reforestation for biodiversity’, 

‘conservation of existing urban parks’ and the ‘development of new 
urban parks’ as GI strategies. For urban parks, we differentiate between 
existing urban parks that should be prioritised for conservation and 
areas that are most suitable for the development of new urban parks. We 
included the ‘conservation of headwater areas’ as a GI strategy to pro-
mote the conservation of soil and hydrological ecosystem services. In 
order to increase green cover on smaller scale impervious surfaces, we 
included the ‘greening of built infrastructure’. Examples of this include, 
but are not limited to, green roofs, street trees, green walls and gardens. 
This GI strategy is particularly relevant in dense urban areas where 
vacant space for large GI strategies is limited. Further justification for 
the choice of each GI strategy is provided in supplementary material C. 

We used physical constraints and ecosystem services-based criteria 
to produce suitability maps for each GI strategy (Table 1). We selected 
physical constraints based on land use/cover (includes distance to a land 
use/cover) to determine where a specific GI strategy could be imple-
mented. The physical constraints delineate strict area boundaries within 
which a GI strategy could be implemented. Areas outside the physical 
constraint were considered unsuitable for GI strategy implementation. 
Based on the types of UES that could be provided by the GI strategy, we 
used the hotspot maps derived in sections 2.6.2 and 2.6.3 as ecosystem 
services-based criteria. As the ‘reforestation for biodiversity’, ‘conser-
vation of headwater areas’ and ‘greening of built infrastructure’ strate-
gies have the potential to provide all six modelled UES, we used the 
‘overlap of hotspots’(sum of the six UES hotspots maps in section 2.6.3) 
as the criterion for these GI strategies. For the ‘conservation of existing 
urban parks’ and ‘development of new urban parks’, where the agri-
cultural production UES was not considered to be a feasible outcome, we 
used the individual UES hotspot maps for the other five UES modelled 
(hotspot maps from section 2.6.2). Though the overlap of hotspots and 
cooccurrence of UES maps show similar patterns (i.e., overlap hotspots 
coincided with areas of high UES cooccurrence and vice versa), we 
selected the ‘overlap of hotspots’ map (rather than the ‘cooccurrence of 
UES’ map) as the criterion for the suitability analysis. This is because the 
‘overlap of hotspots’ map captures the magnitude of a pixel’s service 
provision relative to its neighbouring pixels, unlike the cooccurrence 
map which simply denotes the sum of UES presence/absence. 

To indicate suitability, each criterion was assigned a positive (+) or 
negative (− ) sign. A positive sign was assigned to areas where GI stra-
tegies need to protect existing high service provision. Conversely, a 
negative sign was assigned to areas which had low service provision and 
therefore could benefit from conversion to GI. The ‘conservation of 
headwater areas’, ‘reforestation for biodiversity’ and ‘conservation of 
existing parks’ would be prioritised for areas of high realised service 
provision, while the ‘development of new urban parks’ and ‘greening of 
built infrastructure’ strategies would be prioritised for areas of low 

Table 1 
Constraints and criteria used to derive the suitability maps of the five green infrastructure strategies.  

GREEN INFRASTRUCTURE (GI) STRATEGY PHYSICAL CONSTRAINTS ECOSYSTEM SERVICES-BASED CRITERIA (Sign) 

1. Conservation of headwater areas  • Vegetation, rubber, oil palm, other agriculture, bare 
soil  

• Overlap of hotspots (+) 

2. Reforestation for biodiversity  • Non-forest vegetation  
• Area threshold (≥10 ha)  

• Overlap of hotspots (+) 

3. Conservation of existing urban parks  • Existing parks  • Heat mitigation hotspots (+)  
• Urban recreation hotspots (+)  
• Sediment retention hotspots (+)  
• Runoff retention hotspots (+)  
• Scenic quality hotspots (+) 

4. Development of new urban parks  • Non-forest reserve vegetation, bare soil, oil palm, 
rubber, other agriculture  

• 500 m distance threshold from built areas  

• Heat mitigation hotspots (− )  
• Urban recreation hotspots (− )  
• Sediment retention hotspots (− )  
• Runoff retention hotspots (− )  
• Scenic quality hotspots (− ) 

5. Greening of built infrastructure (impervious 
surfaces) – through the implementation of gardens, 
green walls and roofs, etc.  

• Built area  • Overlap of hotspots (− )  
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realised service provision. All criteria were normalised from 0 to 1 using 
equation (1) (for criterion assigned a positive direction) and equation 
(2) (for criterion assigned a negative direction) (Wang et al., 2017). 

X′
ij =

Xmax − Xij

Xmax − Xmin
(2)  

where X’ij represents the normalised value of the jth criteria in cell i, Xij 
is the value of the jth criteria in cell i, while Xmin and Xmax respectively 
represent the minimum and maximum value of the jth criteria. 

Finally, the physical constraints and ecosystem services-based cri-
terion/criteria for each GI strategy were synthesised using the geometric 
mean (Equation (3)) to produce suitability maps (Li et al., 2021). 

Suitabilityxy
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∏n

i=1
ai

n
√

(3)  

where Suitabilityxy represents the average suitability of pixel y for GI 
strategy x, with the value between 0 and 1. n is the number of criteria to 
average and ai is the ith criteria (normalised to values between 0 and 1). 

3. Results 

3.1. Spatial distribution of UES 

The spatial distribution of the six realised UES and the corresponding 
hotspots and coldspots are illustrated in Fig. 4. All UES exhibited posi-
tive spatial autocorrelation (p < 0.01) and the hotspots and coldspots of 
UES showed significant clustering. In dense urban areas (A in Fig. 4), we 
found hotspots for HM and coldspots for RR and REC. Hotspots for SQ 
were scattered across high elevation areas of the catchment, while small 
patches of hotspots for REC were scattered in semi-natural areas (C in 
Fig. 4). Hotspots for RR and SR were wide-spread in C, while hotspots for 
AP were largely located in the agricultural areas (B in Fig. 4). 

The provision of each realised UES was quantified for the Upper 
Langat catchment. The catchment was estimated to retain 73.5 million 
m3 of stormwater runoff per storm event and 420 million tons of sedi-
ment (compared to bare soil) per year for the population within the 
catchment. The production yield of oil palm and rubber were estimated 
respectively at 267,184 tons and 13,446 tons per year for the population 

within the catchment. Of the total population in the catchment, an 
estimated mean of 1.25% benefit from scenic views, though the intensity 
of service varies across the catchment (SD = 6.65). The urban recreation 
service was found to be at a mean deficit of 143 m2 per capita per 100 m 
by 100 m area (the target was 20 m2 per capita). The heat mitigation 
index had a mean value of 5.6 per population in a given pixel and a high 
standard deviation (SD = 9.25), indicating much variability. 

3.2. Synergies and tradeoffs 

The pixel-scale correlation between UES is shown in Fig. 5. All 
pairwise correlations, except for the correlation between REC and AP, 
showed significant synergies and tradeoffs (p < 0.01). Strong synergies 
were observed between RR and SR (0.67), while strong tradeoffs were 
found between HM and REC (− 0.88) as well as HM and RR (− 0.60). REC 
displayed strong synergy with both RR (0.60) and SR (0.64), while RR 
showed weak tradeoffs with AP (− 0.28). SQ and SR displayed a weak 
synergy (0.11). 

3.3. Overlap of service hotspots and cooccurrence 

Maps illustrating areas of overlap of multiple service hotspots and 
cooccurrence are shown in Fig. 6. The overlap was highest in the 
catchment headwaters. Dense urban areas (A) consisted largely of 
coldspots for multiple UES, while hotspots for multiple UES were scat-
tered across the catchment though were most concentrated in forested 
area (C). Most parts of the catchment had only one UES per pixel, though 
the edges of dense urban areas had between four to five UES per pixel. 
There were few to no cooccurring UES (between zero and one service per 
pixel) in agricultural area (B), while forested areas had between two to 
four UES per pixel. 

3.4. Multicriteria analysis 

Fig. 7 shows the suitability maps for the five GI strategies in the 
Upper Langat catchment. The results suggest that the two most north-
eastern subcatchments were most suitable for headwater conservation. 
Areas adjacent to existing forest reserves in the center of the catchment 

Fig. 4. The spatial distribution of the (a) six realised urban ecosystem services: heat mitigation (HM), runoff retention (RR), sediment retention (SR), scenic quality 
(SQ), urban recreation (REC) and agricultural production (AP) after rescaling (values between 0 and 1); and (b) the corresponding hotspots and coldspots of service 
distribution (based on the Getis-Ord Gi* statistic) for the UES in (a). Areas of interest: A – dense built area, B – agricultural areas, and C – forest reserve. 
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Fig. 5. Pixel-scale pairwise correlation between realised urban ecosystem services using Spearman’s correlation coefficients for heat mitigation (HM), runoff 
retention (RR), sediment retention (SR), scenic quality (SQ), urban recreation (REC) and agricultural production (AP). We conducted the analysis using the modelled 
distribution of realised UES, standardised to values between 0 and 1. All correlations were significant at p = 0.01, except for the correlation between REC and AP, 
which was not significant (p > 0.1). 

Fig. 6. (a) The overlap of hotspots and coldspots for multiple urban ecosystem services (by summing the six individual urban ecosystem service hotspot maps); and 
(b) the cooccurrence of UES (the number of urban ecosystem services per pixel). Areas of interest: A – dense built area, B – agricultural areas, and C – forest reserve. 
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were most suitable for reforestation efforts, while the southern parts of 
the catchment (B in Fig. 7) appear most suitable for the development of 
new urban parks. The dense urban areas (A in Fig. 7) were most suitable 
for the conservation of existing urban parks and greening of built 
infrastructure. Some parts of the catchment were suitable for the 
implementation of more than one type of GI, indicated by the overlap 
between suitable areas for reforestation and development of new urban 
parks in the center of the study area, adjacent to existing forest reserves. 
Areas in the northeast (C in Fig. 7) were generally not identified for GI 
strategies, as these areas were far from residents and/or already 
forested. 

4. Discussion 

4.1. Identifying areas for green infrastructure in heterogenous, 
multifunctional urban landscapes 

Assessments of UES tend to describe the spatial distribution of UES, 
but often fall short of providing specific recommendations to planners 
(Longato et al., 2021). Spatial multicriteria analysis has been widely 
applied outside of the ecosystem services field to support planning 
(Wang et al., 2017; Li et al., 2021), but our approach of integrating this 
method with multiple UES assessment derived from biophysical models, 
may be more useful to planners in undertaking ecosystem services-based 
planning. Our case study in the Upper Langat catchment illustrates the 
usefulness of such assessment in multifunctional (peri-)urban areas, 
where the modelling approach needs to address the spatial heteroge-
neity associated with a gradient in urban development, from urban, peri- 
urban to rural/natural areas across a topographically complex landscape 
(hills to the northeast and flatter plains further west). Characterising 
UES in such a location can be challenging due to the different spatial 
scales of service supply and demand as well as the GI strategy re-
quirements that need deliberation. The methods applied in this case 
study are especially useful for supporting the management of other, 
similarly heterogenous landscapes, which are likely to become more 
common as urbanisation in the developing countries of the Global South 

continues to accelerate (Nagendra et al., 2018). 
In the Upper Langat catchment, the overlap of coldspots seen in area 

A (Fig. 6b) indicate a lack of service provision in densely populated areas 
and is likely driven by the lack of GI. Identifying existing GI, including 
greenfields at the peripheries and within the urban matrix, before they 
are lost to development is key for management in these areas (Lechner 
et al., 2020). The high provision of multiple UES in the semi-natural 
areas (C) (i.e., overlap of hotspots and high cooccurrence of UES) was 
expected given the dense vegetation of the forest reserve here. We note 
that the scale of the SBA of an UES plays a key role in its realised spatial 
distribution. The high provision of HM in A is only utilised by people 
nearby (smaller scale of SBA; see Fig. 3), while the high provision of UES 
in C (RR and SR) benefit people throughout the catchment; thus, it is 
evident that the benefits of these UES are realised at different scales, 
which in turn influences the collective realised distribution of multiple 
UES (Cortinovis & Geneletti, 2019). 

The spatial relationships between SPUs and SBAs and the definition 
of demand pose a challenge in capturing and conceptualising realised 
UES. The realised value of an UES often increases the more it is in de-
mand or utilised, even if its supply decreases (Dworczyk & Burkhard, 
2021). For example, the potential SQ service in a town may decrease due 
to urban expansion resulting in a less visually-appealing landscape, but 
realised SQ service may increase as the total number of beneficiaries in 
the town increase (Jones et al., 2016). In addition, in some cases, such as 
the REC service, realised UES is degraded as population increases (urban 
nature per capita decreases) whereas in other cases, such as HM, realised 
value increases (more people benefit from heat mitigation). Hence, some 
synergies and tradeoffs appear counterintuitive, such as HM which is 
inversely correlated with REC. This is due to the definition of demand 
(number of people benefiting, in the case of HM, or meeting a per capita 
policy standard, in the case of REC). This influences how population 
distribution was used to model realised UES, where HM was multiplied 
by population while in the REC model, population was the denominator. 
Nonetheless, we believe the concept of realised UES still has utility, 
especially in high population urban ecosystems where it is important to 
distribute UES in response population needs. 

Fig. 7. Suitability maps for the implementation of five green infrastructure: (a) conservation of headwater areas, (b) reforestation, (c) conservation of existing urban 
parks and development of new urban parks and (d) greening of built infrastructure. ‘High’ and ‘low’ on the legend bars indicate the magnitude of suitability (i.e., high 
and low suitability respectively). Areas of interest: A – dense built area, B – agricultural areas, and C – forest reserve. Note: The suitability maps for the ‘conservation 
of existing urban parks’ and ‘development of new urban parks’ were derived individually and visualised in a single map. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Some parts of the study area were suitable for the implementation of 
more than one type of GI and, as such, selecting the appropriate GI 
strategy must consider the varying degree of urban development in the 
area and the implication of these strategies for local communities 
(Fig. 8). The development or conservation of urban parks and the 
greening of built infrastructure should be targeted in dense urban areas 
(A1 in Fig. 8) where these strategies benefit a large urban population 
(Elmqvist et al., 2015). The greening of built infrastructure is especially 
suitable in dense urban areas where GI strategies are likely to be 
developed in the future but vacant land for greening is limited (Rigolon 
et al., 2018). For greening areas in B1 in Fig. 8, we recommend the 
development of new urban parks as other GI strategies are less suitable. 
The most appropriate greening efforts in C1 in Fig. 8 may be headwater 
conservation and reforestation, as it would preserve the naturalness of 
the forest reserve and livelihood of the indigenous people known to 
reside there (built areas in C1 Fig. 8). While some of these recommen-
dations are driven by spatial constraints (e.g., development of urban 
parks is limited to places outside forests or protected areas), they allow 
us to understand tradeoffs between UES at the fringe of existing urban 
areas at a finer scale. 

4.2. Considerations for GIS modelling of multiple UES to support planning 

In this section, we highlight several considerations in adapting our 
approach for use in other urban landscapes. In assessing multiple UES, 
the choice of hotspots analysis will determine the pixel-scale suitability 
of each GI strategy as selected individual or sum of service hotspots are 
used as ecosystem service-based criteria in the MCA. We applied a local 
hotspot analysis (Getis-Ord Gi*) as it provides a means of capture clus-
ters of hotspots which are higher or lower than neighbouring areas 
(Schröter & Remme, 2016). This was especially important for SR and 
REC, which would have been lost in a global hotspots analysis (e.g. top 
10% of pixel values) (Fig. 4). We also normalised UES values to allow for 
relative comparisons, as the UES had different minimum and maximum 
values which were not equivalent (i.e., it is physically impossible or 
unlikely for some UES to have a zero value such as HM) (Maes et al., 
2012). We acknowledge that the interpretation of UES values will be 

impacted by the Getis-Ord Gi* hotspot analysis and normalisation. 
However, it is also important to note that comparisons between UES 
values are complicated by the complex non-linear relationships between 
UES and values (Guswa et al., 2014). 

Additional considerations when selecting ecosystem services-based 
criteria and physical constraints include relevant economic, structural 
and institutional factors (Langemeyer et al., 2020) and limitations 
associated with data and models (Bayani & Barthélemy, 2016). While 
these factors have not been considered in our study, they are highly 
likely to influence the implementation of GI strategies. The criteria in 
this study were assigned equal weights; however, in other cases it may 
be preferable to assign different weights to criteria to reflect preferences 
for specific UES (Martínez-López et al., 2019). It is also worth noting that 
the selection of GI strategies in our study was constrained by the pre-
cision of the modelling (i.e., GIS input data) and scale of our study (i.e., 
100 m pixel size) (Guswa et al., 2014). As such, we could not make 
recommendations for specific types of GI measures, such as bioswales 
versus street trees, especially within the urban matrix. However, given 
the important role that large, vegetated patches have in providing 
ecosystem services in tropical cities due to the considerable number of 
remnant natural areas remaining (e.g., urban forests, parks, trees on 
vacant but vegetated land), these larger urban green spaces are likely to 
be the most ubiquitous GI measure for UES provision. Such larger 
patches are well captured at a 10 m resolution through the ‘non-agri-
cultural vegetation’ class in the LULC (Fig. 1, supplementary material 
B). Furthermore, due to cost and technical challenges, the application of 
more highly engineered GI measures like bioswales is still quite rare. 
Finally, our mapping should be considered as a first step in supporting 
decision-making by identifying the general locations where GI strategies 
should be targeted. Subsequent fieldwork and local community 
engagement is needed to evaluate and choose the most appropriate local 
measures (Burkhard & Maes, 2017). 

Our study represents a rare application of the scenic quality model to 
urban environments. Nevertheless, we acknowledge the uncertainties 
introduced by the parameters used for all our models (see supplemen-
tary materials B), which were derived from regional or global literature 
due to data limitations in the region and modelling realised UES based 

Fig. 8. Selected images comparing the suitability of five green infrastructure types for areas with varying degree of urban development: dense built areas (A1), 
developing areas (B1) and semi-natural areas (C1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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on population sizes (Dang et al., 2021). We also acknowledge the limi-
tations presented by non-calibrated ecosystem service models. These 
drawbacks can be addressed through additional field-based data 
collection to calibrate parameters and validate model estimations. Also, 
due to the complexity of certain ecosystem services and a lack of data 
over larges extents, some models, in particular, recreational services 
(REC) may lack precision, and indeed only represent a realised UES 
through a proxy. However, most of the models parameterised in this 
study are novel to the region, so our work contributes to the limited but 
growing body of UES knowledge in tropical Southeast Asia (Lourdes 
et al., 2021), and demonstrates that such an approach could be used in 
other data poor urban regions in the Global South. 

5. Conclusions 

This study provides a rare application of a systematic method for 
integrating the outcomes of multiple UES assessments to support GI 
planning in rapidly developing multifunctional urban areas. The novel 
approach combines biophysical ecosystem service models with MCA to 
first characterise the spatial distribution of multiple UES, then identify 
areas where GI should be targeted. The results of our realised UES 
assessment highlight hotspots and coldspots as well as synergies and 
tradeoffs for the provision of multiple UES, accounting for the complex 
spatial characteristics of UES supply and demand in the rapidly chang-
ing tropical study catchment. The suitability maps were derived using 
ecosystem services-based criteria to provide spatially explicit recom-
mendations on locations for GI conservation or development, addressing 
the gap between UES assessments and its application in urban planning. 
This overall approach is especially useful for characterising UES in 
rapidly urbanising and spatially heterogeneous urban landscapes such as 
those in the Global South, but it can also be adopted to support sus-
tainable land use management in urban areas globally. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.landurbplan.2022.104500. 
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