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Abstract Urban populations benefit greatly from the

ecosystem services provided by urban green and blue

spaces. While the equity of provision of and access to

urban green and blue spaces has been widely explored,

research on equity of ecosystem service provision is

relatively scant. Using household level data, our study

aims to assess the supply equity of five regulatory

ecosystem services in Singapore. We employed linear

mixed-effects models and Hot Spot Analysis to analyze

their distributional equity across individual households of

various demographic characteristics (horizontal

inequality), and calculated Gini coefficient for the

distribution of PM10 removal service among households

categorised into demographic subgroups (vertical

inequality). Our results show little evidence of

inequitable ecosystem service provision among

Singapore’s diverse socio-demographic groups. This can

be attributed to the early integration of environmental

management strategies and meticulous socio-economic

desegregation efforts into urban development plans,

which maximised provision and maintenance of urban

green spaces to all residents.

Keywords City design and planning � Ecosystem service

equity � Environmental justice � Sustainable development �
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INTRODUCTION

Current understanding of urban green and blue

spaces and their ecosystem services

Urban green and blue spaces (UGS) and their roles in

providing regulatory ecosystem services are vital to the

improvement of human well-being (Elmqvist et al. 2015;

Brzoska and Spā _ge 2020). These ecosystem services in turn

contribute to the sustainability and liveability of cities that

are projected to be home to more than five billion people

globally by 2030 (United Nations et al. 2019). As the urban

landscape becomes the predominant type of settlement for

the world population (Haase et al. 2014; Tan et al. 2020),

the diminishing extent of UGS as a result of urban

expansion and densification is becoming a great cause for

concern. Global policy frameworks have attempted to

secure greater provision of urban ecosystem services in

future cities; most notably, the United Nations Sustainable

Development Goals (SDG) included SDG11 Sustainable

Cities and Communities (Make cities and human settle-

ments inclusive, safe, resilient and sustainable), which

gives impetus to pursue sustainable urban development

inclusively and justly (Capon 2017; United Nations 2017;

Scherer et al. 2018). As a consequence, cities face the dual

challenge of providing sufficient UGS to enhance climate

resilience, as well as uphold environmental justice by

providing urban ecosystem services equitably (Haaland and

van den Bosch 2015).

Ecosystem services (ESs) are goods and services provided

by the natural landscapes that directly benefit human well-

being through their natural functions and biophysical char-

acteristics (Haines-Young and Potschin 2017). These benefits

support human well-being materially or immaterially, and are

broadly categorised into provisioning, regulation and
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maintenance (simplified as ‘‘regulatory’’ hereafter), and cul-

tural services (Haines-Young and Potschin 2017). In an urban

landscape, ESs are usually provided for by UGS such as

forests, grasslands, managed trees, and waterbodies. Fol-

lowing the recent climate discourses on environmental pres-

sures and their impact on human well-being particularly in

cities (Capon 2017; Cox et al. 2018), the ES approach has

been slowly but increasingly integrated into urban planning

strategies to mitigate urban environmental challenges (Han-

sen et al. 2015; Cortinovis and Geneletti 2018). For instance,

an ES approach to urban heat island (UHI) effect mitigation is

most often done through an increase in urban vegetation and

canopy coverage (Akbari et al. 2016; Aflaki et al. 2017;

Onishi et al. 2010), which contributes to thermal comfort

especially in compact cities (Chow and Roth 2006a, b; Wang

et al. 2016), therefore reducing heat-related illness. Urban

vegetation can also be a cost-effective mitigation tool for air

and noise pollution reduction through their air quality regu-

lation and noise absorption abilities (Quah and Boon 2003; De

Carvalho and Szlafsztein 2019). Restoration of existing urban

drainage networks through vegetation incorporation and

increasing perviousness of the urban landscape by adding

vegetation are also strategies incorporated into urban flood

prevention systems, reducing flood risks and guarding the

safety of urban dwellers (Chan et al. 2018; Liao 2019;

Lourenço et al. 2020; Miguez et al. n.d.).

The concept of environmental justice and current

status in research

Despite the growing recognition of urban regulatory ESs,

the resources expended on UGS development and the

resulting benefits are usually uneven and environmental

injustice often prevails in cities through the dispropor-

tionate distribution of air and water pollution (Boyce et al.

2016), and the availability and access to UGS (Fernández-

Álvarez 2017; Rigolon et al. 2018; Biernacka and Kro-

nenberg 2019; Geneletti et al. 2020; Wu et al. 2020). This

is in part due to the fact that while urban planners opera-

tionalise the ES approach in the process of building greener

urban landscapes, much of these efforts are dependent on

the willingness and financial priorities of the local

authorities, and the communities’ motivation for environ-

mental stewardship from the ground up (Ernstson 2013;

Biernacka and Kronenberg 2018; Andersson et al. 2019;

Langemeyer and Connolly 2020).

The concept of environmental justice entails distribu-

tional equity, procedural equity, recognitional equity and

contextual equity which extends beyond equality, but

examines the ethical fairness of resource distribution

(Friedman et al. 2018; Kronenberg et al. 2020). Distribu-

tional equity is a frequently examined concept of environ-

mental justice, which seeks the just and fair distribution of

resources (Tan and Samsudin 2017; Friedman et al. 2018;

Nyelele and Kroll 2020). In our study, we focused on the

distributional equity of urban ESs and the distribution of

opportunity to receive ES benefits provided by UGS in

Singapore regardless of the socio-demographic characteris-

tics of locality of residence of an individual. Our study

considered individuals who belong to ethnic minorities, live

in lower-tier housing and earn lower monthly household

income as socially disadvantaged due to their potential

lower power of choice or underrepresentation in a society.

Environmental inequity commonly manifests as a result

of socio-economical classism or racism (Downey 2005).

On the socio-economical dimension, past studies on equity

of UGS availability and access have discovered trends of

park provisions concentrated in areas dominated by the

wealthier, older and more educated population (Heynen

2003; Fernández-Álvarez 2017; Venter et al. 2020; Wu

et al. 2020). Economically disadvantaged neighbourhoods

also consistently face a disproportionately greater risk of

natural hazards and air or water pollution (Fielding and

Burningham 2005). On the racial dimension, minority

communities such as the Black, Hispanic or Asian popu-

lation, particularly in the United States, also face higher

exposure to environmental pollution (Morello-Frosch

2002; Newell 2005; Bravo et al. 2016; Grineski et al. 2017)

and lower quantity and quality of UGS (Heynen et al. 2006;

Sister et al. 2010). Marginalised ethnic communities and

economically disadvantaged populations often experience

greater levels of environmental ills, and fewer opportuni-

ties to interact with nature due to geographical limitation or

segregation of residential location (Newell 2005; Kelly-

Reif and Wing 2016; Cole et al. 2017; Schell et al. 2020).

Therefore, these groups often derive a lower level of

environmental benefits, and suffer from disproportionately

higher exposure to health risks and poorer quality of life

(Downey 2005; Heynen et al. 2006).

Urban environmental equity has been widely studied

mainly through the aspects of UGS provision and access

(Fernández-Álvarez 2017; Venter et al. 2020; Wu et al. 2020).

In contrast, equity in the provision of the many ESs provided

by UGS has been largely overlooked. One exceptions is a

study by Nyelele and Kroll (2020) that found that higher

disparities among various demographic groups in the mone-

tary value of carbon-related ESs compared to that of runoff

avoidance and PM2.5 removal rate in the Bronx, New York

City. Riley and Gardiner (2020) also looked explicitly at ESs,

demonstrating a negative correlation between social disad-

vantage and the monetary value of several ESs provided by

urban forests in nine U.S. cities. Both studies highlight the

importance of contextualising ES equity and its implications

on a local scale to better inform urban planning strategies.

In addition, a limited number of existing studies on city-

wide urban environmental equity exhibit spatial
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explicitness through recognising UGS’s provision of a

variety of ESs at different spatial scales, depending on the

landscape composition (Fisher et al. 2009; Beichler et al.

2017; Tan et al. 2020). Existing city-scale assessments

often lack the site-specific details of social equity or eco-

logical performance to inform targeted policy solutions for

urban well-being and climate resilience improvements

(Demuzere et al. 2014; Pandeya et al. 2016). Assessing the

equity of urban ES supply at a local, household level is thus

the natural next step to the preceding UGS availability and

accessibility assessments.

Aims and objectives

While urban environmental equity studies typically reveal

disproportionate distribution of environmental resources, in

a recent study by Nghiem et al. (2021), evenly distributed

UGS availability was observed among Singapore residents.

This finding is atypical in comparison to UGS equity

assessments in other countries, and underscored the role

that historical urban planning has played in aiding the

preservation of UGS equity. Given the potential of urban

UGS in providing urban ESs beneficial to human well-

being, our study aims to build on Singapore’s case of UGS

equity to contribute to the still nascent state of distribu-

tional ES equity studies using Singapore as a case study.

While we acknowledge that procedural, recognitional and

contextual equity also contribute to environmental equity,

discussions in these aspects are beyond the scope of the

present study as these forms of equity exhibit ambiguity

when analysed spatially. Therefore, our study aims to first

establish the status of environmental equity in Singapore as

it has not been systematically studied on the subject of

ecosystem services.

By assessing the distribution of five regulatory ESs in

Singapore at the household level, this paper aims to

investigate if the respective supply of particulate matter

(PM10) removal rate, runoff retention rate, soil erosion

reduction potential, temperature reduction due to presence

of vegetation (hereafter ‘‘temperature change’’) and noise

abatement services provided for by UGS are.

(1) equitably distributed relative to the spatial distribu-

tion of Singapore residents

(2) equitably distributed among Singapore residents of

various demographic characteristics.

With the conscious shift towards a more sustainable and

equitable development driven by SDG11, the case of

Singapore can provide insights into the effective environ-

mental management for urban tropical cities and inform

relevant urban planning strategies to ensure environmental

sustainability, social inclusiveness and equity in the

development of a multi-cultural society.

MATERIALS AND METHODS

Singapore as an urban case study

With a population density of 7810 people per km2

(Department of Statistics 2020), Singapore is the second

densest country in Southeast Asia (The World Bank, n.d.),

housing a pluralistic urban society of varied socio-eco-

nomic status and demographic characteristics. Singapore is

a city state which has urbanised in a short span of 50 years,

growing from a nation dominated by rural settlements to a

developed nation of 100% urban population (United

Nations et al. 2019). Singapore has a substantial home

ownership rate of 90.4%, where 95% of home owners

reside in public housing flats (HDB flats) developed by the

Housing and Development Board (HDB) or private con-

dominiums, and only 5% of home owners live in landed

properties (Department of Statistics 2021). The composi-

tion of dwelling type indicates that only a small portion of

Singapore residents residing in landed properties have the

ability to increase UGS around their houses to improve the

supply of regulatory ESs, but the remaining majority rely

more heavily on the private developers or government-led

developments to improve and maintain the surrounding

landscapes (Nghiem et al. 2021). While the rapid devel-

opment has replaced the majority of Singapore’s original

forest cover with urban infrastructure, the issue of the

diminishing natural landscape was recognised since the

1960s. The 1967 Garden City initiative subsequently

marked the beginning of Singapore’s commitment towards

an environmentally conscious development (Tan et al.

2013). The initiative has since evolved into the City in a

Garden strategy in 2003 and most recently the City in

Nature vision in 2020 (Carrière et al. 2020).

Environmental management strategies have been inte-

grated into Singapore’s extensive urban planning efforts

as the nation aims to be among the greenest and most

liveable cities in the world (Leitmann 1999; Tan et al.

2013). Ongoing environmental management strategies

include the restoration of the environment and natural

functions of the water bodies (Han 2017; Liao 2019).

Singapore is also focusing its environmental management

strategies on improving the availability, accessibility and

connectivity of the green and blue spaces across the island

(Yeo 2019). Efforts in construction of neighbourhood

parks, planting of street trees and extension of park con-

nector networks built up a city of close to 50% green

cover (Tan 2006; Han 2017), achieving a landscape

allowing more than 80% of households living within

10-min walk of a park (Ministry of the Environment and

Water Resources 2016).

Singapore has devoted substantial efforts into urban and

environmental management. However, the city could still
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be susceptible to urban environmental injustice due to the

highly pluralistic demographics in terms of socioeconomic

status and ethnicity (Lim et al. 2019). Racially, the Sin-

gapore population is dominated by Chinese (75.9%), a

sizeable minority of Malays (15.1%) and Indians (7.4%),

and other ethnicities including Caucasian, Eurasian and

other (1.6%) (Prime Minister’s Office et al. 2021). Socio-

economically, Singapore’s income distribution is moder-

ately unequal with a Gini coefficient of about 0.402, and an

average monthly household per capital income ratio of 23.8

between the top versus bottom 10% population as of 2018

(Peng 2019). A relatively equitable distribution of regula-

tory ESs could therefore ensure that regardless of socio-

demographic background, no particular community will be

unfairly disadvantaged or privileged in the provision of

ESs that support the maintenance of urban human well-

being.

Mapping ecosystem service provision

We focused on five distinct regulatory ESs including PM10

removal rate, runoff retention rate, soil erosion reduction

potential, temperature change and noise abatement. The

supply of these ESs at a national level were modelled using

various spatial characteristics and climate scenarios using

the R programming language (details on the specific

mapping of ESs are provided in the Supplementary Infor-

mation). The ES models used in this study have been

published open-source, as part of the NCS2020 package for

the R statistical computing language (Richards et al. 2021).

An outline of the conceptualisation of the ES models is

described in the following sections. Further details on the

procedures are provided in Appendix Table S9 and the R

package documentation (Richards et al. 2021).

PM10 removal rate

The air quality regulation service is expressed as the

amount of PM10, sized between 2.5 and 10 lm, removed by

vegetation per m2 of an area per day. In Singapore, PM10 is

a major air pollutant, mainly contributed by industrial and

vehicular emissions, and periodic transboundary haze (Li

and Tartarini 2020; Zhu et al. 2020; National Environment

Agency 2021). Although other air pollutants such as NO2

and SO2 from road traffic could also be accounted for in air

quality approximation, they are comparatively lower in

concentration and have less pronounced health implica-

tions (Yap et al. 2019; Zhu et al. 2020). PM10 removal was

modelled under the conditions of no precipitation and rel-

atively high ambient PM10. The final model was developed

and adapted from established ES modelling studies per-

formed in the urban context (Zinke 1967; Gryning and

Chaumerliac 1998; Escobedo and Nowak 2009; Manes

et al. 2014; Bottalico et al. 2016)

To calculate the total PM10 removed over a period of

one day, data on PM10 deposition flux and resuspension

rate, PM10 concentration and leaf area index (LAI) were

collected. Standard values for the PM10 deposition flux

and resuspension rate were used following that estab-

lished in previous urban ES modelling studies under

similar urban parameters. The annual 99th percentile daily

(24 h) average PM10 concentration of 84 lg per m3 was

used as the constant value for PM10 concentration

throughout Singapore (National Environment Agency

2020). This average value was observed over the period

between 1994 and 2014; this represents a relatively high

exposure to PM10 in Singapore. As the model used was

multiplicative in nature, PM10 removal rate would scale

linearly with changes in the reference concentration.

Thus, the choice of reference concentration would not

influence relative spatial variation in the estimation. The

leaf area index was parameterised for all land areas

covered by trees. For tree canopy above 2 m in height, the

LAI was taken from a national LAI map developed using

remote sensing (Richards and Wang 2020a, b). The LAI

for vegetation cover with canopy height below 2 m was

modelled using a coarse national map of vegetation height

under the assumption that leaf density is evenly dis-

tributed throughout the tree canopy (Dissegna et al. 2019).

For other vegetation cover without tree canopy, a mini-

mum LAI of 2 was assigned following the URA LUSH

programme guidelines (Urban Redevelopment Agency

2014).

Runoff retention rate

The runoff retention rate represents rainfall runoff pre-

vented by an ecosystem, denoted using curve number

(USDA 1986). This was modelled using a ‘‘large storm’’

precipitation condition in Singapore ([ 70 mm/h) to better

represent the extent of runoff retention service provided by

our urban ecosystem (Chow et al. 2016). We assumed that

the precipitation condition was uniform over Singapore.

With increasing frequency of high intensity precipitation

events in Singapore, the annual maximum hourly rainfall

recorded reached 110 mm/h in 2010. This value was

therefore used as an input in our model to simulate the

extent of an extreme rainfall event.

Subsequently, we used the USDA guidelines (USDA

1986) which provide the curve number assigned to 13

different classes of land use and four soil types (Table S1).

All urban soils were assumed to have low quality soil (soil

D) and all forests soils were assumed to have high quality

soil (soil A).
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Soil erosion reduction potential

The soil erosion reduction potential is expressed as the

difference between the total actual soil loss and the potential

soil loss assuming an absence of vegetation. We followed

the method proposed by Guerra et al. (2014) for modelling

soil erosion reduction potential using an adapted version of

the Universal Soil Loss Equation (USLE) (Wischmeier and

Smith 1978). The actual soil loss was estimated using USLE

with data on rainfall runoff factor, topographic factor, soil

erodibility factor and vegetation cover factor. The potential

soil loss was modelled using the same method except in the

absence of vegetation cover factor.

The rainfall runoff factor was obtained from a global

dataset on erosivity (Panagos et al. 2017). The topo-

graphic factor was measured as the soil erosion tendency

of the landform, calculated from the digital elevation

model designed to facilitate USLE integration (Moore and

Burch 1986). The soil erodibility factor was modelled

using clay content and size distribution of soil particle for

five common vegetation types from available field sam-

ples as previously proposed by the USLE (Renard et al.

1997; Fung et al. 2021). For ecosystem covers without

available soil data, the soil erodibility factor value of the

most similar ecosystem type was applied. The vegetation

cover factor was obtained from satellite imagery, con-

verted using the normalised difference vegetation index

(NDVI) following the method of the European Commis-

sion European Soil Risk Assessment (Van der Knijff et al.

2000).

The final value was calculated for each terrestrial pixel

on mainland Singapore by calculating the difference

between absolute soil loss and potential soil loss.

Temperature change

Temperature change is expressed as the effect of urban

landcover composition on the extent of ambient air tem-

perature change, measured in degree Celsius. Air tem-

perature data were collected from two weather station

networks in Singapore, covering 45 weather stations

across Singapore. Our analysis took data between 1st

October 2015 and 2nd October 2018, aggregated into

hourly mean values for each weather station by taking the

mean of all measurements within the hour. The final

model subsequently modelled the change of ambient

temperature as a function of the area of various land

cover types within radial buffers of various spatial scales

around each weather station. The land cover types include

unmanaged vegetation, managed tree cover, managed

grass and shrub cover and surface water, estimated using

a map detailing the terrestrial ecosystem of Singapore

(Gaw et al. 2019).

Noise abatement

Noise abatement is represented as the total noise attenuated

from the source of noise due to the presence of vegetation

absorbing and scattering the sound waves, after accounting

for other types of attenuation including spherical spreading

loss, atmospheric absorption loss, topographic and barrier

effect. This was performed using a modified model originally

developed by the System for the Prediction of Acoustic

Detectability (SPreAD) model, which is a 2-dimensional

mechanistic model developed for conservation and ecological

planning (Reed et al. 2012). The general conceptualisation of

the noise attenuation estimation approach utilised for this

analysis was originally proposed as part of the International

Organisation for Standardisation guideline on attenuation of

sound during propagation outdoors (ISO 9613-2 1996). The

modelling of various types of noise attenuation were done

following globally established methods from the Acoustic

Society of America (ANSI S1.26 1995), the US Environ-

mental Protection Agency (R. T. Harrison et al. 1980a, b), and

the SPreAD-GIS model (Reed et al. 2012).

For the estimation of noise attenuation in Singapore, the

typical daytime atmospheric conditions of 30 �C and 70%

humidity were parameterised (Chow and Roth 2006a, b). A

random sample of 30,000 points, representing hypothetical

locations of vehicles emitting noise, were taken along the road

network of Singapore to be used as point sources of noise,

generating noise of 70 dB, an intermediate to high level of

traffic noise (Ma and Yano 2004; Chin et al. 2019a, b). Due to

the constraint that noise attenuation value cannot be negative,

any result with negative values were moderated and replaced

with 0. The model then generated a continuous national map

of the capacity of vegetation to attenuate road traffic noise.

Assessing inequality

The correlation between household socio-demographic

characteristics and the provision of ESs were studied

through horizontal and vertical inequality assessment and

spatial analyses using the R programming language (R

Core Team 2020) and ArcGIS Pro.

An online national survey was conducted by a market

research company (IPSOS) on 1500 Singapore residents

(Singapore citizen or permanent resident) in May 2019

(Appendix S1). Our survey was approved by the National

University of Singapore Institutional Review Board (ref-

erence code: S-19-094E). To ensure that our sample was

nationally representative, the survey sampling was con-

ducted with quotas set according to the sociodemographic

composition of the Singapore population (e.g., gender,

ethnicity and age). The data collected personal and

household data including age, gender, ethnicity, religion,

citizenship status, occupation, education level, number of
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family members, number of children in the family, monthly

household income, and type of housing. After removing

incomplete responses, 1395 were sufficiently complete for

our analysis.

The respondents were asked to provide the location of

their households in the form of postal codes. In Singapore,

a postal code is a unique identifier of residential location on

a building-level. For the respondents living in public

housing and condominiums, full six-digit postal codes were

provided. On the other hand, due to privacy considerations

for the 72 respondents residing in landed properties where

full postal codes would reveal the precise residential

location, only four out of six digits were provided.

Therefore, for landed properties, random generation of a

residential postal code was done using the residential dis-

trict of the respondents. As landed properties are generally

located in clusters within each residential district, the

process of random selection is not expected to substantially

compromise on the accuracy of the household’s sur-

rounding landscape composition for subsequent analyses.

To quantify ES supply for individual households, the

household locations (Fig. 1) were each used as a centroid

for the generation of three buffers of radii 500 m, 1000 m

and 1500 m. The extent of each buffer was then overlaid

onto the maps of ES supply (Appendix S7) for the calcu-

lation of area-based mean ES supply for each respondent

household. The variation in spatial scales with the use of

three buffer sizes aimed to take into account the potential

landscape heterogeneity which could influence the avail-

ability of ES-providing UGS to households at various

distances. These distances correspond to Singapore’s

national UGS provision target (500 m and 1000 m) (Tan

and Samsudin 2017) and the standard walking distances

around a household within which physical or recreational

activities are likely to take place (500 m, 1000 m, 1500 m)

(Kaczynski et al. 2014; Schipperijn et al. 2017). As the

availability of parks in Singapore was found to be corre-

lated to scale (Tan and Samsudin 2017), we believe that the

heterogeneous land cover composition could have impli-

cations on the provision of ESs as well (Hu et al. 2015;

Dronova 2017). Therefore, the variation in buffer sizes

could potentially provide a spatial perspective to the equity

of ES distribution.

Subsequently, ES distribution will be assessed based on

horizontal and vertical inequality measures elaborated

below. The horizontal inequality measure assesses distri-

butional equity among subdivisions of a population in

terms of demographic characteristics (Boyce et al. 2016),

while the vertical inequality measure assesses distribu-

tional equity aggregated across specified demographic

variables (Nghiem et al. 2021). These are approaches

developed for a more precise understanding of the distri-

butional patterns of environmental variables (Boyce et al.

2014, 2016; Nyelele and Kroll 2020). The horizontal and

vertical inequality measures were therefore chosen as they

allow a straightforward comparison of ES distribution

among population subgroups of interest (Nghiem et al.

2021).

Horizontal inequality with information theoretic approach

The measure of horizontal inequality assesses the distri-

bution of ESs for Singapore residents belonging to different

demographic groups.

We adopted an information theoretic approach

(Blankenshipa et al. 2002) where linear mixed effect

models were proposed to assess the correlation between 11

socio-demographic explanatory variables, in various com-

binations, and the distribution of supply of ESs (response

variables) (Appendix S2). Multicollinearity was assessed

through examining the pair-wise correlation plots between

each pair of the explanatory variables and the variance

inflation factor (VIF) using the vif function in R. None of

the explanatory variables were found to be collinear (VIF

scores\ 3).

In total, 15 sets of models were run for the distribution

of each of the five ESs at three spatial scales (500 m,

1000 m, 1500 m buffer zones). In each set, seventy models

(Appendix S3) were proposed based on themes gathered

from past literature and relevant contextual knowledge

about the distribution of ESs (Blankenshipa et al. 2002).

They took on the following form:

Y ¼ bX þ lZ þ e;

where Y is the response variable representing the mean ES

supply at 500 m, 1000 m, 1500 m buffer zones of each

household, b is a vector of regression coefficient for the

fixed effects, X is the vector of the fixed effects, l is the

coefficient of the random intercept, Z is the random effect

and e is the error term. Z and e were assumed to be nor-

mally distributed. For the distribution of PM10 removal

rate, temperature change, runoff retention rate and noise

abatement, Y was subjected to log transformation to

achieve a closer conformation to the normal distribution.

A random intercept of 37 planning areas (out of a total

of 55), the geographical subdivision of urban planning

census in Singapore (Chew 2009) (Appendix S6), was

included in the model to account for spatial autocorrelation

and the potential variation in the extent of environmental

management among planning areas. This corresponds to

the 37 planning areas where the respondents reside in.

Within each set of analysis, models were ranked

according to the smallest Akaike information criterion

(AIC) value. Subsequently, the best models with cumula-

tive Akaike weights of at least 0.95 were selected for full-
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model averaging, where the final model was obtained

(Symonds and Moussalli 2011; Galipaud et al. 2014).

To validate the outcome of the above models, the Hot

Spot Analysis (Getis-Ord Gi*) tool on ArcGIS Pro (Esri,

n.d.) (Appendix S5) was used to identify local spatial

clusters for household income, type of housing and eth-

nicity. These characteristics were visualised and assessed

due to their potential to drive the formation of social

enclaves, which could cause disproportionate distribution

of ES.

Vertical inequality with Gini coefficient

The measure of vertical inequality uses the Gini coefficient

to assess the distribution of ESs for Singapore residents

aggregated into demographic subgroups based on specified

demographic characteristics such as income levels and

residential neighbourhood (Boyce et al. 2016). Gini coef-

ficient is a well-established indicator of resource distribu-

tion equality first developed for the distribution of wealth

(Kim and Jargowsky 2009). It has been adopted by envi-

ronmental researchers mainly to quantify equity in expo-

sure to pollution, hazard risk and the availability of nature-

related infrastructure (Millimet and Slottje 2002; Sun et al.

2010; Li et al. 2016; Rój 2020). The environmental

application of the Gini coefficient, termed environmental

Gini coefficient (G), takes the form:

G ¼ 1 �
Xn

i¼1

Xi � X i�1ð Þ
� �

Yi � Y i�1ð Þ
� �

;

X is the cumulative percentage of the population, often

divided into i subgroups based on a particular character-

istic, and Y is the cumulative percentage of ES supply for

each of the i subgroups, and G is the environmental Gini

coefficient which indicates the level of inequality. The

absolute value of Gini coefficient ranges from 0 to 1 where

0 represents perfect equality and 1 represents perfect

inequality. To interpret the Gini coefficients, we adopt the

categorisation proposed by Zheng et al. (2013) which has

been used for studies examining land property and ES

distributions (Benra and Nahuelhual 2019) where an

absolute value of Gini coefficient of less than 0.2 indicates

‘‘absolutely equal’’; 0.2 to 0.3 indicates ‘‘relatively equal’’;

0.3 to 0.4 indicates ‘‘reasonably equal’’; 0.4 to 0.5 indicates

‘‘relatively unequal’’; and greater than 0.5 indicates ‘‘ab-

solutely unequal’’.

In this study, nine Gini coefficients were calculated for

the distribution of PM10 removed per m2 per day at three

Fig. 1 Residential location of the 1395 respondents
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spatial scales (500 m, 1000 m, 1500 m) aggregated based on

household monthly income level, housing types and eth-

nicity. There are 21 levels of household monthly income

(ranging from $1000 and below to $21 000 and above,

banded by an increment of $1,000), seven housing types (2-

room flats, 3-room flats, 4-room flats, 5-room flats, executive

condominium, private condominium and landed properties)

arranged in increasing level of pricing premium, and four

ethnicity categories (Chinese, Malay, Indian, Others).

The same measure of vertical inequality is unable to be

assessed for four other ESs as their units of measure come

in the forms of percentages, degree Celsius and decibels,

which do not make ecological sense when summed across

the population.

RESULTS

Distribution of regulatory ecosystem service

provision

The supply of regulatory ESs varies across the terrestrial

extent of Singapore (Appendix S7). Across the entire study

region, the supply of PM10 removal rate ranges between 0 and

35.8 9 10–3 mg/m2 per day, temperature change ranges

between 0 and - 4.7 �C, runoff retention potential ranges

between 5.5 and 97.4%, soil erosion reduction potential ranges

between 0 and 99.9% and noise abatement ranges between 0

and 14 dB. In general, all ESs were observed to have higher

level of supply in the Central and Western regions. This could

be attributed to the presence of unmanaged vegetation that

generally has a greater capacity to supply ESs due to its

structural and functional complexity (Krug et al. 2012).

The supply of regulatory ESs varied slightly across our

1395-respondent sample (Fig. 2). Modest increases are

observed for the mean levels of ES supply across the three

buffer sizes (500 m, 1000 m, 1500 m): 2.5 9 10–3,

2.8 9 10–3 and 3.1 9 10–3 mg/m2 per day, respectively,

for PM10 removal rate, - 1.1, - 1.2 and - 1.3 �C,

respectively, for temperature change, 23.4%, 27.1% and

30.0%, respectively, for runoff retention rate, 57.1%,

60.9% and 63.4%, respectively, for soil erosion reduction

potential and 2.1, 2.7 and 3.0 dB, respectively, for noise

abatement (Table 1).

Horizontal inequality in the distribution

of regulatory ecosystem service provision

The results of the model averaging show that in all the 15

sets of models for all the three buffer sizes (500 m, 1000 m,

1500 m) and five regulatory ESs (PM10 removal rate,

temperature reduction, runoff retention rate, and soil ero-

sion reduction), four variables were consistently present in

the top models (Fig. 3), contributing to the averaged model

in varying weightages (Appendix S4). These were gender,

number of family members, number of children, and citi-

zenship status. These results suggested that these variables

were useful predictors of the distribution of such services

in Singapore, while the other variables (monthly household

income, age, ethnicity, religion, occupation, highest edu-

cation level and type of housing) were not important.

Among the four consistent predictors, citizenship status

was relatively the most important predictor by weight,

followed by gender, number of children and number of

family members (Appendix S4). However, none of these

variables were statistically significant in the averaged

models, we thus have insufficient evidence to suggest that

the socio-demographic characteristics included in this

study affect the distribution of ESs in Singapore.

The Hot Spot Analysis (Getis-Ord Gi *) tool was used

to statistically confirm the absence of spatial clustering

which validates the horizontal equality of ES supply. The

distributions of household monthly income (Fig. 4a) and

ethnicity (Fig. 4b) did not show any local clustering.

However, some premium housing types are observed in

greater quantity in the Eastern side of Singapore (Fig. 4c).

While based on the outcome of the hotspot analysis, local

clusters of respondents living in premium housing can be

observed (Fig. 4d), these hot spots consist of several

housing types including 4-room HDB flats, Executive

condominium, private condominiums, and landed prop-

erties. Therefore, the provision of ESs is unlikely to be

disproportionately distributed to respondents of any

specific housing type. This reinforces the result from the

horizontal inequality analysis that no specific socio-de-

mographic group is disproportionately disadvantaged or

privileged in the distribution of urban regulatory ES

supply.

Vertical inequality in the distribution of PM10

removal rate

The Gini coefficients for the distribution of PM10 removal

rate aggregated by household monthly income level were

approximately 0.00316, 0.000247 and -0.00604, that

aggregated by housing type were approximately 0.00673,

0.00401 and - 0.00128, and that aggregated by ethnicity

were approximately - 0.00627, - 0.000542 and

- 0.000330 at 500 m, 1000 m, 1500 m buffers, respectively

(Appendix S8). The positive Gini coefficients suggest that at

500 m and 1000 m buffer sizes, households of lower income

levels and housing types of lower premium receives slightly

lower supply of PM10 removal service, and the negative Gini

coefficients for 1500 m buffer suggest the reverse. In the

case of ethnicity, the negative Gini coefficients suggest that

the Chinese respondents receives slightly higher supply of
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PM10 removal service compared to respondents of Malay,

Indian and Other ethnicities. Nonetheless, across the entire

sample, all nine Gini coefficient values indicate close to

perfect equality in ES supply distribution (Zheng et al. 2013;

Benra and Nahuelhual 2019) (see ‘‘Methods’’ section).

The Lorenz curves were also plotted for the distribution

of PM10 removal rate by income levels, housing types and

ethnicity (Appendix S8). With increasing scale, the Lorenz

curves show decreasing deviation from the line of perfect

equality. This supports the Gini coefficients in showing

only a slight inequality in the distribution of PM10 removal

service supply.

DISCUSSION

Through horizontal and vertical inequality analyses, our

study revealed that there is little evidence of inequity in the

current distribution of urban regulatory ESs in Singapore.

Our findings show an absence of statistically significant

correlation between the various socio-demographic groups

and the supply of ESs despite a spatially variable ES supply

levels across Singapore. In addition, the low magnitude of

Gini coefficient values indicates close to perfect equality in

ES supply distribution among respondents with varying

income levels, housing types and ethnicities. Based on

Fig. 2 Level of regulatory ESs a PM10 removal rate, b temperature change, c runoff retention rate, d soil erosion reduction potential, e noise

abatement within buffer sizes 500 m, 1000 m, 1500 m around respondents’ residence. The mean levels of regulatory ESs supply are indicated by

the dashed lines

Table 1 Minimum (Min), maximum (Max) and mean levels of five regulatory ES supply at three buffer sizes (500 m, 1000, 1500 m)

Regulatory ES Supply of regulatory ES

500 m 1000 m 1500 m

Min. Max. Mean Min. Max. Mean Min. Max. Mean

PM10 removal rate (mg/m2

per day)

0.5 9 10–3 8.7 9 10–3 2.5 9 10–3 0.8 9 10–3 8.0 9 10–3 2.8 9 10–3 1.0 9 10–3 7.6 9 10–3 3.1 9 10–3

Temperature change (�C) - 0.5 - 3.0 - 1.1 - 0.4 - 2.8 - 1.2 - 0.5 - 2.6 - 1.3

Runoff retention rate (%) 9.4 66.4 23.4 12.0 70.2 27.1 15.5 77.2 30.0

Soil erosion reduction

potential (%)

25.4 86.7 57.1 35.7 86.4 60.9 39.1 86.0 63.4

Noise abatement (dB) 0.1 10.5 2.1 0.2 8.5 2.7 0.5 8.7 3.0
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these results, our study postulates that the case of envi-

ronmental equity in Singapore could be a result of decades

of meticulous urban planning; firstly, through the nation-

wide greening policies that aimed to holistically improve

Singapore’s urban landscape (Han 2017), and secondly,

through social integration policies that limits the formation

of socio-spatial segregation in residential spaces (Lim et al.

2019). These national-scale social and environmental

management policies could potentially prevent ES supply

inequity (Nghiem et al. 2021). Environmental equity can

therefore be upheld in cities when both social and envi-

ronmental management are adequately incorporated into

the process of urban development.

Environmental equity in Singapore

Despite the heterogeneity in the socio-demographic struc-

ture of Singapore and the spatial variability in ES supply

across Singapore’s landscape, our study showed a rela-

tively equitable distribution of urban regulatory ES among

the residents. This makes the case of environmental equity

in Singapore particularly unexpected in contrast with the

results of prior studies in other cities (Rigolon et al. 2018;

Nyelele and Kroll 2020; Riley and Gardiner 2020). In most

cases of environmental inequity, systematic racism and

classism has driven the geographical segregation of the

socio-economically disadvantaged and privileged commu-

nities, resulting in clustering of socio-economic and socio-

demographic communities (Nyelele and Kroll 2020; Ven-

ter et al. 2020; Wu et al. 2020). This socio-geographical

polarization of neighbourhoods often leads to differential

abilities to afford housing in greener neighbourhoods,

financial means to pay for private landscaping resources

and varied priorities for environmental investments given

by private developers or the governments (Heynen et al.

2006; Pham et al. 2012; Wu et al. 2020). In contrast,

Singapore’s UGS management framework from a national

to a household level are less dependent on private interests

and financial capabilities.

Singapore’s brand of centralised environmental gov-

ernance sets itself apart from past case studies in which

the urban natural landscape has been shaped heavily by

the political and economic plans of the government as

opposed to private motivations and bottom-up decisions

(Han 2017). This can be observed in the recent environ-

mental development initiatives that have placed great

emphasis on improving Singapore residents’ well-being

inclusively, thus contributing towards the provision of

UGS and the corresponding ESs in a non-differential

approach. For instance, Sustainable Singapore Blueprint

2015 endeavoured to improve UGS availability and

accessibility throughout Singapore, through specific aims

to achieve 0.8 ha of public park provision for every 1 000

people and ensure that 90% of households are within a

10-min walk of a park (Ministry of the Environment and

Water Resources 2016). The latter target was further

Fig. 3 Result of model averaging derived from full averaging of best models (cumulative weight of at least 0.95) for all 15 analyses of three

buffer sizes (500 m, 1000 m, 1500 m) on five regulatory ESs: a PM10 removal rate, b temperature change, c runoff retention rate, d soil erosion

reduction potential and e noise abatement. Y-axis shows the dependent variables in the final averaged models and X-axis shows the respective

effect sizes with 95% CI. The baseline for the categorical variables Gender and Citizenship are Female and Permanent Resident, respectively
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enhanced to reach 100% of households in Singapore

Green Plan 2030 (Singapore Green Plan 2021). These

centralised environmental initiatives sought to shape the

urban environment holistically (Han 2017; Yeo 2019);

they therefore do not rely on the residents’ ability or

private developers’ interests to improve neighbourhood

landscapes, nor were they differentially implemented

based on socio-demographic characteristics of the neigh-

bourhoods. This suggests that centralised environmental

management can potentially regulate existing geographi-

cal imbalances in private motivation to improve neigh-

bourhood landscapes, thus play a role in preventing

environmental inequity.

Role of social policies

The absence of statistically significant correlation between

the various socio-demographic groups and the supply of

ESs, coupled with the result of the hot spot analysis, ver-

ified the absence of ethnic and housing spatial clusters

among our study respondents. These results suggest that

the equitable distribution of urban regulatory ESs in Sin-

gapore could be attributed to its unique urban planning

paradigm which has been purposeful in maintaining social

desegregation (Seik 1996; Yuen 1996; Han 2017). These

social management strategies potentially brought about

spill-over impacts beyond their intended aim of maintain-

ing social cohesion, and indirectly contributed towards the

prevention of environmental inequity in Singapore. Sin-

gapore’s ethnically and socio-economically diverse demo-

graphic could potentially be drivers of environmental

inequality due to its historical geographical segregation of

ethnic communities (Lim et al. 2019). Yet, housing dis-

tribution management and ethnic integration policies

worked in concert to limit the formation of ethnic resi-

dential enclaves (Phang and Helble 2016; Lim et al. 2019).

Most prominently, the Ethnic Integration Policy introduced

in 1989 de-clustered all ethnic residential enclaves and

homogenised the residential composition in terms of eth-

nicity throughout Singapore’s public housing landscape

(Phang and Helble 2016; Lim et al. 2019). Desegregation

of socio-economic classes is further enforced by building a

Fig. 4 Distribution of 1395 respondents by a 21 income groups, b 7 housing types (excluding housing type ‘‘others’’), c 4 ethnicity groups and

d Result of Hot Spot Analysis (Getis-Ord Gi*) showing the distribution of housing type hot and cold spots
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mixture of housing types of various premium levels in the

same neighbourhood (Teo 2019). This substantially inte-

grated households from different socio-economic classes

spatially. This concept was concretised in 2018 in a par-

liamentary debate that rental flats (lowest tier housing

units) will be integrated with the sold flats (housing units of

higher premium levels) to promote social integration and

alleviate pressures of inequality (Wong 2018). These urban

planning strategies, although not designed to prevent

environmental inequity, play significant roles in reducing

geographical detachment of the most disadvantaged socio-

economic groups.

The role of social policies in preventing environmental

inequity in Singapore therefore demonstrated the socio-

ecological interaction of a city where the urban environ-

ment is shaped by human agency and the processes of

social and natural resource management exercised through

social and environmental policies (Schell et al. 2020). By

maintaining a socio-demographically integrated residential

composition, neighbourhood greening efforts could more

equitably serve a mixture of socio-demographically diverse

residents, enhancing ecosystem service provision without

disproportionately disadvantaging or favouring a particular

community.

The state of environmental equity in Singapore serves as

a precedent for its tropical counterparts, exemplifying the

managerial rigor required in order to prevent environ-

mental inequity. The environmental challenges faced by

Singapore mirrors that of other tropical cities that are

similarly undergoing rapid urbanisation and economic

development. For instance, cities in both Malaysia and

Indonesia have been experiencing intensifying UHI and air

pollution (Rushayati et al. 2016; Aghamohammadi et al.

2020). These countries have also been looking towards an

ES approach for the development of environmental solu-

tions (Aflaki et al. 2017; Setiowati et al. 2018). However,

meticulous land use planning and social integration such as

that observed in the case of Singapore is required for social

and environmental planning policies to work in concert and

prevent environmental inequity. This strategy adopted by

the Singapore government therefore necessitates meticu-

lous adaptations and contextualisation for potential appli-

cation in other tropical urbanising cities.

Spatial variability of regulatory ES supply remains

a concern

Based on our 1395-respondent sample, substantial differ-

ences in ES supply occur at various buffer scales

nonetheless. For instance, at 500 m buffer, the air tem-

perature changes due to urban ES ranges between 0.5 to

3 �C reductions; the level of noise abatement service ran-

ges between 0.1 and 10.5 dB. The geographical disparities

in ES supply received by households across Singapore

could be a result of an uneven distribution of managed and

unmanaged vegetation. This suggests that spatial variabil-

ity in ES supply remains a cause for concern in the pursuit

of inclusive sustainable development. While numerous

urban development plans have been designed to increase

the area of UGS in cities, it is crucial to recognise that

efficient ES provision depends not just on the areal cov-

erage of UGS but also the composition of urban landscapes

and the ES needs of the urban inhabitants (Graça et al.

2018; Grêt-Regamey et al. 2020). This is particularly per-

tinent for densifying cities with an increasing demand for

ES as space constraints often pose as a challenge for effi-

cient UGS planning and incorporation (Grêt-Regamey

et al. 2020). Over five decades of development in Singa-

pore, a low 0.28% of natural, unmanaged vegetation

remained (Tan et al. 2013); mainly in the central and

western catchment areas with high levels of urban regula-

tory ES supply. These are protected areas gazetted for the

purpose of enhancing water security in Singapore (Torta-

jada 2006). To restore environmental sustainability in the

city’s development, UGS was extensively introduced into

the cityscape through various greening policies since the

1960s (‘‘Singapore as an urban case study’’ section). As a

result, Singapore has 50% vegetation cover, dominated by

managed vegetation (Tan et al. 2013; Gaw et al. 2019).

However, these constructed green landscapes are compa-

rably less effective in providing urban regulatory ESs.

Therefore, a quantitative increase in UGS coverage is

not a panacea for enhancing urban ES provision, and the

functionality of UGS should be maximised by incorporat-

ing the appropriate natural landscape compositions (Grêt-

Regamey et al. 2020). As mentioned above, ES supplies

concentrate in the protected catchments in Singapore which

are rarely in close proximity to residences. The residential

areas, dominated by constructed and managed vegetation,

is observed to receive substantially lower urban regulatory

ESs. In this context, urban ES supply in the ES-deficient

regions in Singapore could be improved by strategically

selecting the type of natural landscape that most efficiently

provides urban ES given limited space available. This

includes redesigning existing UGS according to the func-

tionality of various natural elements alongside the evolving

ecosystem service needs of the urban community. For

instance, the roads and road dividers were initially land-

scaped with low-lying shrubs for their aesthetic values

(Yuen 1996; Drillet et al. 2020). To enhance urban ES

provision and maximise the functionality of the space,

roadside greenery can be upgraded to incorporate more

overstorey trees and multi-tiered vegetation to support

greater biodiversity and improve air quality regulation

(Drillet et al. 2020; National Parks Board 2020). Similar

strategies have been suggested in a study in Porto, Portugal
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positing that regulatory ES provision in a land-sparse city

could be optimised by taking into account both ES provi-

sion performance and spatial coverage of the proposed

landscape to be constructed (Graça et al. 2018). The

importance of land cover composition reinforces the non-

linear relationship between area of UGS and provision of

ES (Grêt-Regamey et al. 2020), which is a key consider-

ation for cities when maximising urban ES provision and

maintaining equitable distribution.

Notwithstanding the host of benefits urban greening

could bring, this process could potentially risk gentrifica-

tion of the redeveloped environment and undesirably

reinforcing socio-environmental inequity in cities (Garcia-

Lamarca et al. 2021). Governments around the world have

been increasingly drawn towards green boosterism to

attract financial and human capital, or to pursue sustainable

development (Hagbert et al. 2013; Zhang et al. 2018).

However, living in a more environmentally designed

neighbourhood has become an indicator of superior quality

of life, which tends to serve mainly the high-income pop-

ulation, upsetting the social inclusiveness of sustainable

development. This conflict between sustainable develop-

ment and gentrification is evident in Victoria, Canada,

where the conversion of urban voids into environmentally

attractive landscapes has reduced housing affordability and

reinforced socio-economic gaps between high and low-in-

come neighbourhoods (Dale and Newman 2009). Simi-

larly, social inequity in the city of Austin in Texas resulted

from the absence of social equity discourse during its

Smart Growth Plan in the mid-1990s, disproportionately

disadvantaged the low-income, minority neighbourhoods

(Garcia-Lamarca et al. 2021). In Singapore, despite the

uniquely integrated social setting maintained through

government policies, it is unlikely to be possible to fully

preserve environmental equity against private interests in

residential landscape developments. In fact, a few instances

of eco-centric residential developments in Singapore have

been reported to fetch prices close to a million dollars,

significantly higher than other housing units of similar

sizes and locations (Wong 2012; Heng 2015; Yeo and

Heng 2015; Belcher et al. 2019; Tay 2020). While these

cases have yet to make significant impact in disrupting the

environmental equity in Singapore, it is crucial to maintain

the balance between urban greening and social equity in a

city’s sustainable development to maximise the benefits of

ESs across all socio-demographic communities.

Limitations

This study is subjected to several caveats. Firstly, due to

the nature of the Gini coefficient calculation, only PM10

removal service could be evaluated. This limits the com-

prehensiveness of the vertical inequality assessment in

affirming the overall equity in ES supply. Secondly, as the

supplies of regulatory ESs in this study were all based on

the land cover classifications generated by Gaw et al.

(2019) with a reported overall accuracy of 79%, the spatial

variation of ES supplies is subjected to error. However, the

level of accuracy is in line with similar literature that

perform high resolution land cover classification (Liu et al.

2017; Randall et al. 2019). Nonetheless, given a more

accurate land use classification map for ES estimation, the

socio-spatial relationship of urban regulatory ES distribu-

tion could be more noticeable.

Future work

Further research could consider the usage of decomposable

proxies for regulatory ES supply to more comprehensively

measure the vertical inequality in its distribution. Urban

environmental equity can also be further explored through

the supply of and demand for ES provision to better

quantify the mismatch between what the population needs

and how efficiently the city has managed to distribute their

environmental resources.

In addition, the potential interaction between distribu-

tional and procedural equity as a result of Singapore’s

unique environmental governance paradigm could also

provide alternative insights into environmental outcomes

regarding urban ES supply and distribution. The environ-

mental governance in Singapore has historically taken a

top-down approach that has over time become progres-

sively more consultative and participatory (Leitmann 1999;

Han 2017). In the infancy of Singapore’s environmental

governance, the Garden City initiative was conceived with

the intention of increasing Singapore’s attractiveness to

foreign capital by means of improving Singapore’s living

environment, therefore providing a workforce with high

economic productivity (Savage 1998). This indicates little

procedural equity in the decision-making process of envi-

ronmental management in the past in part due to the need

to optimally allocate land use to the scarcely available land

spaces in Singapore. However, the progressive incorpora-

tion of consultative and participatory sessions in the urban

planning process, although still largely routinised under the

governmental arrangements, could improve procedural

environmental equity and potentially contribute to better

distributional environmental equity outcome.

CONCLUSION

The role of regulatory ESs in augmenting urban dwellers’

quality of life and improving human well-being has

increased the appeal of sustainable urban development to

urban planners. However, the heterogeneity of urban socio-

123
� The Author(s) under exclusive licence to Royal Swedish Academy of Sciences 2022

www.kva.se/en

2130 Ambio 2022, 51:2118–2136



demographics has often led to environmental injustice in

the forms of racism or classism. Singapore, as a highly

urbanised and socio-demographically pluralistic society

could potentially be enmeshed in this socio-environmental

conflict. Nonetheless, through the application of horizontal

and vertical inequality measures, our study shows that

Singapore is capable of upholding environmental justice in

the distribution of regulatory ES supply. Despite spatial

variability in ES supply across Singapore’s landscape, the

relatively equitable distribution of urban regulatory ESs

among Singapore residents of various socio-demographic

characteristics is observed. This is likely attributed to

Singapore’s extensive efforts in increasing local UGS

provision, the persistent dedication towards maintaining

social harmony and the planned urban landscape, making

Singapore a distinctive case study compared to the existing

studies in environmental equity.
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