City and Environment Interactions 7 (2020) 100047

Contents lists available at ScienceDirect

City and Environment Interactions
journal homepage: www.elsevier.com/locate/cacint

Research article

A long-term and comprehensive assessment of urbanization-induced impacts
on ecosystem services in the capital city of India
⁎

Sonali Sharma a, Shadman Nahid a, Mani Sharma a, Srikanta Sannigrahi b, , Mangalasseril Mohammad Anees a,c,
Richa Sharma d, Ravi Shekhar e, Arunima Sarkar Basu b, Francesco Pilla b, Bidroha Basu b, P.K. Joshi a,f
a

Spatial Analysis and Informatics Lab (SAIL), School of Environmental Sciences (SES), Jawaharlal Nehru University (JNU), New Delhi 110 067, India
School of Architecture, Planning and Environmental Policy, University College Dublin, Richview, Clonskeagh, Dublin – D4, Ireland
UFZ-Helmholtz Centre for Environmental Research, Department of Urban and Environmental Sociology, 04318, Leipzig, Germany
d
Public Health Foundation of India (PHFI), Gurgaon 122 002, India
e
Department of Geography, Shaheed Bhagat Singh Evening College, New Delhi 110 017, India
f
Special Centre for Disaster Research (SCDR), Jawaharlal Nehru University (JNU), New Delhi 110 067, India
b
c

A R T I C L E

I N F O

Article history:
Received 25 May 2020
Received in revised form 15 September 2020
Accepted 17 September 2020
Available online 21 September 2020
Keywords:
Ecosystem services
Ecosystem service values
Urbanization
Mega-urban centers
LULC change
Delhi

A B S T R A C T

Globally, the present rate of urbanization in mega-urban centers is altering ecosystem functions and resultant ecosystem services of the landscapes. The natural and semi-natural ecosystems within the urban regions are under threat of
loss and degradation. Estimating the economic values of the ecosystem services obtained from these natural and seminatural ecosystems can play an important role in urban policy and decision making. The main objective of this paper is
to quantify the changes in ecosystem service values (ESVs) in response to land use land cover (LULC) dynamics and
urbanization in the capital city of India, Delhi. Using satellite imageries over the past two decades (1998–2018) we
show the estimated changes in ESVs with the global value coefﬁcient (VC) of proximate biomes. The study relies on
beneﬁt transfer approach of ESs valuation wherein the ESVs of proximate biomes, derived from one/multiple study
site, are used in assessing ESVs at another site. For determining the reliability of the study, a sensitivity analysis is performed to check the effectiveness of VC. The results show a total decline of ecosystem services (ESs) in monetary terms
by US$ 7.614 million ha−1 year−1 from 1998 to 2018 with prominent changes in LULC. The change analysis shows a
loss (US$ 3.6141 million) of regulatory and provisional services. The prominent part (US$ 2.675 million) of this loss
was due to decline in city forest cover by 6426.09 ha. The city has beneﬁtted from initiatives in implementation of biodiversity parks and plantation drives, but also suffers widespread loss of forest over the years. The ESs monitoring at
the city administrative divisions (i.e. district-wise) highlights the importance of conservation of natural ecosystems
within the urban area with distribution equity. The results provide insights that should be considered for urban planning in order to protect natural resources, ESs, and thus overall well-being of residents.

1. Introduction
Ecosystem Services (ESs) are the functions through which natural
ecosystems, directly and indirectly, contribute to human well-being
and survival [1–6]. Since 1990's there has been emergence and expansion of studies concentrating on the economic valuation of ESs. As per
Costanza et al. [1], marine and terrestrial biomes provide an average
monetary contribution of 33,268 US $ million year−1 towards human
well-being. The ESs are functionally grouped into four categories, with
some overlaps, namely, (i) Provisioning - the materialistic/product outputs of ecosystems (e.g., raw material and food production); (ii) Regulating - the beneﬁts obtained by regulation of ecosystem processes
(e.g., carbon sequestration and storage, moderation of extreme events

and water puriﬁcation); (iii) Cultural - the non-materialistic beneﬁts of
ecosystems (e.g., recreation and spiritual experience); and (iv)
Supporting - the one maintaining above three categories of ESs
(e.g., soil formation and maintenance of genetic diversity) [4]. The evolution and broadening of ESs sciences are assisted by many studies
around the world [7–11,113–115]. The globally compiled studies on
major ecosystems have witnessed the signiﬁcant impacts of increased
human activities on these ESs over the last half-century [2,4,12,13].
As per the most recent report of Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) assessment, globally 75% of terrestrial environment is severely altered by human actions
for meeting their rising demands [13], which are accomplished at the
cost of loss and degradation of many ESs.
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For the last two decades, the MEA researchers from over 70 nations with
diverse backgrounds of social and natural sciences are synthesizing information to explain the network of links between natural ecosystems and development. The infrastructural and economic development in any economy
is and will be more at the mega-urban centers [40]. Hence around the
globe, many studies are conducted to assess the threats and damages to
ESs associated with the urban expansion in the mega-urban centers. Li
et al. [41,42], Peng et al. [43] and Wang et al. [44,45] investigated the impacts of rapid urbanization through mapping and monitoring speciﬁc ESs
types for major metropolitan areas of China. A step further, Zank et al.
[46] and Sun et al. [47] simulated the urban growth of major mega-urban
centers of the USA to explore optimal land-use strategies for increased supply of future ESs. In India, one of the fastest urbanizing developing countries, the scientiﬁc studies dealing with the urban ecology remain limited
[48]. Though in the body of literature Delhi is among the most studied
mega-urban centers with a large number of studies aimed at monitoring
LULC change in response to urbanization [39,49–52,111], but none has
evaluated their consequent ecological implications in terms ESs.
In yet to evolve ﬁeld of ESs studies for Indian cities, Delhi is an interesting mega-urban center to study as it has faced signiﬁcant growth and densiﬁcation. Additionally, the city encompasses a complex network of
ecologically high productive natural and semi-natural landscapes
intermingled with low productive dense human-dominated landscapes.
Therefore, the present study primarily aims to plug in the research gaps
and accentuate the dynamics in ESs due to unrestrained LULC changes in
Delhi. Our study is designed for achieving four objectives: (1) to understand
the dynamics of LULC changes (1998–2018) in Delhi mega-urban center;
(2) to evaluate and compare the annual economic value of services provided by the ecosystems of urbanizing Delhi over two decades i.e., 1998
to 2018; (3) to evaluate the sensitivity of urban ecosystem services to
LULC change for identifying the most sensitive ecosystem services of
Delhi; and (4) to provide suggestions for future conservation and developmental strategies.

Since 1960's there has been realization and growing awareness about
the underestimation of the beneﬁts which natural ecosystems contribute towards human well-being [116]. With this the valuation of ecosystem functions i.e. bringing the concept of ESs instead of ecosystem functions in
policy making came out as a way to convey the scientiﬁc message to decision makers in the terminology they are used to, hence helping in provoking policy resonance [14]. The ESs of any landscape are the ecosystem
functions vital to human well-being which are freely provided by natural
ecosystems of that landscape [15]. Provision of ESs ﬂow from any landscape is majorly determined by its Land Use Land Cover (LULC)
[16–21,110]. The current rate and intensity of infrastructure expansion associated with escalated human population growth are primary factors involved in modifying the provision of ESs [13,22,23]. For instance, the
conversion of cropland to built-up area notably diminishes the food production ecosystem service once received. Such modiﬁcations cause unprecedented and signiﬁcantly negative and irreversible changes to the
ecosystem and environmental processes at various spatial scales [17,24].
Monitoring changes in LULC can help in characterizing the changes in
ESs associated with the expansion of human dominated landscapes, but
the task of performing this assessment at different spatial scales is costly
in terms of time and resources. The synergistic application of Remote Sensing (RS) and Geographic Information System (GIS) can overcome these
challenges as it is signiﬁcantly useful in generating spatio-temporal information of both human settlement and natural environment, making them
potent to study the human impact on the surrounding environment
[25,108].
The concept of urban planning has a long history of recognizing the beneﬁts of natural/semi-natural ecosystems in the highly heterogeneous urban
ecosystems. But the huge developmental pressure in mega-urban centers
generally eclipses the consideration of key roles played by natural/seminatural ecosystems towards human well-being [26]. According to
Hirokawa [117] often the major reason behind this is the inability to appraise the monetary values of the direct and indirect services provided by
natural/semi-natural ecosystems. The reason attributable for this is the
lack and gaps in the ﬁeld of studying the functions of these ecosystems
i.e., ESs analysis and application of the information regarding the economic
evidence of the direct and indirect services provided by natural and seminatural ecosystems towards human well-being [27,28] into the urban planning [29,30]. Therefore, once developed, the concept of ESs can be a key
tool for urban land-use and environmental planning through multiple
ways as awareness raising, economic accounting, and priority setting. It
can help various decision makers to better understand the ESs loss and
gain associated with different immediate and future development plans,
which helps in designing more concrete options on how to enhance the positive links between ESs and urban development processes.
Since the past, India is the second most populous country after China
but as per UN Population Division [31,32], India is projected to overtake China by 2027 and is supposed to add nearly 273 million people
by 2050. The consequent urbanization can be evidenced by the fact
that India is expected to add the highest number of urban dwellers by
2050, nearly doubling the 2014 ﬁgures. As per the Registrar General
of India [33–35], the country accommodates 55 cities with millionplus population in each. The United Nations Department of Economic
and Social Affairs (UNDESA) [36] reported that India hosts two megacities (≥20 million inhabitants), namely Delhi and Mumbai, out of its
seven megacities. Located in the center, Delhi has experienced peaked
population growth and drastic socio-spatial transformation since the
last century due to its gained political, economic, and administrative importance. At present, Delhi urban agglomeration accommodates 26.5
million people, second after Tokyo, and is projected to rise swiftly to
36 million by 2030 [37]. The increased population densities and consequent mounting of development pressures have steered urban spread at
the expense of large tracts of natural and semi-natural land [38,39].
Such exceptionally high LULC change through urbanization over the
last few decades necessitates the analysis of change in the ESs caused
by hampered ecosystem functions and processes.

2. Framework for assessing impacts of urbanization on ESs
Urbanization is a universal phenomenon, but its rate and level vary
across different geographical regions of the world [53,118]. The process
of urban growth is highly dynamic in India. Here the share of urban population to the total population has witnessed ﬁvefold escalation over the last
50 years [54]. Like other developing nations, Indian urban hierarchy also
has capital cities undergoing rapid urbanization [55,56]. Though urbanization occurs in varied forms, yet the basic outcome associated with it is an
urban fabrication of the natural and semi-natural landscape. As per
Costanza et al. [2], global land-use changes between 1997 and 2011 have
caused a net loss of US$ 20.2 trillion/year of ESs.
Among all the driving forces of LULC change, the anthropogenic factors
contribute most signiﬁcantly [13,57–59]. The possible human driving forces
are often grouped as “PAT” biophysical variables, in which P denotes the population growth; A is the afﬂuence of the economic growth and associated resources consumption; and T is technology [60,61]. The anthropogenic impact
(I) on the environment can be explained with those three variables through
I = PAT, as proposed by Ehrlich and Holden [62]. Among these three independent variables, the ﬁrst two increases at a very fast pace, surpassing the
beneﬁts of efﬁcient resource utilization with the technological advancement
of humans. Hence among all the myriad of demographic and socio-economic
factors involved in altering ecosystem structure and function, population and
economic growth leading to urbanization, plays a large role through changing natural and semi-natural landscape to urban landscape over temporally
shorter yet larger spatial scale [63,64].
Since the 1980's, the concept of ecosystem services has evolved exponentially. Under this theme of ESs, the monetary valuation based studies remain
dominant, highlighting the signiﬁcance of vital services of the natural ecosystem towards human well-being [7,65]. Several monetary valuation methods
such as cost-beneﬁt analysis, direct beneﬁt transfer, willingness to pay valuation, travel cost, contingent valuation, hedonic pricing, etc. [66], have been
2
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(Sections 3.2.1 and 3.2.2) outlines the data and methods used for generation of LULC datasets for spatio-temporal assessment of ESs and changes
among reference years in sections (Sections 3.2.3 and 3.2.4). The reliability
of value coefﬁcients used in ESV estimation of each LULC type of the study
site was analysed in the last section (Section 3.2.5).

developed to quantify the monetary values of ESs towards human well-being.
Among these, the direct beneﬁt transfer method proposed by [1] is the primarily utilized method in several ESs studies due to its feasibility that allows
its application from one location to any similar site at another location
[22,67,68]. In addition, this valuation scheme provides monetary estimates
of ESs based on the area of any biome, making it highly compatible with remotely sensed data assisting the spatio-temporally explicit ESs assessment. A
number of studies [23,64,69–73], conducted for understanding the impacts
of urbanization on ESs have used values given by Costanza et al. [1] for different biomes as proxies for varied land uses [74].
Fig. 1 depicts the conceptual and analytical framework adopted for this
study. Here we assumed that the population and economic growth act as
transformation drivers of LULC types for any natural and/or semi-natural
landscape [41,42,75,76]. Land parcels transformed to urban infrastructure
(buildings, road networks, etc.) are sites of consumption and are with ‘zero’
ESs generation capacity in contrasts to the natural land covers such as river,
forest, plantation, scrubland, and cropland which act as sites of immense ES
generation and supply. The ranking of LULC types based on their capacity
of annual ES ﬂow is pristine natural systems including river, forest, and plantation/scrubland followed by human-managed systems as cropland, and
lastly the man-made infrastructure including exposed area, buildings. The annual value coefﬁcient (VC) for a unit hectare of any ecosystem, given by
Costanza et al. [1], is of basic value transfer type that assumes spatially constant value over the ecosystem types. Hence the present study focused on
quantifying the inﬂuence of urbanization on the annual ESs over time
(from 1998 to 2018) in Delhi, the capital mega-urban center of India, through
utilizing the temporal LULC maps, as they act as proxy measures in ESs assessment and monitoring, derived through satellite imageries [41,42].

3.1. Study site
Delhi, the capital city of India, is the largest metropolitan region of the
nation. The city (28.33°N - 29.0° N, 76.83°E - 77.33° E) largely lies on the
Gangetic plains (Fig. 2). The total area of the city is 1483 km2 and is at
216 m above the mean sea level. It experiences a semi-arid climate type
with extreme summer and winter weather. The temperature ranges from
45 °C in summer to 4 °C in winter. The annual precipitation ranges from
400 mm to 600 mm. The city landscape encompasses a variety of LULC
types including tropical thorn forest, scrublands, the Yamuna river, and
its ﬂood plains, cropland, and the built-up areas [77]. The most peculiar
physical features of Delhi are the Yamuna ﬂoodplains and the terminal
part of Aravalli hill range. There are six biodiversity parks within the city
aimed at conservation and preservation of the prominent natural ecosystems of Yamuna and Aravalli hills.
Being India's center of politics, economy, and administration, Delhi has
witnessed unprecedented population growth causing deep socio-spatial
transformation. The rising population and the increasing level of urbanization in the city are shown in Fig. S1. The urban population of the city has
swelled up from 82% in 1951 to 98% in 2011. As per the Census of India
[33,34] the population of the city has increased to 16.7 million in 2011
against 1.7 million in 1951. It has a population density of 120 persons per
ha, the highest in the country.

3. Material and methods
3.2. Methodology
The main aim of this paper is to quantify the spatio-temporal changes in
ESs in response to urbanization induced LULC dynamics in the capital city
of India, Delhi. Among the following sections, the ﬁrst section
(Section 3.1) describes about the study site, Delhi, and the further sections

3.2.1. Data acquisition and pre-processing
Landsat TM/ETM+/OLI imageries was procured for two decades
(1998–2018) from the United States Geological Survey (USGS) website

Fig. 1. Conceptual and analytical framework adopted for the study.
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Fig. 2. Location of the study area. Delhi is in the center of India. Standard False Color Composite (FCC) image of Delhi generated with Band 5, 4 & 3 of Landsat 8/OLI data of
02 October 2018 of Delhi. Red color exhibiting the presence of greenery and cyan color indicates the built-up areas.

grass/rangelands for scrub, etc.). In order to identify the best suitable
proxy biomes for each LULC type of study site, a thorough literature survey
of similar ESs studies [23,73,79] was performed. Table 1 shows the equivalent proxy biomes and their respective VCs used for each LULC type for the
city.

available in GeoTIFF format having UTM projection and WGS 84 datum.
Details of those images are provided in Table S1.
3.2.2. Land use land cover classiﬁcation
The LULC maps for the years 1998 to 2011 were taken from the study of
Ghosh et al. [78]. For generating LULC maps, the satellite data of three
months, March, May, and October, for the years 1998, 2003 and 2011
were classiﬁed using maximum likelihood supervised classiﬁcation
scheme. The details of the classiﬁcation process are discussed in Ghosh
et al. [78]. The multi-seasonal data collection helped to account for the
intra-annual variability in land-use practices and thereby reduces the vegetation class confusion through phenological behaviour assessment. Further
ENVI 5.1 software was used to integrate those three maps to get one composite LULC map for the respective year. Ghosh et al. [78] classiﬁed the satellite image into eleven LULC classes Rabi (winter), Kharif (monsoon), Zaid
(summer), Double crops, Waterbody, Dense built-up, Sparse built-up, Plantation, Scrub, Forest and Exposed area. The overall accuracy of the maps for
1998, 2003 and 2011 were 83%, 79% and 82%, with kappa accuracy of
74%, 69% and 73% respectively.
Similar classiﬁcation scheme was applied on 2018 satellite data for this
study. Further, eleven LULC classes were aggregated into seven major land
types: Cropland, Waterbody, Built-up, Plantation, Scrub, Forest and Exposed area. The prepared map has overall accuracy of 84% with kappa accuracy of 76%. Aggregation into selected LULC types was performed to
facilitate the quantiﬁcation of the ESs, as valuation coefﬁcients (VC)
given by Costanza et al. [1] are available for only seven LULC types of the
study site, Delhi. The description of each LULC type of study site is given
in Table S2.

ESV x ¼ ðAx  VCx Þ
ESV t ¼

ð1Þ

X
ðAx  VCx Þ

ð2Þ

where, ESVx and ESVt represent ESV of individual land-use type and total estimated ESV of the region respectively; while Ax and VCx denote area (ha)
and value coefﬁcient (US$ ha−1 year−1) for land use type ‘x’ represented
by proxy biome.
The scheme proposed by Costanza et al. [1] also assists in estimating
ESV provided by individual ESs under each service category. Table 2
shows the values of different ESs and functions of seven LULC types of the
region. The following equation was employed to obtain individual ecosystem functions:
ESV f ¼

X

Ax  VCfx



ð3Þ

where, ESVf and represent calculated ESV of function ‘f’ land-use type ‘x’
and while VCfx denotes VC of ecosystem function of land use type ‘x’.
Table 1
LULC types with corresponding VC (US$ ha−1 year−1) of proxy biomes [1].

3.2.3. Spatio-temporal quantiﬁcation of ESs
LULC maps were employed to estimate the ecosystem services values
(ESVs) for the study site. The area statistics of seven different LULC types
were calculated for the referenced years. Furthermore, to quantify the
ESV for each land use type ‘x’, global VC proposed by Costanza et al. [1]
were used. Their research proposed the model for ESV assessment of 17
ESs function types for 16 major biomes. The valuation was done using the
following equations (Eqs. (1)–(2)) and proxy biomes values which are
most representative for individual ‘x’ (such as desert for the exposed area,
4

LULC classes

Equivalent biome

VC

Cropland
Waterbody
Built-up
Plantation
Scrub
Forest
Exposed area

Cropland
River/lakes/ponds
Urban
Grass/rangelands
Grass/rangelands
Forest
Desert

92
8498
0
232
232
969
0
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The CS value >1 shows the elasticity of estimated ESV to that of VC while
CS value <1 shows inelasticity and hence the reliability of outcome even
if the VC is with relatively low accuracy. The greater proportional change
in the ESV relative to the similar proportional change in its VC, more critical
(less reliable as elastic) is the use of an accurate ecosystem VC.

Table 2
VC (US $ ha−1 year−1) for ecosystem functions of LULC types. Here LULC class speciﬁc abbreviations are as CL: Cropland; WB: Waterbody; BU: Built-up; PL: Plantation; SC: Scrub; FO: Forest and EA: Exposed area. Source: Costanza et al. [1].
Categories

Ecosystem services/function

CL

WB

BU

PL

SC

FO

EA

Provisioning

Food production
Raw material
Gas regulation
Climate regulation
Disturbance regulation
Water regulation
Water supply
Waste treatment
Soil formation
Nutrient cycling
Erosion control
Pollination
Biological control
Genetic resources
Recreation
Cultural

54
–
–
–
–
–
–
–
–
–
–
14
24
–
–
–
92

41
–
–
–
–
5445
2117
665
–
–
–
–
–
–
230
–
8498

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

67
–
7
–
–
3
–
87
1
–
29
25
23
–
2
–
232

67
–
7
–
–
3
–
87
1
–
29
25
23
–
2
–
232

43
138
–
141
2
2
3
87
10
361
96
–
2
16
68
2
969

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Regulating

Supporting

Cultural
Total

4. Results
4.1. Spatio-temporal LULC changes analysis
Two decades-long LULC change (LULCC) statistics and trends for Delhi
are shown in Table 3. The net gain of urban area is related to the net loss in
the area of almost every class with major loss of cropland followed by exposed area and forest respectively. Plantation class experienced net gain
with huge variations in area coverage. The waterbody area faced some ﬂuctuations among the reference years.
The increase in urban population requires infrastructural support such
as roads, houses, institutions, etc., which drive massive LULC transformations. LULC maps for the years 1998, 2001, 2011, and 2018 show (Fig. 3,
Fig. S2) that over the past two decades, the built-up land use in Delhi has
increased by 71% at an annual growth rate of 1566.52 ha. The rural area
of the south-west and north-west part of Delhi that encompassed with agricultural ﬁelds had undergone the highest loss (13,195 ha) among all the
classes during the process of urban expansion. In the earlier years, central
and eastern Delhi were rich in planted sites. During the period of city
growth, south and south-western parts took the lead through increasing
plantation class by 10 ha. The scrub and forest classes are dominant in
the southern part of the city while the eastern Delhi, having the highest
population density, is with least forest cover. The sprawl has particularly
impacted the forest of southern Delhi through fragmentation with an average annual loss of 322 ha. In addition, built-up within the city has intensiﬁed with plantations and exposed area being gradually transforming to
built-up.

3.2.4. Variation in ESs among the reference years
The variation of ESs for two decades is estimated by ESs change index
(CESx) for speciﬁc land use type x. The values were represented in US$
and percentages. The following equation assisted in calculating percentage
change in ESV:
CESx ¼



ESV ðnþ1 yearÞx −ESV ðn yearÞx
 100
ESV ðn yearÞx

ð4Þ

Similarly, change in ESV with succeeding years was calculated using the
following equation:
ESV x change ¼



ESV ðnþ1 yearÞx −ESV ðn yearÞx
ESV ðn yearÞx

ð5Þ

4.2. Changes in estimated annual ESVs

where ‘n’ represents reference year and ‘n + 1’ next reference year.
Further, the change in ESV over the study period was estimated using
Eq. (6):
Percentage ESV change ¼



ESV ðfinal yearÞ −ESV ðinitial yearÞ
 100
ESV ðinitial yearÞ

The total ESV (TESV) for Delhi was quantiﬁed for the reference years
covering two decades (Table 4). The TESV of the city for the years 1998,
2003, 2011, and 2018 were US$ 30.966 million, US$ 32.369 million, US
$ 24.699 million and US$ 23.352 million, respectively. The net loss of
ESs from 1998 to 2018 was around US$ 7.614 million. Over the study period, forest class suffered the highest loss of US$ 6.226 million followed
by cropland of US$ 1.213 million and waterbody by US$ 0.388 million.
Each LULC type has a different contribution towards TESV in the respective
years. For instance, in the initial year of the study period (1998) forest class
had the highest contribution, i.e., US$ 11.82 million (38.19%) to TESV,
followed by water body and cropland accounting for US$ 9.69 million
(31.31%) and US$ 5.11 million (16.50%) respectively. On the other
hand, scrub and plantation contributed smaller shares of US$ 2.96 million
(9.57%) and 1.36 million (4.40%), respectively. Though similar order of
contribution was seen for the year 2003, there was a net gain of US$ 1.40
million in TESV. In the years 2011 and 2018, TESV estimations show an
overall decrease in ESV for every LULC type with an exception for plantation in 2011 and waterbody in 2018.

ð6Þ

Additionally, a district-wise ESs assessment was carried out for nine districts of Delhi, namely - Northwest, North, Northeast, East, New Delhi, Central, West, Southwest, and South (as per the Census of India [33]). The
variation in ESV was monitored among the reference years to assess the
spatio-temporal changes in ESs at different districts of the mega-urban center. Differential LULC in these districts is expected to highlight the disparity
in maintenance and conservation of natural areas and thus help in devising
micro-plans effective at a smaller scale.
3.2.5. Sensitivity analysis
For the quantiﬁcation of ESs, different LULC types were represented by
proxy biomes, which are not a perfect match in every case. Hence considering the uncertainties associated to the estimation, a sensitivity analysis was
conducted as per Kreuter et al. [69] and Li et al. [80] to determine the percentage change in ESV for a given percentage change in VC. Coefﬁcient of
sensitivity (CS) is calculated using the standard economic concept of elasticity:
"
#

ESV j −ESV i =ESV i

CS ¼ 
VCjx −VCix =VCix

Table 3
Area statistics of LULC classes for study sites from 1998 to 2018.
LULC class

Cropland
Waterbody
Built-up
Plantation
Scrub
Forest
Exposed area

ð7Þ

where, ESVi and ESVj are initial and adjusted total estimated ESV respectively, and VCjx and VCix are initial and adjusted VC for land use type x.
5

Area (ha)
1998

2003

2011

2018

55,559.43
1141.20
44,093.52
5879.70
12,778.92
12,206.97
15,459.57

46,628.82
838.35
54,896.94
6821.19
9870.03
17,629.65
15,559.74

59,272.29
807.84
65,643.39
11,952.00
10,362.69
7434.99
17,958.33

42,364.17
1095.48
75,423.96
7724.97
11,859.84
5780.88
7186.14
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Fig. 3. LULC maps and legends for Delhi for years 1998, 2003, 2011 and 2018.

Table 5
Changes in ESV (US $ million ha−1yr−1) and ES change index (CESx (%)) among the
reference years (CL: Cropland; WB: Waterbody; BU: Built-up; PL: Plantation; SC:
Scrub; FO: Forest and EA: Exposed area.)

Table 4
Estimated ESV (US$ million ha−1yr−1) for each LULC types ‘x’ of the different reference years in the study site using global coefﬁcients by Costanza et al. [1].
LULC class

Cropland
Waterbody
Built-up
Plantation
Scrub
Forest
Exposed area
Total

ESVx
1998

2003

2011

2018

5.11
9.70
0
1.36
2.96
11.83
0
30.97

4.29
7.12
0
1.58
2.29
17.08
0
32.37

5.45
6.87
0
2.77
2.40
7.20
0
24.70

3.90
9.31
0
1.79
2.75
5.60
0
23.35

LULC
class
CL
WB
BU
PL
SC
FO
EA
Total

6

1998–2003

2003–2011

2011–2018

1998–2018

ESV

CESx

ESV

CESx

ESV

CESx

ESV

CESx

−0.82
−2.57
0
+0.22
−0.67
+5.25
0
+1.40

−19.51
−36.12
0
+13.80
−29.47
+30.75
0
−40.10

+1.16
−0.26
0
+1.19
+0.11
−9.88
0
−7.67

+21.33
−3.77
0
+42.92
+4.75
−137.11
0
−71.80

−1.56
+2.44
0
−0.98
+0.35
−1.60
0
−1.35

−39.91
+26.25
0
−54.71
+12.62
−28.61
0
−84.30

−1.21
−0.39
0
+0.43
−0.21
−6.23
0
−7.61

−23.74
−4.006
0
+31.38
−7.19
−52.64
0
−56.20
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four categories followed by supporting, provisioning and cultural services.
The most dominant (based on their share to TESV) ESs always included
food production (provisioning), waste treatment and water regulation
(regulating) (Table S3). The top six ESs were water regulation, water supply,
food production, nutrient cycling, waste treatment, and biological control,
though their order of contribution varied temporally. In the year 2011, biological control was exceeded by raw material services. The ﬁve ecosystem
functions which suffered a major loss (>US$ 0.60 million) during the study
period are nutrient cycling, climate regulation, raw materials, food production, and erosion control (Table S3). Fig. 6 helps in understanding the contribution of major ecosystem functions and their temporal change during
the study period.
The eventual losses and gains of ESs due to the expansion of manmade
systems were studied for nine districts of Delhi. Most contributing districts
towards ESs of the city are the South, and Southwest, followed by the
Northwest, Northeast, and East. Though facing decline yet since the past,
these have been the key sources of all types of ESs. Temporal analysis of
TESV showed the highest net gain (US$ 1.33 million) of ESs in the Central
district, followed by West district of the city. The other seven districts faced
more or less decline in ESs due to urbanization during the study period.
Among these, the South had faced the highest net decline (US$ 3.53 million) followed by the Northwest and Southwest districts that had undergone the loss of (~1 US$ million) of ESs respectively.

4.3. Changes in ES categories and impacts of LULC changes
Table 5 indicates the change in ESV and ESs change index (CESx) for
each LULC type. The changes in ESVs showed a signiﬁcant drop in the
TESVs over the second (2003−2011), and third (2011–2018) period. However, during the ﬁrst period (1998–2003), a net gain in ESVs was observed.
For the period 2003–2011, the total ESV change and CESx indicated a most
prominent decline of ESs of the forest class while the peculiar gain in value
for plantation class.
The comparison of the values of each service category type showed that
even if the relative contribution for each type declined over the study period,
the order of contribution by different categories remained the same. The
prominent exceptions to declined contribution have increased the supporting
services and regulatory services for the year 2003 and 2018, respectively. It is
evident from the comparison of each service category for the year 1998 that
the highest value was of regulating - US$ 14 million followed by supporting US$ 9.48 million, provisioning - US$ 6.5 million, and cultural - US$ 1.1 million services. For the year 2018, there was an increase in regulatory services
(US$ 15.87 million) followed by decreased provisioning, supporting and cultural services by US$ 4.68 million, 5.94 million and 0.78 million respectively.
Table 5 and Fig. 4 present results showing the substantial changes in ESs
and the reason thereof over the two decades of study. Between 1998 and
2018 notable changes were seen in both ESs contributions of individual
LULC types and their respective area. From 1998 to 2018 forested land experienced the highest spatial loss of 52.64% followed by agricultural land
(23.74%) and water body (4%). There was a net gain in the spatial extent
of one contributor of ESs – plantation by 31.38%. Not surprisingly, the
most prominent increase across the city landscape was of the built-up
area by 71.05% at the cost of other LULC classes. The areal loss of ESs generating LULC type was associated with an overall net decline in TESV.
Major loss in agriculture class was seen at northern Delhi in 2003 at the expense of increased built-up area (the highest in the city by 2930 ha). In the
year 2018, the city landscape experienced a gain in plantation (Fig. 5).

4.5. Sensitivity analysis of VCs
The reliability of the value coefﬁcients used as per proxy biomes was
checked using the coefﬁcient of sensitivity (CS). CS value less than unity
is indicative of greater reliability. The effects of using ±50% adjusted
value coefﬁcients to the estimated ESVs in the study site in 1998 and
2018 are shown in Table S4. The analysis indicated that the CS values are
less than 1 for all land use classes. The high value of CS for forest (±0.38
to ±24) is due to its relatively larger area share and high VC, while for
waterbody (±0.31 to ±0.40) the highest VC aided in peaked CS value.
Such high values indicated the need for concern while taking the VC for
water to maintain the reliability of estimation. In essence, the outputs of
the sensitivity analysis showed the robustness of estimation instead of uncertainties associated with proxy biomes.

4.4. Estimated changes in individual ecosystem function: Service and value
Based on the individual ecosystem function, the major ES type for the
Delhi region was estimated. Regulating services dominated among all the

Fig. 4. Categorical percentage (%) contribution of each service category type in the study period. Individual category (%) contribution shown as numbers next to the bars.
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Fig. 5. Changes in major LULC classes: cropland, forest, built-up and plantation since 1998 to 2018.

5. Discussion

of Central ridge forests too received similar estimation for example in
case of protection against soil erosion. These signify that the used ES
value coefﬁcients do, yet, not consider the impact of environmental quality
of a particular LULC type, which impacts many key ecosystem functions of
urban landscapes like water regulation, ﬂood regulation, soil erosion etc.
Indeed, such factors also play a key role and should be taken into account
in the future development of ecosystem value coefﬁcient either with global
or regional perspective. This need to be increasingly studied in future research initiatives as it will extend our understandings of the spatial heterogeneous characteristics of ESVs with changing environmental conditions.
As urbanization is a universal phenomenon, so as its consequences.
Over the globe, many studies [15,44,45,69,83,84] have talked about the
changes in ESs with the spread of human-dominated landscape. The growth
and development of any built up and exposed area occur at the cost of other
natural/semi-natural LULC types, namely plantation, forests and cropland,
that are capable and efﬁcient in providing ESs, hence accounting for human
well-being [23]. Many such productive LULC types are lost and affected
during the process of urban growth in Delhi as well. The quantitative results
of our study showed the role of LULC dynamics in declining the ESV of the

In the present study, we used the satellite imageries derived through remote sensing for acquiring temporal LULC information of Delhi and ESs
value coefﬁcients (VCs) of the proximate biomes proposed by Costanza
et al. [1]. The LULC datasets act as proxy measures in valuation of ESs at
local or regional level, as conﬁrmed by many studies [21,58,81,82].
Though there are arguments from many researchers and economists against
the utilization of global VC of Costanza et al. [1] for regional value quantiﬁcation, yet their valuation scheme standalone in this modest ﬁeld of ESs
studies with a comprehensive set of VCs for a range of ecosystem types
and their respective ecosystem functions [69]. Moreover, this ESs valuation
approach assumes spatial homogeneity of services within the ecosystems
(i.e., LULC types), both at time-series and cross-sectional analysis. For instance, either the polluted or non-polluted sites of the Yamuna river received a similar estimation, although their ESV could greatly vary, for
example in regard of the water provisioning or water regulating service.
Similarly, the northern tropical thorn forests located on steep slopes of
Aravali range viz. Asola wildlife sanctuary and the relatively ﬂatter area
8
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Fig. 6. Percent contribution of ecosystem functions for the years 1998, 2003, 2011 and 2018. (Here ecosystem function speciﬁc abbreviations are as FP: Food production, RM:
Raw material, RE: Recreation, WR: Water regulation, WT: Waste treatment, WS: Water supply, CR: Climate regulation, NC: Nutrient cycling, BC: Biological control, EC:
Erosion control, Po: Pollination; and the numbers show percentage contribution of each in respective year).

declining the ESs. During the study period, the annual ESs of Delhi were
dropped from US$ 30.96 million to US$ 23.52 million. The spatially homogeneous per hectare loss was of 24.59% (US$ 5134.5 ha−1 year−1). The
most attributable reason for this decline is the resultant shift in LULC of forest and cropland into a continuous spread of the built-up area, as also seen
in other studies [69–71,73].
We further assessed the contribution of each ecosystem function over
the course of the study period. Signiﬁcant changes have been observed in
top ESs of the city. Like, the year 2018 experienced good monsoons, and
hence increased water was discharged from Hathini Kund Barrage ﬂooding
the ﬂood plain area of Yamuna river, which resulted in increased regulatory
services, particularly water regulation and water supply, for the year. While
the prominent decline in nutrient cycling, climate regulation, and raw materials ecosystem functions over the study period was majorly consequent
of declined forest cover (~52%) over the city landscape [87,88]. Similar
ﬁndings were estimated by Kindu et al. [23], who reported the decline in
these ecosystem functions of worth US $ 7.76 million as a consequent loss
of natural forest ecosystem in the Munessa-Shashemene landscape of
Ethiopian highlands. The process of urbanization in Delhi had consumed
a large portion of agricultural land reducing the food production function

city landscape over the course of urbanization. Speciﬁcally, our study
showed that the ﬂuctuations in estimated TESV are a function of the interaction of all changes over the landscape. For instance, though the urbanized
area was ~25% high in 2003 from 1998, yet TESV was higher for 2003
(+US$ 1.40 million) due to increased forest cover by 5422.68 ha
[85,119] and hence the associated supporting services. Our studies have
mirrored the research ﬁndings of Wang et al. [86] showing an attributable
increase (by US $ 15.86 million) in the provision of ESs with a respective
increase in forest LULC type in Ningxia of China as a result of forest restoration efforts. Findings from other studies [23,69] also showed how such
urban expansions along with a concomitant increase in LULC types holds
the capacity to deliver a higher level of ESs, and may not lead to a net decline in TESV.
Similarly, in the second period (2003–2011), our study observed a decline in the ESV for the forest and waterbody LULC types while a key increase in ESV (by US $ 1.41 million) for plantation class which was a
result of ‘plant a million trees’ – a drive-by Government of Delhi incorporating community participation at various scales, hence helped in elevating
plantation area of the city by 89% in 2011 relative to 1998. But overall, expansion of urban and suburban land use holds a greater potential of
9
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of ESs ﬂow [95]. This encompasses the conservation of all vegetation
cover and waterbody along with the development of newer ones (with proportionate degree of distributional equity) within the city [96]. These reserves act as the ‘bridge’ in fulﬁlling the urban resource gaps at the city
landscape level by not only providing an alternative source of habitat for
biodiversity but also assist in enhancement and improvement of ecological
processes. The ﬁndings from our study reveals how the development of conservation sites such as biodiversity park and wildlife sanctuary aids in generating and sustaining a great amount of ESs in a complex mega urban
landscape. For example, the creation of Yamuna Biodiversity Park led to
overall increase of ESs worth US $ 1.3 million. In addition, such examples
illuminate the role of the city governing bodies such as DDA (in case of Yamuna Biodiversity Park, Sanjay Van and Aravalli Biodiversity Park) and
Central Public Work Development (in case of Sundar nursery) in maintenance, protection and enhancement of city ESs. Second, engaging urban residents, developing a deeper understanding of ESs and their importance to
achieve socio-economic goals along with conservation requires raised
awareness and participation of urban residents [97]. For example, the plantation drive - ‘plant a million trees’ helped in net gain of ESs of worth US $
1.41 million with community participation. Engaging the urban residents
with raised awareness about the societal beneﬁts from ESs can aid in promoting public support in ESs conservation and enhancement [94].
In the near future, it is projected that India will be number one accommodator of urbanites by adding 404 million new urban dwellers [36]. The
present scale and process of urbanization in India ensures a greater consequence to the ecosystem functions and processes. As rapidly growing cities
tend not to sustain their growth, it is necessary to study and highlight the
importance of ESs in sustaining human well-being by delivering both indirect and direct beneﬁcial services. Such studies can be utilized as a powerful
means to compare while highlighting the change in ESs with paced up urbanization. And last but not the least, such quantitative evaluations provide
detailed information regarding the economic evidence of threats borne by
natural ecosystems due to extra-ordinarily rising demand of humans and
hence can help to create a layman understanding. Such a study is an essential, simple and sailing way for communications not only to make the society aware but can also assist ofﬁcials engaged in planning policies of
existing as well as upcoming urban landscapes with a similar area. Hence
the policy formulation practices using inputs from ESs related study could
aid in protecting the natural assets rather than dissipating them.

of fertile Indo-Gangetic plain [78]. Similar results were also reported by
Zhang et al. [6] who showed how the conversion of cropland to built-up
area will reduce food production function (1.34–3.16%) from 2013 to
2040 urban growth scenario in Beijing-Tianjin-Hebei urban agglomeration,
China. Findings [73] too revealed a general decline of ESs of associated
with cropland by 27.58% related to cropland during the course of urban
growth in Malda town of West Bengal, India. The vegetation covers over
any region aids in stabilizing the soil cover, thereby lessening the eroding
potential of runoff. The clear-felling of trees for developmental activities
such as industrialization, constructional activities, etc., has diminished
the vegetation cover of the Delhi city, and henceforth the erosional control
function [89,90].
The district-wise ES assessment assisted in addressing the disproportionate distribution of ESs across the city administrative divisions. The results showed how the dominance of South and South-central zones of
Delhi ridge (in South and South-west districts), the green lung shelter featured as the utmost contributors towards city ESV. Further, the forested
land converted into conserved sites such as the Sanjay Van, Aravalli biodiversity parks and Asola wildlife sanctuary has assisted in sustaining more
ESs. Additionally, restoration programs of old green patches of the city
such as the development of Sundar nursery (by 2016) around the archaeological landscape of Delhi contribute in sustaining ESs. Northwest, the largest district, is home of about 51% of the rural population of Delhi and hence
is largely occupied by agricultural land. Further, a part of the Yamuna river
channel adds more towards ESs of the district. The presence of traversing
Yamuna river, with the highest VC, brings out most of ESs of most densely
populated districts: the Northeast and the East.
Over the study period, the creation of Yamuna Biodiversity Park aided
in the highest net gain (US $ 1.33 million) in ESV of Central district of
Delhi through an increase in the ﬂoodplain forest cover. Next, the West district has also shown a net gain in ESs due to increased forest cover along the
Yamuna channels. The highest net decline of ESs was faced by the South
district. The attributable reason for this loss (US$ 3.53 million) is deforestation at the altar of development activities and encroachments. The withdrawal of Section 81 of Delhi Land Reforms Act (in 2013) in rural
districts of Delhi triggered the conversion of agricultural land into the construction purposes. The highest built-up expansion (≥double) is experienced by Northwest and Southwest districts. Such expansion of built-up
area at the cost of agricultural land led to the ES loss of about US$ 1 million.
The district-wise ESs accounting shows that the communities of densely
populated districts like- North east and West remain underserved from the
ESs which are passively conveyed like air quality, recreation, cultural etc.,
to the surrounding communities through conservation sites as received in
Central district and other less densely populated districts like New Delhi,
South-west and South in contrast to certain global services like carbon sequestration and climate regulation. As urban planning decisions are the
most inﬂuential factors in determining the amount, provision and spatial
distribution of ESs across the city landscape, such ESs accounting help in investigating the degree of social equity in terms of ESs across the city administrative divisions.
A well-informed decision making, with a detailed assessment of distributional equity and spatio-temporal gain and loss of ESs values, is known
to increase the conﬁdence while choosing among various urban plans
[72,91,92], thereby potentially addressing the future equitable distribution
of resources and the well-functioning of ecological functions and processes
in the complex urban landscapes [30]. Hence this study can aid in guiding
the strategic decisions on future conservation site speciﬁc land-use allocations in the purse of ESs distributional and associated social equity as well
[93,94].
Such a comprehensive assessment of ESs acts as a tool for understanding
and generating effective information for decision-making related to the sustainable ﬂow of ESs [1,14,22,28,64]. This study proposes two guiding strategies based on our ﬁndings that integrate ESs conservation along with the
expansion of the urbanized areas in the city landscape. First, establish conservation reserves, setting up of conservation speciﬁc land within and adjacent
to the city is a signiﬁcant initiative towards maintaining the sustainability

6. Conclusion and future works
In this study, a detailed investigation of change in ESs in the response of
urbanization-induced LULC change was done for the capital city of India,
Delhi. The synergistic usage of RS and GIS for satellite imageries along
with corresponding VC from proxy biome facilitated the monetization of
ecological functions. Our study revealed a net decline of ESVs (US$ 7.61
million) consequents to LULC dynamics of two decades (1998–2018). The
most identiﬁed reason for declining ESs was due to the conversion and
loss of the forested land and agricultural land as a consequence of rapid
and haphazard built-up expansion. The signiﬁcant ecosystem functions
which have undergone changes were nutrient cycling, climate regulation,
and raw materials provision. Each of these three ESs shares prominent linkages with forest ecosystem. The relevance of developing conserving sites in
the urban landscape to sustain the quality of life for urban residents can be
seen through the ﬁndings in this research.
In this study, the relationship between urbanization and ESs was explored using annual composite map of reference years. This is a starting
point for quantifying the overall impact of urbanization induced LULC
changes on the ESs. However, the ESs can considerably ﬂuctuate seasonally
[98,99]. Hence accounting of season change on ESs are also worthy of investigation. Future research during different seasons will be signiﬁcant
and useful for examining the effects of LULC conversion on ESs in different
seasons. In addition, the present ﬁndings were obtained through relatively
coarser resolution Landsat satellite imageries hence generating coarser estimates of ESs, future ESs research in urban regions need the use of high
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resolution satellite imageries which can accurately reﬂect the status of ESs
in the urban landscape.
CRediT authorship contribution statement
Sonali Sharma: Conceptualization, Data curation, Formal analysis.
Shadman Nahid: Conceptualization, Data curation, Formal analysis. Mani
Sharma: Conceptualization, Data curation, Formal analysis. Srikanta
Sannigarhi: Writing - review & editing. M.M. Anees: Writing - review &
editing. Richa Sharma: Writing - review & editing. Ravi Shekhar: Writing
- review & editing. Arunima Sarkar Basu: Writing - review & editing.
Francesco Pilla: Writing - review & editing. Bidroha Basu: Writing - review
& editing. P.K. Joshi: Conceptualization, Supervision.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to inﬂuence the
work reported in this paper.
Acknowledgment
SS and AMM extend thanks to University Grants Commission (UGC) for
Junior Research Fellowship (JRF) support. Authors are thankful to anonymous reviewers for their careful reading of our earlier version of manuscript, and their many insightful comments and suggestions that helped in
improving it. Authors are also thankful to the Editorial Board for their
support.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cacint.2020.100047.
References
[1] Costanza R, d'Arge R, de Groot R, Farber S, Grasso M, Hannon B, et al. The value of the
world's ecosystem services and natural capital. Nature. 1997;387(6630):253.
[2] Costanza R, de Groot R, Sutton PC, van der Ploeg S, Anderson S, Kubiszewski I, et al.
Changes in the global value of ecosystem services. Global Environ Chang. 2014;26:
152–8.
[3] Daily GC. Nature’s services. Societal dependence on natural ecosystems. Washington,
DC: Island Press; 1997.
[4] Millennium Ecosystem Assessment. Ecosystems and human well-being: synthesis.
Washington, DC: Island Press; 2005.
[5] Díaz S, Demissew S, Carabias J, Joly C, Lonsdale M, Ash N, et al. The IPBES Conceptual
Framework — connecting nature and people. Curr Opin Env Sust. 2015;14:1–16.
[6] Zhang, X., Xie, H., Shi, J., Lv, T., Zhou, C., & Liu, W. (2020). Assessing changes in ecosystem service values in response to land cover dynamics in Jiangxi Province, China.
Int. J. Environ. Res. Public Health, 17(9), 3018.
[7] Chaudhary S, McGregor A, Houston D, Chettri N. The evolution of ecosystem services:
a time series and discourse-centered analysis. Environ Sci Policy. 2015;54:25–34.
[8] Lele S, Springate-Baginski O, Lakerveld R, Deb D, Dash P. Ecosystem services: origins,
contributions, pitfalls, and alternatives. Conserv and Soc. 2013;11(4):343–58.
[9] Kašanin-Grubin M, Štrbac S, Antonijević S, Mračević SD, Randjelović D, Orlić J, et al.
Future environmental challenges of the urban protected area Great War Island
(Belgrade, Serbia) based on valuation of the pollution status and ecosystem services.
J Environ Manage. 2019;251:109574.
[10] Liu Y, Li T, Zhao W, Wang S, Fu B. Landscape functional zoning at a county level based
on ecosystem services bundle: methods comparison and management indication. J Environ Manage. 2019;249:109315.
[11] Zheng W, Ke X, Xiao B, Zhou T. Optimising land use allocation to balance ecosystem
services and economic beneﬁts-a case study in Wuhan. China J Environ Manage.
2019;248:109306.
[12] Van der Ploeg S, De Groot RS, Wang Y. The TEEB valuation database: overview of
structure, data and results. Foundation for Sustainable Development, Wageningen,
the Netherlands. 2010:1–247.
[13] IPBES. 2018. Summary for policymakers of the assessment report on land degradation
and restoration of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services. R. Scholes, L. Montanarella, A. Brainich, N. Barger, B. ten Brink,
M. Cantele, B. Erasmus, J. Fisher, T. Gardner, T. G. Holland, F. Kohler, J. S. Kotiaho,
G. Von Maltitz, G. Nangendo, R. Pandit, J. Parrotta, M. D. Potts, S. Prince, M. Sankaran
and L. Willemen (eds.). IPBES secretariat, Bonn,STYERS Germany. 44 pages.

11

S. Sharma et al.

City and Environment Interactions 7 (2020) 100047
[79] Peng J, Liu Y, Wu J, Lv H, Hu X. Linking ecosystem services and landscape patterns to
assess urban ecosystem health: a case study in Shenzhen City. China Landsc Urban
Plan. 2015;143:56–68.
[80] Li J, Wang W, Hu G, Wei Z. Changes in ecosystem service values in Zoige Plateau,
China. Agric Ecosyst Environ. 2010;139(4):766–70.
[81] Burkhard B, Kroll F, Müller F, Windhorst W. Landscapes’ capacities to provide ecosystem services-a concept for land-cover based assessments. Landsc Online. 2009;15:
1–22.
[82] Kim G, Miller PA, Nowak DJ. Assessing urban vacant land ecosystem services: urban
vacant land as green infrastructure in the City of Roanoke. Virginia Urban For Urban
Gree. 2015;14(3):519–26.
[83] Hu H, Liu W, Cao M. Impact of land use and land cover changes on ecosystem services
in Menglun, Xishuangbanna. Southwest China Environ Monit Assess. 2008;146(1–3):
147–56.
[84] Li RQ, Dong M, Cui JY, Zhang LL, Cui QG, He WM. Quantiﬁcation of the impact of
land-use changes on ecosystem services: a case study in Pingbian County, China. Environ Monit Assess. 2007;128(1–3):503–10.
[85] Forest Survey of India. State Forest Survey Report (SFSR), Ministry of Environmental
Forests and Climate Change. Dehradun: Govt. of India; 2003.
[86] Wang Y, Gao J, Wang J, Qiu J. Value assessment of ecosystem services in nature reserves in Ningxia, China: a response to ecological restoration. PloS One. 2014;9(2).
[87] Foster NW, Bhatti JS. Forest ecosystems: nutrient cycling. Encyclopedia of Soil Science
New York: Taylor & Francis Group. 2006;1:718–21.
[88] Li Y, Zhao M, Motesharrei S, Mu Q, Kalnay E, Li S. Local cooling and warming effects of
forests based on satellite observations. Nat Commun. 2015;6:1–8.
[89] Gyssels G, Poesen J, Bochet E, Li Y. Impact of plant roots on the resistance of soils to
erosion by water: a review. Prog Phys Geog. 2005;29(2):189–217.
[90] Mohammad AG, Adam MA. The impact of vegetative cover type on runoff and soil erosion under different land uses. Catena. 2010;81(2):97–103.
[91] Heath C, Gonzalez R. Interaction with others increases decision conﬁdence but not decision quality: evidence against information collection views of interactive decision
making. Organ Behav Hum Decis Process. 1995;61(3):305–26.
[92] Grêt-regamey A, Celio E, Grêt-regamey A, Celio E, Klein TM, Hayek UW. Understanding ecosystem services trade-offs with interactive procedural modeling for sustainable
urban planning landscape and urban planning understanding ecosystem services tradeoffs with interactive procedural modeling for sustainable urban planning. Landscape
Urban Plan. 2013;109(1):107–16.
[93] Geneletti D, Cortinovis C, Zardo L, Adem Esmail B. Towards equity in the distribution
of ecosystem services in cities. In: Planning for ecosystem services in cities. Springer
briefs in environmental science, Springer, Cham; 2020.
[94] Villamagna AM, Mogollón B, Angermeier PL. Inequity in ecosystem service delivery:
socioeconomic gaps in the public-private conservation network. Ecol Soc. 2017;22(1).
[95] Knoke T, Bendix J, Pohle P, Hamer U, Hildebrandt P, Roos K, et al. Afforestation or intense pasturing improve the ecological and economic value of abandoned tropical
farmlands. Nat Commun. 2014;5:5612.
[96] Elmqvist T, Setälä H, Handel SN, Van Der Ploeg S, Aronson J, Blignaut JN, et al. Beneﬁts of restoring ecosystem services in urban areas. Curr Opin Env Sust. 2015;14:
101–8.
[97] Ferreira V, Barreira AP, Loures L, Antunes D, Panagopoulos T. Stakeholders’ engagement on nature-based solutions: a systematic literature review. Sustainability. 2020;
12(2):640.
[98] Schmalz B, Kruse M, Kiesel J, Müller F, Fohrer N. Water-related ecosystem services in
Western Siberian lowland basins—analysing and mapping spatial and seasonal effects
on regulating services based on ecohydrological modelling results. Ecol Indic. 2016;71:
55–65.
[99] Volante JN, Alcaraz-Segura D, Mosciaro MJ, Viglizzo EF, Paruelo JM. Ecosystem functional changes associated with land clearing in NW Argentina. Agric Ecosyst Environ.
2012;154:12–22.
[108] Herold M, Goldstein NC, Clarke KC. The spatiotemporal form of urban growth: measurement, analysis and modeling. Remote Sens Environ. 2003;86(3):286–302.
[110] Rai R, Zhang Y, Paudel B, Acharya B, Basnet L. Land use and land cover dynamics and
assessing the ecosystem service values in the trans-boundary Gandaki River Basin, Central Himalayas. Sustainability. 2018;10:3052.
[111] Sharma R, Joshi PK. Monitoring urban landscape dynamics over Delhi (India) using remote sensing (1998–2011) inputs. J Indian Soc Remote Sens. 2013;41(3):641–50.
[113] Wan L, Ye X, Lee J, Lu X, Zheng L, Wu K. Effects of urbanization on ecosystem service
values in a mineral resource-based city. Habitat Int. 2015;46:54–63.
[114] Zhao B, Kreuter U, Li B, Ma Z, Chen J, Nakagoshi N. An ecosystem service value assessment of land-use change on Chongming Island, China. Land Use Policy. 2004;21(2):
139–48.
[115] Zhou W, Zhang S, Wenjuan Y, Wang J, Wang W. Effects of urban expansion on forest
loss and fragmentataion in six megaregions. China Remote Sens. 2017;9:991.
[116] Hein L, Van Koppen K, De Groot RS, Van Ierland EC. Spatial scales, stakeholders and
the valuation of ecosystem services. Ecol Econ. 2006;57(2):209–28. https://doi.org/
10.1016/j.ecolecon.2005.04.005.
[117] Hirokawa KH, Gottlieb C. Sustainable Habitat Restoration: Fish, Farms, and Ecosystem
Services. , 2Fordham Environmental Law Review; 2012; 1–54http://www.jstor.org/
stable/44175658.
[118] United Nations, 2018. Department of Economic and Social Affairs, 2018 Revision of
World Urbanization Prospects.
[119] Abramovitz JN, Gnan P. Putting a value on nature's free' services. World Watch. 1998;
11(1):10–9.

[48] Muzafar I, Khuroo AA, Mehraj G, Hamid M, Rashid I, Malik AH. Floristic diversity
along the roadsides of an urban biodiversity hotspot in Indian Himalayas. Plant
Biosystems. 2019;153(2):222–30.
[49] Dutta D, Rahman A, Paul SK. Changing pattern of urban landscape and its effect on
land surface temperature in and around Delhi. Environ Monit Assess. 2019;191(9):
551.
[50] Rahman A, Kumar S, Fazal S, Siddiqui MA. Assessment of land use/land cover change
in the North-West District of Delhi using remote sensing and GIS techniques. J Indian
Soc Remote Sens. 2012;40(4):689–97.
[51] Tang, J., & Di, L., 2019. Past and future trajectories of farmland loss due to rapid urbanization using Landsat imagery and the Markov-CA model: a case study of Delhi,
India. Remote Sens (Basel) 11(2), 180.
[52] Tripathy P, Kumar A. Monitoring and modelling spatio-temporal urban growth of
Delhi using Cellular Automata and geoinformatics. Cities. 2019;90:52–63.
[53] Diksha, Kumar A. Analysing urban sprawl and land consumption patterns in major capital cities in the Himalayan region using geoinformatics. Appl Geogr. 2017;89:112–23.
[54] Taubenböck H, Wegmann M, Roth A, Mehl H, Dech S. Computers, environment and
urban systems urbanization in India – spatiotemporal analysis using remote sensing
data. Comput Environ Urban Syst. 2009;33(3):179–88.
[55] Ritchie Hannah, Roser Max. Urbanization. Published online at OurWorldInData.org;
2018https://ourworldindata.org/urbanization.
[56] Swerts E., Denis E., & Mukhopadhyay P., 2018. Diffuse urbanization and mega-urban
regions in India: between reluctant and restrictive urbanism?. In: Rozenblat C., Pumain
D., & Velasquez E. (eds) International and transnational perspectives on urban systems:
advances in geographical and environmental sciences (pp. 237–262). Springer,
Singapore.
[57] Le Maitre DC, Milton SJ, Jarmain C, Colvin CA, Saayman I, Vlok JH. Linking ecosystem
services and water resources: landscape-scale hydrology of the Little Karoo. Front Ecol
Environ. 2007;5(5):261–70.
[58] Fu B, Zhang L, Xu Z, Zhao Y, Wei Y, Skinner D. Ecosystem services in changing land
use. J Soils and Sediments. 2015;15(4):833–43.
[59] Tian Y, Wu H, Zhang G, Wang L, Zheng D, Li S. Perceptions of ecosystem services, disservices and willingness-to-pay for urban green space conservation. J Environ Manage.
2020;260:110140.
[60] Chen S, Li G, Xu Z, Zhuo Y, Wu C, Ye Y. Combined impact of socioeconomic forces and
policy implications: spatial-temporal dynamics of the ecosystem services value in
Yangtze River Delta, China. Sustainability. 2019;11(9):2622.
[61] Neumann A, Kim DK, Perhar G, Arhonditsis GB. Integrative analysis of the Lake Simcoe
watershed (Ontario, Canada) as a socio-ecological system. J Environ Manage. 2017;
188:308–21.
[62] Ehrlich PR, Holdren JP. Impact of population growth. Science. 1971;171:1212–7.
[63] Alberti M. The effects of urban patterns on ecosystem function. Int Reg Sci Rev. 2005;
28(2):168–92.
[64] Song W, Deng X. Land-use/land-cover change and ecosystem service provision in
China. Sci Total Environ. 2017;576:705–19.
[65] Wu, K., Ye, X., Qi, Z., & Zhang, H., 2013. Impacts of land use/land cover change and
socioeconomic development on regional ecosystem services: the case of fast-growing
Hangzhou metropolitan area, China. Cities, 31, 276–284.
[66] Carson, R. M., & Bergstrom, J. C., 2003. A review of ecosystem valuation techniques
(no.1607-2016-134549).
[67] Gascoigne WR, Hoag D, Koontz L, Tangen BA, Shaffer TL, Gleason RA. Valuing ecosystem and economic services across land-use scenarios in the Prairie Pothole Region of
the Dakotas, USA. Ecol Econ. 2011;70(10):1715–25.
[68] Richardson L, Loomis J, Kroeger T, Casey F. The role of beneﬁt transfer in ecosystem
service valuation. Ecol Econ. 2015;115:51–8.
[69] Kreuter UP, Harris HG, Matlock MD, Lacey RE. Change in ecosystem service values in
the San Antonio area. Texas Ecol Econ. 2001;39(3):333–46.
[70] Sannigrahi, S., Zhang, Q., Pilla, F., Joshi, P.K., Basu, B., Keesstra, S., Roy, P.S., Wang, Y.
, Sutton, P.C., Chakraborti, S. and Paul, S.K., 2020a. Responses of ecosystem services to
natural and anthropogenic forcings: a spatial regression based assessment in the
world's largest mangrove ecosystem. Sci. Total Environ. 715, p. 137004.
[71] Sannigrahi S, Zhang Q, Joshi PK, Sutton PC, Keesstra S, Roy PS, et al. Examining effects
of climate change and land use dynamic on biophysical and economic values of ecosystem services of a natural reserve region. J Clean Prod. 2020;257:120424.
[72] Sannigrahi, S., Pilla, F., Basu, B., Basu, A.S., Sarkar, K., Chakraborti, S., Joshi, P.K.,
Zhang, Q., Wang, Y., Bhatt, S. and Bhatt, A., 2020c. Examining the effects of forest
ﬁre on terrestrial carbon emission and ecosystem production in India using remote
sensing approaches. Sci. Total Environ. 725, p. 138331.
[73] Das M, Das A. Dynamics of urbanization and its impact on Urban Ecosystem Services
(UESs): a study of a medium size town of West Bengal, Eastern India. J Urban
Manag. 2019;8(3):420–34.
[74] Alam M, Dupras J, Messier C. A framework towards a composite indicator for urban
ecosystem services. Ecol Indic. 2016;60:38–44.
[75] Glaeser EL. A world of cities: the causes and consequences of urbanization in poorer
countries. J Eur Econ Assoc. 2014;12(5):1154–99.
[76] Lin X, Wang Y, Wang S, Wang D. Spatial differences and driving forces of land urbanization in China. J Geogr Sci. 2015;25(5):545–58.
[77] Mohan M, Pathan SK, Narendrareddy K, Kandya A, Pandey S. Dynamics of urbanization and its impact on land-use/land-cover: a case study of megacity Delhi. J Environ
Prot Ecol. 2011;2(9):1274–83.
[78] Ghosh A, Sharma R, Joshi PK. Random forest classiﬁcation of urban landscape using
Landsat archive and ancillary data: combining seasonal maps with decision level fusion. Appl Geogr. 2014;48:31–41.

12

