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Globally, the present rate of urbanization in mega-urban centers is altering ecosystem functions and resultant ecosys-
tem 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 semi-
natural ecosystems can play an important role in urban policy and decisionmaking. Themain 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 per-
formed 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 bio-
diversity 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 plan-
ning in order to protect natural resources, ESs, and thus overall well-being of residents.
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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 expan-
sion 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 out-
puts of ecosystems (e.g., raw material and food production); (ii) Regulat-
ing - the benefits obtained by regulation of ecosystem processes
(e.g., carbon sequestration and storage, moderation of extreme events
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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 evo-
lution 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 Plat-
form on Biodiversity and Ecosystem Services (IPBES) assessment, glob-
ally 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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Since 1960's there has been realization and growing awareness about
the underestimation of the benefitswhich natural ecosystems contribute to-
wards human well-being [116]. With this the valuation of ecosystem func-
tions 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 deci-
sion makers in the terminology they are used to, hence helping in provok-
ing 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 land-
scape is majorly determined by its Land Use Land Cover (LULC)
[16–21,110]. The current rate and intensity of infrastructure expansion as-
sociated with escalated human population growth are primary factors in-
volved in modifying the provision of ESs [13,22,23]. For instance, the
conversion of cropland to built-up area notably diminishes the food produc-
tion ecosystem service once received. Such modifications cause unprece-
dented 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 Sens-
ing (RS) and Geographic Information System (GIS) can overcome these
challenges as it is significantly useful in generating spatio-temporal infor-
mation 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 ben-
efits 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/semi-
natural ecosystems towards human well-being [26]. According to
Hirokawa [117] often the major reason behind this is the inability to ap-
praise 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 semi-
natural ecosystems towards human well-being [27,28] into the urban plan-
ning [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 designingmore concrete options on how to enhance the pos-
itive 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 over-
take 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 million-
plus population in each. The United Nations Department of Economic
and Social Affairs (UNDESA) [36] reported that India hosts two mega-
cities (≥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 im-
portance. 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 conse-
quent 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

For the last two decades, theMEA researchers fromover 70 nationswith
diverse backgrounds of social and natural sciences are synthesizing infor-
mation to explain the network of links between natural ecosystems and de-
velopment. 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 im-
pacts 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 sup-
ply of future ESs. In India, one of the fastest urbanizing developing coun-
tries, 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 interest-
ing mega-urban center to study as it has faced significant growth and den-
sification. 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 pro-
vided 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 develop-
mental strategies.

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 popu-
lation 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 urbaniza-
tion 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, inwhich P denotes the pop-
ulation growth; A is the affluence of the economic growth and associated re-
sources 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 inde-
pendent 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 chang-
ing 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 exponen-
tially. Under this theme of ESs, the monetary valuation based studies remain
dominant, highlighting the significance of vital services of the natural ecosys-
tem towards human well-being [7,65]. Several monetary valuation methods
such as cost-benefit analysis, direct benefit transfer, willingness to pay valua-
tion, travel cost, contingent valuation, hedonic pricing, etc. [66], have been
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developed to quantify themonetary values of ESs towards humanwell-being.
Among these, the direct benefit transfer method proposed by [1] is the pri-
marily 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 re-
motely 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 byCostanza et al. [1] for differ-
ent 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 plan-
tation/scrubland followed by human-managed systems as cropland, and
lastly theman-made infrastructure including exposed area, buildings. The an-
nual 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 con-
stant value over the ecosystem types. Hence the present study focused on
quantifying the influence of urbanization on the annual ESs over time
(from1998 to 2018) in Delhi, the capitalmega-urban center of India, through
utilizing the temporal LULCmaps, as they act as proxymeasures in ESs assess-
ment and monitoring, derived through satellite imageries [41,42].

3. Material and methods

Themain 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
Fig. 1. Conceptual and analytical fra
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(Sections 3.2.1 and 3.2.2) outlines the data and methods used for genera-
tion 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).

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 ecosys-
tems 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 urbaniza-
tion 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.

3.2. Methodology

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
mework adopted for the study.



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.

Table 1
LULC types with corresponding VC (US$ ha−1 year−1) of proxy biomes [1].

LULC classes Equivalent biome VC

Cropland Cropland 92
Waterbody River/lakes/ponds 8498
Built-up Urban 0
Plantation Grass/rangelands 232
Scrub Grass/rangelands 232
Forest Forest 969
Exposed area Desert 0
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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 LULCmaps for the years 1998 to 2011were 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 vege-
tation class confusion through phenological behaviour assessment. Further
ENVI 5.1 software was used to integrate those three maps to get one com-
posite LULCmap for the respective year. Ghosh et al. [78] classified the sat-
ellite image into eleven LULC classes Rabi (winter), Kharif (monsoon), Zaid
(summer), Double crops, Waterbody, Dense built-up, Sparse built-up, Plan-
tation, Scrub, Forest and Exposed area. The overall accuracy of themaps 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 Ex-
posed area. The prepared map has overall accuracy of 84% with kappa ac-
curacy 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.

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

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 equiv-
alent proxy biomes and their respective VCs used for each LULC type for the
city.

ESVx ¼ Ax � VCxð Þ ð1Þ

ESVt ¼
X

Ax � VCxð Þ ð2Þ

where, ESVx and ESVt represent ESV of individual land-use type and total es-
timated 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 ecosys-
tem 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 2
VC (US $ ha−1 year−1) for ecosystem functions of LULC types. Here LULC class spe-
cific abbreviations are as CL: Cropland; WB: Waterbody; BU: Built-up; PL: Planta-
tion; 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 54 41 0 67 67 43 0
Raw material – – 0 – – 138 0

Regulating Gas regulation – – 0 7 7 – 0
Climate regulation – – 0 – – 141 0
Disturbance regulation – – 0 – – 2 0
Water regulation – 5445 0 3 3 2 0
Water supply – 2117 0 – – 3 0
Waste treatment – 665 0 87 87 87 0

Supporting Soil formation – – 0 1 1 10 0
Nutrient cycling – – 0 – – 361 0
Erosion control – – 0 29 29 96 0
Pollination 14 – 0 25 25 – 0
Biological control 24 – 0 23 23 2 0
Genetic resources – – 0 – – 16 0

Cultural Recreation – 230 0 2 2 68 0
Cultural – – 0 – – 2 0

Total 92 8498 0 232 232 969 0

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

LULC class Area (ha)

1998 2003 2011 2018

Cropland 55,559.43 46,628.82 59,272.29 42,364.17
Waterbody 1141.20 838.35 807.84 1095.48
Built-up 44,093.52 54,896.94 65,643.39 75,423.96
Plantation 5879.70 6821.19 11,952.00 7724.97
Scrub 12,778.92 9870.03 10,362.69 11,859.84
Forest 12,206.97 17,629.65 7434.99 5780.88
Exposed area 15,459.57 15,559.74 17,958.33 7186.14
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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 nþ1 yearð Þx−ESV n yearð Þx

ESV n yearð Þx

� �
� 100 ð4Þ

Similarly, change in ESVwith succeeding years was calculated using the
following equation:

ESVx change ¼
ESV nþ1 yearð Þx−ESV n yearð Þx

ESV n yearð Þx

� �
ð5Þ

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 final yearð Þ−ESV initial yearð Þ
ESV initial yearð Þ

� �
� 100 ð6Þ

Additionally, a district-wise ESs assessment was carried out for nine dis-
tricts of Delhi, namely - Northwest, North, Northeast, East, NewDelhi, Cen-
tral, 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 cen-
ter. 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 consider-
ing 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 per-
centage change in ESV for a given percentage change in VC. Coefficient of
sensitivity (CS) is calculated using the standard economic concept of elastic-
ity:

CS ¼ ESV j−ESVi
� �

=ESVi

VCjx−VCix
� �

=VCix

" #
ð7Þ

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

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.

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 ex-
posed area and forest respectively. Plantation class experienced net gain
with huge variations in area coverage. Thewaterbody area faced some fluc-
tuations among the reference years.

The increase in urban population requires infrastructural support such
as roads, houses, institutions, etc., which drive massive LULC transforma-
tions. 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 agri-
cultural 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 aver-
age annual loss of 322 ha. In addition, built-up within the city has intensi-
fied with plantations and exposed area being gradually transforming to
built-up.

4.2. Changes in estimated annual ESVs

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 pe-
riod, 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 planta-
tion in 2011 and waterbody in 2018.



Fig. 3. LULC maps and legends for Delhi for years 1998, 2003, 2011 and 2018.

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

LULC class ESVx

1998 2003 2011 2018

Cropland 5.11 4.29 5.45 3.90
Waterbody 9.70 7.12 6.87 9.31
Built-up 0 0 0 0
Plantation 1.36 1.58 2.77 1.79
Scrub 2.96 2.29 2.40 2.75
Forest 11.83 17.08 7.20 5.60
Exposed area 0 0 0 0
Total 30.97 32.37 24.70 23.35

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.)

LULC
class

1998–2003 2003–2011 2011–2018 1998–2018

ESV CESx ESV CESx ESV CESx ESV CESx

CL −0.82 −19.51 +1.16 +21.33 −1.56 −39.91 −1.21 −23.74
WB −2.57 −36.12 −0.26 −3.77 +2.44 +26.25 −0.39 −4.006
BU 0 0 0 0 0 0 0 0
PL +0.22 +13.80 +1.19 +42.92 −0.98 −54.71 +0.43 +31.38
SC −0.67 −29.47 +0.11 +4.75 +0.35 +12.62 −0.21 −7.19
FO +5.25 +30.75 −9.88 −137.11 −1.60 −28.61 −6.23 −52.64
EA 0 0 0 0 0 0 0 0
Total +1.40 −40.10 −7.67 −71.80 −1.35 −84.30 −7.61 −56.20
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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. How-
ever, 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$ 14million followed by supporting -
US$ 9.48 million, provisioning - US$ 6.5 million, and cultural - US$ 1.1 mil-
lion services. For the year 2018, there was an increase in regulatory services
(US$ 15.87 million) followed by decreased provisioning, supporting and cul-
tural services byUS$ 4.68million, 5.94million and 0.78million 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 ex-
perienced 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 gen-
erating 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 ex-
pense 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).

4.4. 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 stud
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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 werewater regulation, water supply,
food production, nutrient cycling, waste treatment, and biological control,
though their order of contribution varied temporally. In the year 2011, bi-
ological control was exceeded by rawmaterial services. The five ecosystem
functions which suffered a major loss (>US$ 0.60 million) during the study
period are nutrient cycling, climate regulation, rawmaterials, food produc-
tion, and erosion control (Table S3). Fig. 6 helps in understanding the con-
tribution 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 byWest 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 mil-
lion) followed by the Northwest and Southwest districts that had under-
gone the loss of (~1 US$ million) of ESs respectively.

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 un-
certainties associated with proxy biomes.
y period. Individual category (%) contribution shown as numbers next to the bars.



Fig. 5. Changes in major LULC classes: cropland, forest, built-up and plantation since 1998 to 2018.
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5. Discussion

In the present study, we used the satellite imageries derived through re-
mote 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 frommany researchers and economists against
the utilization of global VC of Costanza et al. [1] for regional value quanti-
fication, 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 in-
stance, either the polluted or non-polluted sites of the Yamuna river re-
ceived 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
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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 re-
search initiatives as it will extend our understandings of the spatial hetero-
geneous 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 inDelhi as well. The quantitative results
of our study showed the role of LULC dynamics in declining the ESV of the



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).
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city landscape over the course of urbanization. Specifically, our study
showed that the fluctuations in estimated TESV are a function of the inter-
action 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 restora-
tion 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 de-
cline in TESV.

Similarly, in the second period (2003–2011), our study observed a de-
cline in the ESV for the forest and waterbody LULC types while a key in-
crease 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 incorporat-
ing community participation at various scales, hence helped in elevating
plantation area of the city by 89% in 2011 relative to 1998. But overall, ex-
pansion of urban and suburban land use holds a greater potential of
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declining the ESs. During the study period, the annual ESs of Delhi were
dropped fromUS$ 30.96 million to US$ 23.52 million. The spatially homo-
geneous 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 for-
est 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 fromHathini 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 ma-
terials 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
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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 dispropor-
tionate distribution of ESs across the city administrative divisions. The re-
sults showed how the dominance of South and South-central zones of
Delhi ridge (in South and South-west districts), the green lung shelter fea-
tured as the utmost contributors towards city ESV. Further, the forested
land converted into conserved sites such as the Sanjay Van, Aravalli biodi-
versity 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 archaeo-
logical landscape of Delhi contribute in sustaining ESs. Northwest, the larg-
est 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, theWest dis-
trict 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$ 3.53million) is deforesta-
tion at the altar of development activities and encroachments. The with-
drawal of Section 81 of Delhi Land Reforms Act (in 2013) in rural
districts of Delhi triggered the conversion of agricultural land into the con-
struction purposes. The highest built-up expansion (≥double) is experi-
enced 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$ 1million.

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 se-
questration 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 in-
vestigating the degree of social equity in terms of ESs across the city admin-
istrative divisions.

A well-informed decision making, with a detailed assessment of distri-
butional 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 alloca-
tions 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 sus-
tainable flow of ESs [1,14,22,28,64]. This study proposes two guiding strat-
egies based on our findings that integrate ESs conservation along with the
expansion of the urbanized areas in the city landscape. First, establish conser-
vation reserves, setting up of conservation specific land within and adjacent
to the city is a significant initiative towards maintaining the sustainability
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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 pro-
portionate degree of distributional equity) within the city [96]. These re-
serves 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. Thefindings fromour study reveals how the development of con-
servation sites such as biodiversity park and wildlife sanctuary aids in gen-
erating 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 Ya-
muna Biodiversity Park, Sanjay Van and Aravalli Biodiversity Park) and
Central Public Work Development (in case of Sundar nursery) in mainte-
nance, protection and enhancement of city ESs. Second, engaging urban res-
idents, 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 plan-
tation 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 pro-
moting public support in ESs conservation and enhancement [94].

In the near future, it is projected that India will be number one accom-
modator of urbanites by adding 404 million new urban dwellers [36]. The
present scale and process of urbanization in India ensures a greater conse-
quence 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 indi-
rect and direct beneficial services. Such studies can be utilized as a powerful
means to compare while highlighting the change in ESs with paced up ur-
banization. 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 essen-
tial, simple and sailing way for communications not only to make the soci-
ety 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.

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 rawmaterials provision. Each of these three ESs shares prominent link-
ages 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 ex-
plored 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 in-
vestigation. 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 esti-
mates 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.
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