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Abstract

Ecosystem services are crucial for human well-being as it offers benefits such as
food production, water purification, and climate regulation. However, land use
change caused by rapid urban expansion poses a significant threat to these
services. We investigate the impact of urbanization on ecosystem services in the
Kathmandu Valley, a region experiencing intense urban growth. We assessed
changes in urban areas and their effects on four key ecosystem services: air quality
regulation, carbon storage, food production, and habitat quality. We utilise historical
and projected land use data from 2008 to 2032, and different socio-economic and
geographical data. The future land use projection shows an increase in urban areas,
from 97 km? in 2008 to 231 km? by 2032, a growth by 140% within a 24-year period.
Maijority of this conversion comes from cropland. This urban expansion results in a
significant decline in ESs, particularly in food production and habitat quality. We
project that by 2032, food production will decrease by 19%, habitat quality by 16%,
air quality regulation by 5%, and carbon storage by 3%. Our analysis shows there is
an urgent need for sustainable urban planning to balance development with the

conservation of important ESs.
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1. Introduction

Nature provides a wide range of valuable goods and services, commonly referred to
as ecosystem services (ESs), that contribute to human well-being (MEA, 2005).
Generally, these services are divided into four main types: provisioning services (e.g.
food and timber), supporting services (e.g. nutrient cycling and soil formation), which
help maintain the natural processes needed for life, regulating services (e.g. water
purification, climate mitigation, and flood prevention), which keep the environment
stable); and cultural services, which provide benefits like recreation and spiritual
value (Kremen, 2005; Patterson 2011; Patterson & Coelho, 2009; Torres et al.,
2021). These services are essential for humans, from the food we eat to the way our
climate is regulated (Kremen, 2005). Despite the incredible contribution of ESs to
support nature and survival and well-being of human being, ESs globally are
experiencing continuous loss due to human activities resulting in conversion and
clearing of ecosystems for different land use (MEA, 2005). The type of land use and
land cover (LULC) in an area is directly linked to how much ESs it can provide.
Changes in LULC, like turning forests into farms or cities, can change the kinds and
amounts of services the ecosystem offers (Costanza et al., 1997; Kreuter et al.,
2001; Polasky et al., 2010). For example, while expanding farmland over forests or
grasslands might provide more food (a provisioning service), it can reduce other
services, like water purification and carbon storage. Therefore, any change in land
use can lead to trade-offs between different ESs, affecting both the environment and

people’s well-being.



Land use and land cover (LULC) changes are recognised as major causes of ESs
loss worldwide (Costanza et al., 2014; Kubiszewski et al., 2017; Chen et al., 2020;
Sutton et al., 2016). One of the key processes driving this loss is urban expansion
(Maimaiti et al., 2022). As cities expand, natural areas like forests and agricultural
lands are often replaced with impervious surfaces such as roads and buildings. This
change disrupts important ecosystem processes, including the movement of water
and nutrients in the environment (Song et al., 2020, 2022; Tang et al., 2021).
Consequently, many ESs are negatively affected. Urban expansion has been shown
in many studies to cause the loss of multiple ESs at the same time (Delphin et al.,
2016; Eigenbrod et al., 2011; Seto et al., 2012). For example, the conversion of
natural land to urban areas can reduce carbon storage, decrease water regulation,
and limit habitat for wildlife (Delphin et al., 2016; Eigenbrod et al., 2011; Nelson et
al., 2010). These losses not only harm the environment but also impact human well-
being by reducing the availability of clean water, food, and other essential resources
(Fang et al., 2022; Yuan et al., 2019). As cities continue to grow, understanding how
urbanization affects both land use and ESs becomes critical. Urbanisation doesn’t
just reduce ESs; it also creates new demands for these services. Growing population
needs more food, clean water, and air, as well as spaces for recreation. However,
urban expansion often reduces the ecosystems that provide these services creating
a challenge for city planners and policymakers, who must balance the need for
development with the need to protect and maintain ESs. For sustainable urban
development, it is essential to understand how urban growth impacts ESs. By doing
so, cities can plan better, ensuring that development meets the needs of a growing
population while also preserving the ESs that are vital to long-term well-being

(Luederitz et al., 2015; Narducci et al., 2019; J. Wang et al., 2019).



Evaluating changes in ESs is crucial for land use planners, conservationists, and
policymakers. These groups rely on understanding how land use changes affect ESs
to make informed decisions. For land use planners, this knowledge helps in
designing cities and infrastructure in ways that minimize environmental degradation
while still meeting the needs of growing populations. Conservationists use this
information to protect critical ecosystems and ensure that biodiversity is maintained.
For policymakers, understanding the effects of land use change on ESs is essential
for creating laws and policies that balance development with environmental
protection. Thus, it is not enough to only look at how past land use changes have
impacted ES (Narducci et al., 2019; Nelson et al., 2010; J. Wang et al., 2019). While
examining past changes can provide valuable lessons about which services have
been lost or gained, it is equally important to consider what might happen in the
future. Planners and policymakers need to understand the possible outcomes if
current trends continue. This means evaluating the synergies and trade-offs between
different ESs—some services may improve with certain land use changes, while
others may decline. For example, increasing agricultural land may boost food
production (a provisioning service) but could lead to reduced carbon storage and
water quality (regulating services). Looking to the future requires a scenario-based
approach, a simple and straightforward scenario is where land use planners and
policymakers assume that what has happened in the past will continue to occur. By
doing so, they can predict potential losses and gains in ESs and plan accordingly
(Gu et al., 2019; Liu et al., 2023). This forward-thinking approach is vital for
sustainable development, allowing planners to take preventive measures and

mitigate negative impacts on ESs before they occur. Understanding these future



trade-offs and synergies ensures that land use policies are robust and capable of
supporting both human needs and ecosystem health over time. This approach is
especially relevant in regions experiencing rapid urban growth, where predicting land
use changes and their effects on ESs can inform more sustainable planning

decisions (Tao et al., 2022; Tian et al., 2022).

Kathmandu Valley is one such region undergoing rapid land use change, primarily
due to urban expansion (Rimal et al., 2018). The valley's growing population and
land-based economic development are placing increasing pressure on natural
ecosystems. However, there is still uncertainty about how future urban growth will
unfold and how these changes will impact ESs. Understanding these dynamics is
critical for informing both the public and policymakers about the potential gains or
losses in ESs. Although previous studies have examined land use changes in the
valley (Lamichhane & Shakya, 2019; S. Shrestha et al., 2022; S.W. Wang et al.,
2020), none have specifically looked at how these changes affect ESs. In this study,
we aim to assess both the historical and projected urban expansion in Kathmandu
Valley, as well as the changes in ESs linked to this growth. Various methods have
been used to project land use changes and estimate the corresponding impacts on
ESs. Land use projections often rely on models such as cellular automata, agent-
based models, and statistical approaches, which simulate future changes based on
past trends and influencing factors. For this study, we utilize a LULC projection data
from a previous study from Rimal et al., 2018. The authors used the TerrSet Land
Use Change Modeller, which employs a Markov Chain model to predict future land

use transitions based on observed changes over time (Al-Shaar et al., 2021; Hamad



et al., 2018; Koko et al., 2020). This method allows us to capture the dynamic nature

of urban expansion and its potential spread across the valley.

To estimate the changes in ESs, we apply the INVEST (Integrated Valuation of ESs
and Tradeoffs) suite of models (Anjinho et al., 2022; Cong et al., 2020; Sanchez-
Canales et al., 2012). This widely used tool enables us to quantify four key ESs: food
production, sediment retention, habitat quality, and carbon storage. By combining
land use projections with these ES models, we can gain insight into how urban
expansion will affect not only the landscape but also the valuable services these
ecosystems provide. Our objectives are to (i) analyze the urban expansion from
2008 to 2016, 2016 to 2024, and into 2032, and (ii) quantify the corresponding

changes in ESs associated with this urban expansion.

2. Methods

2.1 Study Area

The study area is in the province number 3 of Nepal (Figure 1). The area
incorporates 24 cities of Kathmandu valley (11 cities in Kathmandu district, 3 cities in
Lalitpur district, and Bhaktapur: 4 cities) and Kabhrepalanchok district (6 cities),
hereafter referred to as the CKVAKD complex, and covers a total of 1215.23 sq. Km.
The geographic location is between northern latitudes of 27°31’40” and 27°49'10”
and the eastern longitudes of 85°11'18" and 85°43'44" (Figure 1). The complex has
experienced rapid urbanisation in the last decades, driven by rural-urban migration,

economic activities, socio-political factors, and real estate boom. The total population



of these four districts increased from 1,431,699 in 1991 to 2,032,764 in 2001 and to

2,900,971 to 2011 (Central Bureau of Statistics, 2014).

Figure 1. Map/location of Kathmandu valley, Nepal



2.2 Data

In this study, we used socio-economic, meteorological, geographic, and LULC data.
LULC data for the year 2008 and 2016 were obtained from a previous study by
Rimal et al., (Rimal et al., 2018). The study used Landsat images from the United
State Geological Survey (USGS) website (https://earthexplorer.usgs.gov). The
images were atmospherically and geometrically corrected and processed in ENVI
environment. A supervised approach support vector machine (SVM) classifier, which
is a supervised, non-linear, non-parametric classification technique widely used in
remote sensing, was used for the classification of LULC (Mountrakis et al., 2011).
The overall classification accuracy of 88.92% and 92.25% for the year 2008 and
2016 respectively were acquired. Similarly, the simulated LULC data for 2024 and
2032 using a CA Markov model was also acquired from the same study (Rimal et al.,
2018). The method only considered simulation of urban areas and did not consider
the conversion among other land use types. The Kno value, which is a measure of
the accuracy of the model, was 0.91 indicated that the projection provided a

reasonable estimate of the urban expansion (Pontius, 2000).

2.3 Methods — Mapping ESs (ESs)

2.3.1 Food Production

We calculated the quantity of food production in cultivated land use type by using a

simple equation of yield multiplied by area. In the study region, there are three main

crops paddy, wheat, and maize. We acquired the yield data per hectare and



calculated the production in pixel (30m x 30 m or 90 sqg. meters or 0.09 ha) in our

LULC map. Equation 1 was used to calculate food production.

G
ny = zAxy X ch (1)
g=1

where, Py is the total food production of the cell (x,y) in cultivated land (C) in units of
tons, Axy is the area of the cell (x,y) which is equal to 0.09 ha or 900 sq. m and Ygc is
the yield per unit area for grains on LULC type cultivated land (ton/ha). The input

parameters are provided in the supplementary information.
2.3.2 Habitat Quality

Habitat quality (HQ) is the ability of the ecosystem to provide conditions suitable for
individual and population persistence. The HQ for the study area was measured
using the INVEST Habitat Quality model. The model considers habitat quality as a
function of habitat suitability and four threat parameters: the relative impact of each
threat, relative sensitivity of each habitat type to threat, and the distance between the
habitats and sources of threats. Also, it considers the degree to which the habitat

type is legally protected. Eq (3) shows the calculation of habitat quality.

D%;
T = 17 <Dij ) ©

where, Qxy is the habitat quality of cell (x,y). Hj is the habitat suitability of LULC type

J, and Dxy? is the total threat level of the cell (x,y) in LULC type j. k is the half-
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saturation value and z is a normalised constant. The value of Qxy ranges between 0
and 1, with a higher value indicating higher habitat quality. Thus, when the value of
Qxyis 1, the cell’s habitat quality it at it's maximum. The parameters for the model are

provided in the supplementary information.

2.3.3 Carbon Storage

The INVEST carbon model uses a carbon cycle that quantifies the aggregate of static
carbon storage and dynamic sequestration (or loss) based on four carbon pools:
aboveground biomass, belowground biomass, soil organic matter, and dead organic
matter (Sharp et al., 2016). The carbon on each of the four pools primarily depends
upon the type of LULC (e.g., forests, agriculture, or shrublands), land management
(e.g., forest rotation age, protected or managed for timber), and geographic and
climatic factors (e.g., precipitation, slope). Due to the lack of data (e.g., age class of
the different LULC), we assumed that the carbon storage in each LULC had reached
an equilibrium state (Polasky et al., 2011). The total carbon in the landscape is thus
estimated by using the relationship between the different LULC types in the
landscape and the quantity of carbon in different carbon pools, which is one of the
simplest methods for carbon estimations (Nelson et al., 2009). The total carbon

stored CSjxy for a given grid cell (x,y) with land use type j was calculated as (eq 4).

Cijy =AXx (Cajxy + ijxy +Cs jxy t Cd jxy) (4)

where, A is the actual area of each grid cell (ha), Ca jxy is aboveground carbon

density (ton ha'), Cb jy, is belowground carbon density (ton ha'), Cs jx is soll
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organic carbon density (ton ha'), and and Cd jx is the dead organic matter carbon

density (ton ha') for the grid cell (x, y) with land use type .

2.3.4 Air Quality Regulation (AQR)

The concentration of particulate matter (PM) and more specifically PM10 to a large
extent determine the quality of air. It is among an important environmental pollutant
that impact human health. Thus, PM10 was used as an indicator of air quality
regulation. Natural vegetation and forests capture large amounts of air pollutants
such as PM10 by their large surface area to filter PM (Nowak & Walton, 2005). We
used the methodology followed by Landuyt et al., (Landuyt et al., 2016) to estimate

AQR service in our study area. Eq (5) shows the AQR estimation:

AQijy = Axy X Pijy (5)

where AQRjxy is the PM10 captured in the cell (x, y) of LULC type j, in kg, and Axy is

the cell size. The PMjxy of vegetation and forests is provided in supplementary

information.

3. Results

3.1 Analysis of urban expansion in CKVAKD

CKVAKD region experienced a remarkable increase in urban areas between 2008

and 2016 (Fig. 2). Urban area increased from 97 km? in 2008 to 139 km? in 2016,
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which is about an increase of 44 percent. Further, future prediction shows that the
urban areas will continue to increase rapidly by 2032, and is projected to increase to
231 km?, which is 140% increase compared to the extent of 2008. Further, transition
analysis shows that the expansion of urban areas occurred at the expense of
cultivated lands between 2008 and 2016 (42 km? of croplands converted to urban
areas), and it is likely to continue with the same trend between 2024 and 2032 (38

km? of croplands converted to urban areas) (Fig. 3).

Land Use Land Cover in Kathmandu valley

2008 2016

B Urban/Built-up Cropland M Forests [ Barren ll Water Bodies

Figure 2: Land Use and Land Cover of Kathmandu Valley for 2008, 2016, 2024, and

2032
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Figure 3. Trend of Land Use and Land Cover Change (panel a) and the land cover

that has been converted to Urban/built up (panel b) between different time periods.

3.2 Impact of urban expansion on the ES from 2008 to 2032

By 2032, all ESs have experienced negative changes. The results show a steady
decline in all four ES: Air Quality Regulation, Carbon Storage, Food Production, and
Habitat Quality from 2008 to 2032 in the study area. Habitat Quality shows a sharp
decrease, with a drop of 15.6% by 2032, while Food Production experiences the
largest decline, falling by 19% over the same period. Air Quality Regulation and
Carbon Storage also show negative trends, decreasing by 5.2% and 2.9%

respectively.
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a) Food Production

2008 2016 2024 2032

b)Carbon Storage
2008 2016 2024 2032

ton/ha
¥ 100

¢) Habitat Quality
2008 2016 2024 2032

HQ-index

d)Air Quality Regulation

2008 2016 2024

Figure 4. Spatial distribution of the quantified ESs and their changes across the

different modelled years

15



Ecosystem Services Change
(in absolute values, absolute change and % change)

6.42 6.22

0-{Q%) 6.16
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% change
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Figure 5. Aline plot showing the estimates of different ESs and their changes (both
in absolute and percentage terms with respect to the reference year 2008) in the
study area. The values for Habitat Quality are mean index values, while for the other

ESs, they are estimates in millions (x10°).

4. Discussion and Conclusion

Our study reveals that rapid urbanization in the Kathmandu Valley and surrounding
areas has led to significant losses in important ecosystem services (ESs). Between
2008 and 2016, urban areas expanded considerably, replacing croplands and

encroaching on forests. Projections indicate that this trend will continue, with urban
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areas expected to increase by 38% by 2024 and 20% by 2032. This growth pattern
is troubling because urban expansion comes at the cost of biodiversity and
environmental health (S.W. Wang et al., 2020). This concern is not unique to
Kathmandu valley but reflects a broader, global trend where urban sprawl threatens
essential ecological functions (Seto et al., 2012). As our model suggests that ESs
losses could become even more severe in the coming years, it is essential to protect
important ecological areas like forests and croplands to prevent large-scale loss of

ESs in the region.

Our findings are consistent with global research linking urban expansion to the loss
of various ESs. Several studies have documented reductions in provisioning,
supporting, and regulating services due to urban sprawl. For example, Eigenbrod et
al. (2011) and Seto et al., Seto et al. (2012) have shown that urban expansion leads
to decreases in food production (FP), habitat quality (HQ), and carbon storage (CS).
Xie et al. (2018) observed similar declines in Beijing, affecting not only FP, HQ, and
CS but also air quality regulation (AQR) and water conservation. Other studies have
reported reductions in additional ES, such as disease regulation, temperature
regulation, and water quality (Foley et al., 2005) and in water supply and flood
regulation (Blumstein & Thompson, 2015). Our study contributes to this body of
knowledge by documenting the specific impacts of urbanization on multiple ES in the
Kathmandu Valley, providing a localized perspective that complements global

findings.

However, this study has several limitations. One limitation of our study is that it relies

on projections, which might not reflect future changes in land use or policies. We
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also did not consider socio-economic factors that affect land use. Our analysis
focused on only five land use classes, which may limit the comprehensiveness of our
ES assessment. For instance, different types and conditions of forests offer varying
levels of ES (Celentano et al., 2017), but our study did not differentiate among them.
Additionally, the Landsat imagery used, with a resolution of 30 meters, may not
capture finer details of urban landscapes such as green spaces and corridors,
potentially leading to an underestimation of ES. Despite these limitations, our study
offers detailed insights into how urban expansion affects ESs. It provides new
information on how urban growth impacts both food production and habitat quality in
Kathmandu valley. This information is useful for urban planners and policymakers in

the region.

As urbanization continues worldwide, policymakers need to focus on protecting
ecosystems that provide high levels of ES, such as croplands (Pan et al., 2021; Tao
et al., 2022). Future projections suggest that urban land in developing countries will
keep expanding over croplands. By 2050, urban areas are expected to increase
fourfold, from 3.0 x 105 kmZ2 in 2000 to 1.2 x 106 kmZ2, with half of this new urban land
coming from croplands (Angel et al., 2011). To ease the pressure on these
ecosystems, land managers must identify areas vulnerable to urban expansion and
protect them to maintain the supply of ESs. In Kathmandu and nearby regions, the
growing population will demand more ESs, while expanding urban areas will reduce
the supply of these services, putting additional strain on ecosystems and lowering
the well-being of local communities. We recommend that policymakers and land

managers in the region consider the impacts of ESs losses when making land use
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decisions. Additionally, we suggest that future studies focus on more detailed

assessments with finer resolution data to better understand ESs in the region.
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