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Abstract: In this study, we examined the impacts of urbanization on the natural landscape and
ecosystem services of the Muthurajawela Marsh and Negombo Lagoon (MMNL) located in the
Colombo Metropolitan Region, Sri Lanka, with the goal to help inform sustainable landscape and
urban planning. The MMNL is an important urban wetland ecosystem in the country but has been
under the immense pressure of urbanization where the natural cover (e.g., marshland and mangrove
areas) is continuously being converted to urban use (e.g., residential and commercial). Here, we
estimated and assessed the changes in the ecosystem service value (ESV) of the MMNL based on
land use/cover (LUC) changes over the past two decades (1997-2017). Considering two plausible
scenarios, namely a business-as-usual (BAU) scenario and ecological protection (EP) scenario, and
using a spatially explicit land change model, we simulated the future (2030) LUC changes in the
area and estimated the potential consequent future changes in the ESV of the MMNL. The results
revealed that from 1997 to 2017, the ESV of the MMNL decreased by USD 8.96 million/year (LKR
1642 million/year), or about 33%, primarily due to the loss of mangrove and marshland from urban
expansion. Under a BAU scenario, by 2030, it would continue to decrease by USD 6.01 million/year
(LKR 1101 million/year), or about 34%. Under an EP scenario, the projected decrease would be lower
at USD 4.79 million/year (LKR 878 million/year), or about 27%. Among the ecosystem services of the
MMNL that have been, and would be, affected the most are flood attenuation, industrial wastewater
treatment, agriculture production, and support to downstream fisheries (fish breeding and nursery).
Overall, between the two scenarios, the EP scenario is the more desirable for the sustainability of
the MMNL. It can help flatten its curve of continuous ecological degradation; hence, it should be
considered by local government planners and decision-makers. In general, the approach employed is
adaptable and applicable to other urban wetland ecosystems in the country and the rest of the world.

Keywords: wetland ecosystem; urban wetland; wetland ecosystem services; Muthurajawela Marsh;
Negombo Lagoon; sustainability; land change modeling; scenario modeling

1. Introduction

Wetland ecosystems provide a wide range of valuable ecosystem services, such as
flood control, pollution control, water conservation, and climate regulation [1,2]. They
feature prominently in the United Nations’ Sustainable Development Goals (SDGs) and
targets [3]. In urban areas, urban wetland ecosystems play important roles, providing
ecosystem services that contribute to the maintenance and sustainability of urban ecolog-
ical environment and the overall safety and livability of urban regions [4-6]. However,
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anthropogenic activities such as industrialization, agricultural expansion, and urbanization
have changed, diminished, or destroyed most wetlands in recent decades [7,8], including
urban wetland ecosystems [9].

In this study, we examined the impacts of urbanization on the natural landscape
and ecosystem services of the Muthurajawela Marsh and Negombo Lagoon (MMNL), an
important urban wetland ecosystem and one of the top priority wetlands in Sri Lanka.
Here, we used settlement expansion as a proxy indicator of urbanization, where settlement
is a land use/cover (LUC) class that includes low-intensity and high-intensity urban areas,
industrial zones, transportation hubs, airports, home gardens, asphalt areas, and residential
areas (more on Section 2.2). Owing to its geographical and biophysical characteristics,
the MMNL is a source of valuable ecosystem services, such as flood attenuation, water
purification, carbon sequestration, and fish breeding and nursery [10,11].

However, because of rapid and uncontrolled urbanization that has led to the loss of
natural cover [9,12], we hypothesize that these ecosystem services, including the ecosystem
service value (ESV) of the MMNL have been affected. Among the major challenges that local
government planners and decision-makers and other concerned groups and individuals
are facing today is how the MMNL'’s curve of continuous ecological degradation can be
flattened. The goal of our study is to help inform landscape and urban planning towards
this context and for the sustainability of the MMNL in general.

In previous studies, the concept of ecosystem services has been included in spatiotem-
poral monitoring and assessments of the impacts of urbanization in many parts of the
world, both in non-wetland urban regions [13-17] and in urban wetland regions [4,6].
Advances in geospatial technology, including the increasing availability of Earth obser-
vation (remote sensing) data at various spatial and temporal resolutions, have helped to
improve social-ecological monitoring and assessments. Furthermore, the development of
land change models has helped researchers to project future LUC changes and explore
different scenarios [13,14,18-20].

Several studies have been conducted to investigate various aspects of the MMNL. For
example, Athukorala et al. [9] have studied the impacts of urbanization on the MMNL,
emphasizing implications for landscape planning towards a sustainable urban ecosystem.
Jayathilake and Chandrasekara [21] have investigated the variations of avifaunal diversity
concerning land use modifications in the Negombo estuary. Emerton and Kekulandala [11]
have assessed the economic value of the Muthurajawela Marsh. Bambaradeniya et al. [22]
have studied the biodiversity status in the Muthurajawela wetland sanctuary. However, we
are not aware of any study that monitored the past-present changes and/or projected the
future changes in the ecosystem services and ESV of the MMNL based on Earth observation
data and geospatial techniques.

Hence, in this study, we assessed changes in the ESV of the MMNL based on LUC
changes over the past two decades (1997-2017) using Earth observation data. Consider-
ing two plausible scenarios, namely a business-as-usual (BAU) scenario and ecological
protection (EP) scenario, and using a spatially explicit land change model, we simulated
future (2030) LUC changes in the area and estimated potential consequent future changes
in the ESV of the MMNL. We discussed the implications of the results in the context of the
MMNL's sustainability.

2. Methods
2.1. Study Area

Figure 1 shows a cross-section of the MMNL, classified into five ecological zones, each
with a description of the level of anthropogenic activities, water conditions, soil groups,
vegetation types, and some ecosystem services. The MMNL is situated on the western
coastal plain of Sri Lanka, within the Colombo Metropolitan Region (Figure 2). It has a total
area of approximately 134 km? [9,10]. In 1996, the Government of Sri Lanka designated the
northern section of the MMNL as a wetland sanctuary (Muthurajawela Sanctuary) owing to
its high ecological and biological significance [10] (Figure 2, PA1). In 2006, another protected
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area was designated by the government (Muthurajawela Environmental Protection Area)
for ecosystem services, including flood control [23] (Figure 2, PA2).

The Negombo Lagoon is linked to the Indian Ocean by a single narrow opening at
the northern end of the channel segment (Figure 2). The Muthurajawela Marsh stretches
southward from the lagoon, forming the largest coastal peat bog in the country [9]. The
elevation range is approximately from —13 to 44 m above sea level. This urban wetland
ecosystem receives plenty of rainwater from the southwest monsoon. Annual average
rainfall ranges from 2000 to 2500 mm, and annual average temperatures are from 22.5 °C
to 25.0 °C [24].

The marsh plant vegetations are in their final stages of succession, leading to dry
land formation [10]. In the MMNL, 194 species of flora have been recorded under seven
major plant communities—marsh, reed swamp, short grassland, shrubland, lentic, stream
bank, and mangrove swamp. For species of fauna, 40 fishes (4 of which are endemic and
nationally endangered), 14 amphibians, 31 reptiles, 102 birds (1 endemic and 19 winter
migratory birds), and 22 mammals have also been recorded [10]. The aquatic resources are
abundant in phytoplankton, phosphors, and algae, all of which are essential components
in the food web of various organisms [25].

Today, the sustainability of this valuable urban wetland ecosystem is under threat
from the growing pressure of urbanization. Flattening the MMNL's curve of continuous
ecological degradation is important, not only as a research endeavor but also as a landscape
and urban planning priority.

Wetland Cross Section — Muthurajawela Marsh and Negombo Lagoon
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Figure 1. Graphical illustration of the cross-section of the MMNL divided into zones (aquatic, mangrove, wet meadow,

marsh, and upland). These zones are further characterized based on anthropogenic activities, water level, soil group,

vegetation, and ecosystem services. Source: National wetland directory of Sri Lanka [10], Environmental Profile of
Muthurajawela and Negombo Lagoon [25], Athukorala et al. 2021 [9].
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Figure 2. Location of the study area: (a) map of Sri Lanka [26]; (b) Gampaha District; and (c¢) Muthu-
rajawela Marsh and Negombo Lagoon. PA 1 = Protected area 1 (Muthurajawela Sanctuary). PA
2 = Protected area 2 (Muthurajawela Environmental Protection Area).

2.2. LUC Change Analysis

We used three LUC maps in this study (1997, 2007, and 2017) (Figure 3). We classi-
fied these LUC maps from cloud-free Landsat images (https:/ /earthexplorer.usgs.gov/,
accessed on 1 October 2021) captured on 7 February 1997, 2 January 2007, and 13 January
2017. We used a supervised classification method, employing the maximum likelihood
algorithm [27-29].

Our LUC classification system included four classes, namely marshland, mangrove,
settlement, and water. The marshland class included seasonally and intermittently flooded
areas, abandoned paddy lands, agricultural lands, marsh plant vegetation, trees, grassland
and scrub, peat and bog soil areas, and other cropland areas. The mangrove class included
seasonally and intermittently flooded areas with mangroves. The settlement class included
low-intensity and high-intensity urban areas, industrial zones, transportation hubs, airports,
home gardens, asphalt areas, and residential areas. The water class included the lagoon
and other bodies of water such as canals, streams, and ponds.

The accuracy of each LUC map was assessed using 400 reference points generated
using a random sampling technique. Google Earth images were used as sources of reference
data for 2007 and 2017, while topographic maps of Sri Lanka were used as sources of
reference data for 1997. The overall accuracy was 86.50%, 84.25%, and 84.50% for the 1997,
2007, and 2017 LUC maps, respectively.
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Figure 3. LUC maps of the MMNL in 1997, 2007 and 2017.

2.3. LUC Change Modeling
2.3.1. Model Calibration and Validation

We used the Land Change Modeler (LCM) [30-32], which is available in geospatial
monitoring and modeling software called TerrSet (https:/ /clarklabs.org/terrset/, accessed
on 1 October 2021), to simulate future LUC changes in the area and examine potential
future impacts of urbanization on the natural landscape and ecosystem services of the
MMNL (2017-2030). To do this, we first calibrated the model by simulating the observed
LUC changes between 2007 and 2017. We considered two LUC transitions: (i) marshland
to settlement and (ii) mangrove to settlement. We used the Markov chain algorithm [30,32]
to derive a transition matrix that contained the rate or proportion of the area of a particular
LUC class that would persist (non-change) or transition to another class (change) from
2007 to 2017 (in our case, these were from marshland to settlement and from mangrove to
settlement).

To spatialize the projected quantities of LUC changes from the two transitions con-
sidered, we used six spatial variables (variables that we hypothesized to have influenced
LUC change patterns in the area) and the multi-layer perception neural network (MLP
NN) algorithm [30,32] to model two transition potential maps (one for each transition).
These variables included distance to road, distance to growth nodes, distance to the lagoon,
distance to the protected areas, elevation, and slope (Figure 4). They were identified and se-
lected based on the literature [33-36], our knowledge of the study area, and the availability
of data. The same set of spatial variables was used for both transitions.

To simulate the LUC changes between 2007 and 2017, we ran the model (LCM) with the
following inputs: 1997 and 2007 LUC maps, the six spatial variables for each transition (for
the modeling of transition potential maps using the MLP NN algorithm), and a transition
matrix for the 2007-2017 period (derived using Markov chain based on the 1997 and
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2007 LUC transitions). The output was a simulated LUC map in 2017 that depicted the
projected LUC changes from 2007 based on the two LUC transitions considered (marshland
to settlement and mangrove to settlement).
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Figure 4. Spatial variables used in the modeling of LUC transition potential maps: (a) distance to
road, (b) distance to growth node, (c) distance to lagoon, (d) distance to protected area, (e) elevation,
and (f) slope.

We validated the simulation result by calculating the figure of merit (FoM) statis-
tic [18,37,38] for each transition. The FoM was derived based on a three-map comparison
technique: LUC 2007 (observed), LUC 2017 (observed), and LUC 2017 (simulated). More
specifically, it was derived by taking the ratio of the intersection (H) of the observed change
between 2007 and 2017 (H and M) and simulated change between 2007 and 2017 (H and F)
to the union of the observed change and simulated change (Equation (1)).

H
FOM =———
oM [H+ M1 x 100 (1)
In Equation (1), H (hits) refers to the quantity of observed change pixels that were
simulated as change. M (misses) refers to the quantity of observed change pixels that were
simulated as non-change. F (false alarms) refers to the quantity of observed non-change
pixels that were simulated as change.
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2.3.2. Scenario-Based LUC Change Simulation

The trajectory (quantity and spatial pattern) of future LUC changes generally depends
on various factors, such as future changes in various socioeconomic indicators (including
development policy-related) and biophysical conditions in the area. In this context, a
scenario analysis might be useful as scenarios are aimed at forward-looking adaptive
development planning and decision making [39,40]. In fact, scenario analysis has become
a useful technique in land change and sustainability research [13,41-44]. Scenario analysis
is a structured process of exploring and evaluating plausible alternative futures [39,45].

In this study, we projected the future impacts of urbanization (2017-2030) on the
natural landscape and ecosystem services of the MMNL. We considered two plausible
development scenarios: a business as usual (BAU) scenario and an environment protection
(EP) scenario.

In the BAU scenario, we allowed the model (LCM) to project and simulate future
LUC changes in the MMNL based on the past rates (Markov transition matrix based on
the 2007 and 2017 LUC maps) and spatial pattern (transition potential maps) of LUC
changes as per the two transitions considered (marshland to settlement and mangrove to
settlement). In a recent study, it has been shown that settlements have also been expanding
and encroaching into the protected areas (PAs) [9]. In this scenario, we did not introduce
any spatial constraints, allowing the observed LUC change pattern to continue. To run
the scenario, we used the 2007 and 2017 LUC maps (Figure 3) and the six spatial variables
(Figure 4) as inputs and considered 2030 as the end time (year) of the simulation.

In the EP scenario, we used the same data inputs as in the BAU scenario, but we also
introduced some plausible policy and development-related assumptions. More specifically,
we were interested in the potential impacts of urbanization on the ecosystem services of
the MNNL under a scenario in which (i) the urbanization rate would slow down by 20%,
and (ii) the two protected areas (PAs) in the area would be completely protected. To do
this, first, we revised the Markov transition matrix by withholding (deducting) 20% of the
proportion of the area of marshland and mangrove that would transition to settlement by
2030. Second, we introduced a spatial constraint disallowing LUC change to occur in the
two PAs. The 20% rate is based on a previous study [37], and our assumption was that the
rate (20%) is not that stringent, meaning plausible at given circumstances (e.g., protection
of the protected areas, implementation of land use zoning, no illegal settlements, etc.).

2.4. Monitoring ESV Changes

We estimated the past changes in the ESV of the MMNL (1997-2017), as well as the
potential future changes based on the BAU and EP scenarios (2017-2030). We consid-
ered 10 ecosystem services, namely flood attenuation, industrial wastewater treatment,
agriculture production, support to downstream fisheries (fish breeding and nursery), fire-
wood, fishing (fisheries production), leisure and recreation, domestic sewage treatment,
freshwater supplies for the local population, and carbon sequestration (Table 1).

We sourced the needed ESV coefficients from an earlier study in the MMNL [11].
We converted the ESV coefficients, which were originally expressed in Sri Lankan Rupee
(LKR)/year (2003 price level), into 2020 USD/ha/year equivalents (Equation (2)). To
do this, we first expressed the coefficients into 2003 LKR/ha/year. We then converted
these 2003 values to the 2020 price level, taking into account inflation. We used a de-
flator based on the average consumer price index (CPL, a measure of inflation) in 2003
(44.838) and 2020 (135.367) from https:/ /www.imf.org/en/Home (accessed on 1 October
2021). Subsequently, we took the average USD-LKR conversion equivalent (CE) in 2020
(I USD = 183.23 LKR) from https://www.cbsl.gov.lk (accessed on 1 October 2021) and
converted the derived 2020 LKR values to 2020 USD equivalents.

2020 CPI
(ESV LKR 2003 x 220 cm)

ESV (2020 USD) = 5050 CE

@
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Using the ESV coefficients in Table 1, we estimated the ESV of the MMNL in 1997,
2007, 2017, and by 2030 (under two scenarios) following Equations (3) and (4):

n
ESVe = ) Ay x VC¢ (3)
k=1
n m
ESV =) ") Ay x VG 4)
k=1f=1

where ESV¢ and ESV refer to the value of ecosystem service f and the ecosystem service
value of the MMNL, respectively. Ay refers to the area (ha) of LUC class k, VCs refers to the
ESV coefficient of ecosystem service f (USD/ha/year) for LUC class k, and n and m refer to
the number of LUC classes and ecosystem services considered, respectively. We considered
two LUC classes (marshland and mangrove) and 10 ecosystem services (Table 1).

We also mapped the spatial distribution of the 99 Grama Niladhari (GN) divisions
that cover the entire MMNL with their respective ESVs. GN divisions are the smallest
administrative divisions in Sri Lanka. To do this, first, we conducted a zonal analysis
(tabulate area) to determine the LUC composition and extent in each GN division in 1997,
2007,2017, 2030 BAU, and 2030 EP using the polygon boundaries of the GN divisions as
zones and the LUC maps as inputs. Second, we estimated the ESV of each GN division
using Equations (3) and (4).

Table 1. Values of the ecosystem services considered for the MMNL’s marshland and mangrove
biomes. Source of original values: Emerton and Kekulandala [11].

Ecosystem Services ESV Coefficients (2020 USD/ha/Year)

Flood attenuation 2607.43

Industrial wastewater treatment 871.69

Agriculture production 162.67

Support to downstream fisheries (fish breeding and nursery) 107.41
Firewood 42.75
Fishing (fisheries production) 33.62
Leisure and recreation 28.36
Domestic sewage treatment 23.20
Freshwater supplies for local population 20.30
Carbon sequestration 4.19

3. Results
3.1. Changes in LUC and ESV (1997-2017)

Over the past 20 years, the MMNL'’s landscape has undergone considerable changes. In
1997, the MMNL had a marshland and mangrove area of 4242 ha and 2637 ha, respectively
(Figure 5). However, in 2017, their extent decreased to 3058 ha and 1523 ha, equivalent
to a 28% and 42% decrease, respectively. By contrast, the area of the settlement has
expanded rapidly over the past two decades at the expense of the MMNL’s marshlands
and mangroves, with 3368 ha in 1997 and 5741 ha in 2017, i.e., equivalent to a 70% increase.

As a consequence of the significant loss of marshland and mangrove due to urbaniza-
tion (settlement expansion), the ESV of the MMNL decreased by USD 8.96 million/ year,
from USD 26.84 million/year in 1997 to 17.88 million/year in 2017, i.e., equivalent to a 33%
decrease (Table 2). Among the ecosystem services considered, flood attenuation, industrial
wastewater treatment, agriculture production, and support to downstream fisheries (fish
breeding and nursery) were the top services that were affected the most. Altogether, they
accounted for over 95% of the total decrease. The ESV loss of flood attenuation accounted
for 67% (USD 6.0 million/year).



Sustainability 2021, 13, 11463 90f18

6000 - 5741
m1997 m2007 m2017

5000 -

4000 A

Area (ha)

3164 3123 3089
3000 -

2000 A

1000

Marshland Mangrove Settlement Water

Figure 5. LUC changes in the MMNL (1997-2017).

Table 2. ESV changes in the MMNL.

USD Million/Year
Ecosystem Services 1997 2007 2017 Changes
1997-2007 % of 1997 2007-2017 % of 2007

Flood attenuation 1794 1525 1194 —2.69 —14.99 —3.31 —21.70

Industrial wastewater treatment 6.00 5.10 4.00 —0.90 —15.00 —-1.10 —21.57

Agriculture production 1.12 0.95 0.75 -0.17 —15.18 —0.20 —21.05

Support to downstream fisheries 074 063 049 —0.11 —14.86 —0.14 2222
(fish breeding and nursery)

Firewood 0.29 0.25 0.20 —0.04 —13.79 —0.05 —20.00

Fishing (fisheries production) 0.23 0.20 0.15 —0.03 —13.04 —0.05 —25.00

Leisure and recreation 0.19 0.17 0.13 —0.02 —10.53 —0.04 —23.53

Domestic sewage treatment 0.16 0.13 0.11 —0.03 —18.75 —0.02 —15.38

Freshwater supplies for local population 0.14 0.12 0.09 —0.02 —14.29 —0.03 —25.00

Carbon sequestration 0.03 0.03 0.02 0.00 0.00 —0.01 —33.33

Total 26.84 22.83 17.88 —4.01 —4.95

3.2. Projected Changes in LUC and ESV (2017-2030)

Under the BAU scenario, by 2030, the area of marshland and mangrove in the MMNL
would decrease by 1329 ha and 213 ha, respectively, whereas the area of settlement would
increase by 1542 ha (Figure 6, Table 3). By contrast, under the EP scenario in which
urban expansion rate (settlement expansion) would slow down by 20% (Section 2.3.2), the
decrease in the area of marshland and mangrove would be much lower at 1063 ha and
171 ha, respectively. In this scenario, the area of settlement would increase by 1234 ha.

As a consequence of the projected loss of marshland and mangrove by 2030, the ESV
of the MMNL would also decrease (Table 4). Under the BAU scenario, the MMNL’s ESV
would decrease by USD 6.01 million/year, i.e., equivalent to a 34% decrease relative to 2017
(Table 2). Under the EP scenario, the decrease would be much less at USD 4.79 million/year,
i.e., equivalent to a 27% decrease relative to 2017.
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Figure 6. Projected LUC changes (loss of marshland and mangrove and gain of settlement) in the MMNL under the (a) BAU

and (b) EP scenarios (2017-2030).

Table 3. Projected LUC changes in the MMNL under the BAU and EP scenarios (ha).

Changes
LUC Class 2017 2030 BAU 2030 EP
2017-2030 BAU % of 2017 2017-2030 EP % of 2017
Marshland 3058.47 1729.89 1995.66 —1328.58 —43.44 —1062.81 —34.75
Mangrove 1522.98 1309.5 1352.07 —213.48 —14.02 —-170.91 —-11.22
Settlement 5741.10 7283.16 6974.82 1542.06 26.86 1233.72 21.49
Table 4. Projected changes in the ESV of the MMNL under the BAU and EP scenarios.
2017-2030 (BAU) 2017-2030 (EP)
e Usbh %O Dl s o Y
Flood attenuation —4.02 —33.67 66.89 -3.21 —26.88 67.01
Industrial wastewater treatment -1.35 —33.75 22.46 -1.08 —27.00 22.55
Agriculture production —0.26 —34.67 4.33 —0.21 —28.00 4.38
Support to downstream fisheries ~0.16 32,65 266 ~013 ~2653 271
(fish breeding and nursery)
Firewood —0.07 —35.00 1.16 —0.05 —25.00 1.04
Fishing (fisheries production) —0.05 —33.33 0.83 —0.03 —20.00 0.63
Leisure and recreation —0.04 -30.77 0.67 —0.03 —23.08 0.63
Domestic sewage treatment —0.04 —36.36 0.67 —0.03 —27.27 0.63
Freshwater supplies for local population —0.02 —22.22 0.33 —0.02 —22.22 0.42
Carbon sequestration 0.00 0.00 0.00 0.00 0.00 0.00
Total —6.01 100.00 —4.79 100.00
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3.3. ESV and Its Changes across the GN Divisions

Figure 7 shows the spatial distribution of the GN divisions in the MMNL with their
respective ESVs in three time points. Of the 99 divisions, only three had a positive change
between 1997 and 2017, and these are Katunayaka North (143), Munnakkarai North (156A),
and Siriwardana Pedesa (156C) (Figure 7, Table A1l). The top five ESV-losing divisions
over the past 20 years were Kerawalapitiya (171), Pattiyawala (167B), Ambalammulla (146),
Bolawalana (157), and Mahabage (178). In both scenarios (BAU and EP), the projected top
five ESV-losing divisions were Pattiyawala (167B), Balagala (171B), Kunjawatta (166A),
Siriwardana Pedesa (156C), and Mahabage (178). Overall, this GN division-level ESV
monitoring can help in landscape and urban planning. For example, the projected top
ESV-losing divisions should be given particular attention.

(a) 1997 (b) 2007 (c) 2017

(d) BAU scenario (e) EP scenario

USD thousand/year

o0
P 50 — 100
[ ]100—200
[ ]200—300
[ 1300 — 500
[ 500 — 900
I 900 — 1430
B 1430 — 2785

0 25 5 75 10

Figure 7. GN divisions in the MMNL with their respective ESVs on (a) 1997, (b) 2007 and (c) 2017
under the (d) BAU and (e) EP scenarios. The numbers and letters on the 1997 map refer to the GN
codes as presented in Table Al.
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3.4. LUC Change Model Validation

Our LUC change modeling focused on assessing the impacts of urbanization as
proxied by settlement expansion on the natural landscape and ecosystem services of the
MMNL. Two transitions were considered, namely marshland to settlement and mangrove
to settlement, with the FoM being used to validate the LUC change modeling results
(Section 2.3.1). The validation results revealed that the marshland to settlement transition
had an FoM of 45.4%, whereas the mangrove to settlement transition had 29.5%. These
FoM values are within the range of FoM values reported in other LUC change modeling
studies. For example, in their LUC change modeling in connection with ecosystem services,
Estoque and Murayama [18] recorded an FoM of 43%. In their LUC change modeling in
the context of flooding, Johnson et al. [44] had an FoM of 20%. In an earlier seminal review
of FoM applications in the validation of LUC change modeling studies, Pontius et al. [38]
reported an FoM value range of 1-59%.

4. Discussion

The MMNL is among the 12 priority wetlands in Sri Lanka. The presence of two
protected areas within the MMNL (Figure 2) is a direct manifestation of its ecological
significance. However, our findings indicate that the sustainability of the MMNL is now in
jeopardy; hence, urgent action has to be taken, landscape and urban planning wise.

In the early 2000s, in a seminal study that identified and quantified the ecosystem
services of the MMNL, it was reported that the area had been experiencing intense and
growing pressure from urbanization [11]. It had been observed that (i) wetland resources
had been harvested at high and often unsustainable levels; (ii) lands were being rapidly
reclaimed and modified for agricultural, commercial, and residential purposes; and (iii)
heavy loads of industrial and domestic wastes were being discharged untreated into the
MMNL. With all of these happening, the said study concluded that the MMNL has seriously
degraded over time.

Nearly two decades have passed since the conduct of the said study, but the MMNL's
curve of continuous ecological degradation has not been flattened out; instead, the degrada-
tion of this valuable urban wetland ecosystem has continued as indicated by our findings.
For example, between 2007 and 2017, the MMNL lost another 1002 ha of marshland and
265 ha of mangrove (Figure 5). Between 1997 and 2007, these values were 182 ha and 849 ha,
respectively. By contrast, another 1301 ha of natural cover were converted into settlement
between 2007 and 2017. This value was even higher than during the 1997-2007 period
(1072 ha). Consequently, the ESV of the MMNL has decreased by USD 8.96 million/year
over the past 20 years (USD 4.01 million/year between 1997 and 2007, and USD 4.95 mil-
lion/year between 2007 and 2017) (Table 2). Flood attenuation and industrial wastewater
treatments were among the ecosystems that were greatly affected.

The MMNL has long been seen as having prime potential for industrial and urban
development, but at the same time, it is considered as a coastal wetland ecosystem of
high biodiversity and ecological significance [9-11]. Our findings indicate that while
urbanization has been continuing at an unprecedented rate, the conservation of this critical
urban wetland ecosystem has been neglected. One important earlier observation that
remains valid until today is that there seems to be little appreciation of either the economic
value attached to the conservation of the MMNL or the high and far-reaching economic
costs arising from its degradation [11]. Decisions regarding how land and resources should
be used have been based on development initiatives that favor the modification of the
wetland for short-term economic gain over long-term benefits and the conservation and
sustainability of the MMNL [11]. In fact, the loss of natural cover due to settlement
expansion has been observed even within the boundaries of the PAs (Figures 2 and 3).

Our results have also shown that the future (2030) condition of the MMNL can be
expected to be worse if the recent (2007-2017) rate and spatial pattern of urbanization
(settlement expansion) continues (BAU scenario). It is because the projected ESV loss under
this scenario between 2017 and 2030 (USD 6.01 million/year) (Table 4) would be greater
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than the ESV loss in the past decade (2007-2017, USD 4.95 million/year) (Table 2). This
also means that the future of the MMNL will be much worse if the threat of marshland
and mangrove loss due to urbanization grows and intensifies. Nonetheless, our study also
demonstrates that under the EP scenario, while the continuous decline of the MMNL's ESV
cannot be fully stopped, the rate of loss could be slowed down (USD 4.79 million/year)
(Table 4). Hence, between the two scenarios, the EP scenario is the more desirable one for
the MMNL.

Our study considered only two basic scenarios, and thus, the exploration of other more
complex plausible scenarios can be considered for future research. Examples of more com-
plex scenarios include those that incorporate future trajectories of relevant socioeconomic
indicators, such as population growth, changes in economic, land use, and environmental
conditions, as well as future development priorities and policy targets. The shared so-
cioeconomic pathways (SSPs) are examples of such scenarios, though they are designed
for a global scale analysis [46—48]. The adaption of these pathways to local-level analysis
could be a future research direction. Other scenarios could focus more on conservation
storylines [14] or other more complex and stringent versions of our EP scenario.

Nonetheless, despite their simplicity, the inclusion of our two basic scenarios in the
analysis helped us demonstrate that, for the sustainability of the MMNL, it is still possible
to flatten its curve of continuous ecological degradation. In fact, the simple full protection
of the PAs inside the MMNL (EP scenario) could make a significant positive contribution.
Furthermore, with the use of a monitoring scheme built on a state-of-the-art geospatial
technique (including GIS, remote sensing, and scenario-based land change modeling) and
the concept of ecosystem services, our study also makes important methodological and
empirical contributions.

In fact, the economic value of wetland goods and services is rarely factored into LUC
change decisions in the MMNL [11]. Our study offers a basic template that can be adopted
and improved in future studies and/or considered in landscape and urban planning for
the MMNL. In general, the valuation and monitoring of ecosystem services across space
and time have many potential uses, including raising of awareness and interest, national
income and well-being accounts, specific policy analyses, urban and regional planning,
payment for ecosystem services, full cost accounting, and common asset trusts [13,49,50].
We argue that the MMNL can benefit from landscape and urban planning that considers
the concept of ecosystem services.

5. Summary and Conclusions

The MMNL is an important urban wetland ecosystem in Sri Lanka, but its sustainabil-
ity is now in jeopardy due to rapid and uncontrolled urbanization. Swift action must be
taken in order to save this valuable urban wetland ecosystem. In this study, to help inform
sustainable landscape and urban planning, we examined the impacts of urbanization on the
natural landscape and ecosystem services of the MMNL over the past 20 years (1997-2017).
We also projected landscape and ESV changes by 2030 under two plausible scenarios. We
found that, due to rapid urbanization (settlement expansion equivalent to 70% from 1997
to 2017), the area of the MMNL’s marshland and mangrove had decreased by 1184 ha
and 1114 ha, respectively. Consequently, its ESV had decreased by USD 8.96 million/year
(33%). If the current rate and spatial pattern of urbanization (2007-2017) continued in the
future (BAU scenario), another 1329 ha of marshland and 213 ha of mangrove would be
lost by 2030. The projected loss in ESV would be USD 6.01 million/year (34%). However,
if the urbanization rate slowed down by 20% and the PAs were completely protected (EP
scenario), the future loss of marshland and mangrove would only be around 1063 ha and
171 ha, respectively. The projected loss in ESV would be lower at USD 4.79 million/year
(27%). Between the two scenarios, the EP scenario would be the more desirable one that
should be considered by local government planners and decision-makers. The past, present,
and future ESV maps of the GN divisions produced in this study can be used to identify
hotspots. For future research, other more complex and stringent plausible scenarios need
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to be explored to help flatten the MMNL'’s curve of continuous ecological degradation.
Overall, the results of this study can help provide landscape and urban planners with
information useful to the sustainability of the MMNL. The approach employed is also
adaptable and applicable to other urban wetland ecosystems in the country and the rest of
the world.
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Appendix A
Table A1. ESV and its changes at the GN division level. Note: The GN code is linked with Figure 7.
ESV (USD Thousand/Year)
C‘(;Ee GN Name 1997 2007 2017 2030 BAU 2030 EP Change
2017-2030 BAU 2017-2030 EP
190A Weligampitiya North 167.40 78.90 52.60 1.00 1.00 51.60 51.60
191A Ja-Ela 279.00 241.20 131.40 0.60 0.60 130.80 130.80
165B Pulluhena 171.30 168.20 133.80 133.80 133.80 0.00 0.00
175 Telangapatha 62.20 39.40 12.40 0.00 0.00 12.40 12.40
169 Hekitta 57.70 17.30 4.80 0.00 0.00 4.80 4.80
175A Evariwatta 90.80 47.70 10.90 0.01 0.09 10.89 10.81
176B Galwetiya 70.50 25.20 3.90 0.02 0.06 3.88 3.84
168 Palliyawatta South 64.10 32.70 34.10 0.01 0.08 34.08 34.02
169A Kurunduhena 72.70 42.00 8.10 0.01 0.00 8.09 8.09
172C Nayakakanda South 136.60 75.80 29.20 0.00 0.00 29.20 29.20
170 Thimbirigasyaya 49.20 26.50 1.30 0.00 0.00 1.30 1.30
176 Wattala 140.00 71.20 13.10 0.00 0.00 13.10 13.10
172 Hendala South 60.90 11.60 7.10 0.00 0.00 7.10 7.10
168A Palliyawatta North 154.70 127.60 86.60 0.00 0.00 86.60 86.60
172B Nayakakanda North 41.70 29.50 9.00 0.00 0.00 9.00 9.00
170A Elakanda 76.80 35.00 6.40 0.00 0.00 6.40 6.40
176C Welikadamulla 103.40 43.90 7.80 0.00 0.00 7.80 7.80
172A Hendala North 50.00 19.60 9.10 0.00 0.00 9.10 9.10
176A Mabola 60.90 35.10 18.20 0.00 0.00 18.20 18.20
171A Matagoda 134.30 64.50 35.10 0.02 0.00 35.08 35.09
177A Kerangapokuna 151.20 129.90 84.10 0.00 0.90 84.10 83.20
168B Dikovita 115.60 100.00 83.20 24.50 25.60 58.70 57.60
177 Mattumagala 244.20 214.90 60.20 3.00 3.00 57.20 57.20
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Table A1. Cont.

GN

ESV (USD Thousand/Year)

Code GN Name 1997 2007 2017 2030 BAU 2030 EP Change
2017-2030 BAU 2017-2030 EP
171 Kerawalapitiya 500.10 243.80 136.50 16.20 16.20 120.30 120.30
178 Mahabage 445.60 391.90 224.60 29.50 29.50 195.10 195.10
171B Balagala 607.50 468.60 412.10 54.60 104.20 357.50 307.90
182 Welisara 194.60 146.70 83.60 29.30 29.30 54.30 54.30
182B Elehiwatta 118.50 131.70 58.80 0.00 0.00 58.80 58.80
183 Nagoda 321.70 238.30 166.80 27.70 27.70 139.10 139.10
184B Uswatta 153.00 86.40 39.50 1.20 1.90 38.30 37.60
167 Uswetakeiyawa 391.80 397.40 314.90 245.80 280.50 69.10 34.40
167B Pattiyawala 2785.40 2548.70 2493.10 1916.50 2278.10 576.60 215.00
184 Kandana West 28.40 20.90 4.30 0.00 0.00 4.30 4.30
187 Nedurupitiya 316.70 245.40 166.60 17.10 17.10 149.50 149.50
186 Rilavulla 127.10 111.40 42.70 3.50 3.50 39.20 39.20
188 Kalaeliya 171.00 142.80 94.70 19.00 38.40 75.70 56.30
190C Kapuwatta 302.70 233.90 118.00 4.10 4.10 113.90 113.90
189 Wewala 428.10 368.10 297.90 183.30 224.90 114.60 73.00
167A Paranambalama 407.20 371.30 324.40 174.40 234.40 150.00 90.00
190 Weligampitiya South 153.90 80.70 55.20 1.10 1.10 54.10 54.10
166 Nugape 594.10 541.90 448.80 439.30 448.80 9.50 0.00
166A Kunjawatta 1658.50 1529.00 1458.80 1139.90 1198.00 318.90 260.80
190E Indivitiya 383.40 263.40 255.90 170.70 211.20 85.20 44.70
165 Bopitiya 102.70 78.00 47.50 47.50 47.50 0.00 0.00
165A Bopitiyathuduwa 887.70 780.10 796.20 703.00 708.30 93.20 87.90
192 Thudella West 379.30 288.10 209.60 116.30 176.90 93.30 32.70
192A Thudella South 65.40 39.00 14.90 0.00 0.00 14.90 14.90
191 Kanuwana 88.60 76.70 14.30 0.00 0.00 14.30 14.30
193A Delathura East 462.40 334.80 326.60 326.60 326.60 0.00 0.00
192B Thudella North 194.70 178.60 127.20 105.40 111.20 21.80 16.00
194A Dehiyagatha South 123.30 105.90 93.60 55.80 85.90 37.80 7.70
195 Kudahakapola South 163.40 119.40 63.80 4.10 18.20 59.70 45.60
193 Delathura West 1453.00 1415.20 1368.50 1358.50 1368.50 10.00 0.00
196 Kudahakapola North 167.50 137.00 97.80 54.80 74.40 43.00 23.40
164A Maha Pamunugama 837.30 839.30 752.60 736.10 736.10 16.50 16.50
194 Dandugama 1090.30 952.30 1076.70 896.30 893.40 180.40 183.30
194B Dehiyagatha North 158.60 147.90 120.10 120.10 120.10 0.00 0.00
164 Pamunugama 532.00 521.40 464.90 460.00 464.10 4.90 0.80
197A Udammita South 159.50 156.10 109.00 94.60 107.90 14.40 1.10
198 Alawathupitiya 227.40 224.20 205.20 196.80 205.20 8.40 0.00
163A Kepungoda 218.00 289.90 188.00 140.30 181.90 47.70 6.10
198A Dambaduraya 285.30 259.10 160.50 160.50 160.50 0.00 0.00
146 Ambalammulla 1425.80 1263.20 1159.50 1079.40 1159.50 80.10 0.00
145 Bandarawatta West 308.80 169.50 92.90 91.90 91.80 1.00 1.10
145C Bandarawatta East 167.50 175.20 89.90 85.10 89.90 4.80 0.00
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Table A1. Cont.

GN

ESV (USD Thousand/Year)

Code GN Name 1997 2007 2017 2030 BAU 2030 EP Change
2017-2030 BAU 2017-2030 EP
163C Settappaduwa 102.90 109.80 73.10 48.40 48.40 24.70 24.70
145B Mookalangamuwa West 305.80 177.70 122.00 120.10 122.00 1.90 0.00
145A Mookalangamuwa East 273.90 212.90 137.40 72.80 131.50 64.60 5.90
144 Liyanagemulla South 244.80 200.60 134.10 70.50 108.50 63.60 25.60
163B Dungalpitiya 258.10 258.70 172.10 58.60 104.90 113.50 67.20
144A Liyanagemulla North 293.60 189.30 127.70 34.60 50.40 93.10 77.30
143A Katunayaka South 81.20 140.40 63.20 0.00 0.90 63.20 62.30
143 Katunayaka North 60.80 82.50 132.10 0.00 0.00 132.09 132.09
142A Kurana Katunayaka South 213.20 215.50 58.40 0.00 0.00 58.40 58.40
142B Kurana Katunayaka Central 265.70 256.50 80.20 0.00 0.00 80.19 80.19
163 Thalahena 179.30 218.50 111.60 0.01 0.02 111.58 111.57
142 Kurana Katunayaka North 133.60 145.80 90.30 0.00 0.00 90.30 90.30
157B Kurana West 196.90 150.70 45.30 0.01 0.02 45.28 45.27
157A Kurana East 133.10 135.50 75.50 0.09 0.02 7541 75.48
162C Pitipana Southeast 107.60 110.00 49.90 0.00 0.00 49.90 49.90
162B Pitipana South -West 54.40 54.00 8.90 0.00 0.00 8.90 8.90
156C Siriwardana Pedesa 233.60 221.10 240.50 0.00 0.00 240.50 240.50
156 Munnakkarai 18.30 2.00 10.50 0.10 0.00 10.49 10.49
160A Thaladoowa 82.80 85.30 70.30 0.00 42.80 70.29 27.50
162D Pitipana Central 99.70 94.30 77.30 0.00 0.00 77.30 77.30
157 Bolawalana 376.00 299.30 147.00 0.00 0.30 147.00 146.70
156B Munnakkarai East 61.00 48.10 58.90 0.00 26.40 58.90 32.50
162 Pitipana North 108.00 102.80 31.50 0.00 0.00 31.50 31.50
162A Doowa 33.70 39.10 29.10 0.05 0.01 29.05 29.09
160B Udayarthoppuwa South 161.40 89.00 12.40 0.00 0.30 12.40 12.10
160 Udayarthoppuwa 122.50 71.90 1.20 0.00 0.30 1.20 0.90
156A Munnakkarai North 32.30 54.60 71.20 0.00 11.20 71.20 60.00
161A Angurukaramulla 209.30 124.60 3.90 0.00 0.00 3.90 3.90
158A Wella Weediya South 10.70 9.60 1.20 0.00 0.00 1.20 1.20
159 Periyamulla 47.30 29.20 6.70 0.00 0.00 6.70 6.70
158 Wella Weediya 12.50 12.30 5.00 0.00 0.00 5.00 5.00
73C Kudapaduwa South 45.20 38.00 6.20 0.00 0.00 6.20 6.20
158B Wella Weediya East 63.70 29.90 0.20 0.00 0.00 0.20 0.20
159A Hunupitiya 74.70 28.70 2.00 0.00 0.00 2.00 2.00
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