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Abstract: Urban wetland ecosystems (UWEs) play important social and ecological roles but are
often adversely affected by urban landscape transformations. Spatio-temporal analyses to gain
insights into the trajectories of landscape changes in these ecosystems are needed for better landscape
planning towards sustainable UWEs. In this study, we examined the impacts of urbanization on the
Muthurajawela Marsh and Negombo Lagoon (MMNL), an important UWE in Sri Lanka that provides
valuable ecosystem services. We used remote sensing data to detect changes in the land use/cover
(LUC) of the MMNL over a two-decade period (1997-2017) and spatial metrics to characterize changes
in landscape composition and configuration. The results revealed that the spatial and socio-economic
elements of rapid urbanization of the MMNL had been the main driver of transformation of its natural
environment over the past 20 years. This is indicated by a substantial expansion of settlements (+68%)
and a considerable decrease of marshland and mangrove cover (—41% and —21%, respectively). A
statistical analysis revealed a significant relationship between the change in population density and
the loss of wetland due to settlement expansion at the Grama Niladhari division level (1 = 99) (where
wetland includes marshland, mangrove, and water) (1997-2007: R? =0.435, p = 0.000; 2007-2017:
R? = 0.343, p = 0.000). The findings also revealed that most of the observed LUC changes occurred in
areas close to roads and growth nodes (viz. Negombo, Ja-Ela, Wattala, and Katana), which resulted
in both landscape fragmentation and infill urban expansion. We conclude that, in order to ensure
the sustainability of the MMNL, there is an urgent need for forward-looking landscape and urban
planning to promote environmentally conscious urban development in the area which is a highly
valuable UWE.

Keywords: wetland; muthurajawela marsh and negombo lagoon; socio-ecological; spatio-temporal
analysis; urban ecology; remote sensing

1. Introduction

Although wetlands account only for 4-6% of the world’s surface area [1], they are
regarded as one of the most productive ecosystems [2,3]. A wetland ecosystem includes
marsh, fen, peatland, shallow water areas, as well as natural and human-made areas
with evidence of intermittent and permanent waterlogged areas between natural wet
aquatic habitats and dry terrestrial ecosystems [4,5]. Wetlands provide valuable social
and ecological benefits, e.g., coastal protection, flood control, carbon sequestration and
biodiversity conservation, among other ecosystem services [6-9]. As such, wetlands play
important roles in the context of the United Nations’” sustainable development goals (SDGs)
and targets [10-12]. Unfortunately, almost 64-71% of the world’s wetlands have been
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transformed, degraded or have disappeared in recent decades as a result of anthropogenic
activities, including industrialization, agriculture, and urbanization [1,13-15].

In 2018, more than 55% of the world’s population lived in urban areas, and this
proportion is projected to reach 68% by 2050 [16]. Such a development would exert
tremendous pressure on the natural environment across urban areas in the world as large
areas transform to impervious surfaces. Studies have shown that rapid, uncontrolled, and
unplanned urbanization has been impacting the quality of urban ecological environments
across the world [17-22], including urban wetland ecosystems (UWEs) [23-27].

Advances in geospatial technology, including geographic information systems (GIS)
and remote sensing, have greatly improved the monitoring of landscape changes over
space and time. Today, information derived from these advancements provides important
input to landscape planning and decision-making in many contexts, biodiversity conserva-
tion [28-31], and sustainable urbanization [32-34]. In fact, Earth observation technologies,
particularly remote sensing, play important roles in the monitoring of various social and
ecological indicators related to the United Nations” SDGs and targets [35], including those
that are associated with wetlands [11,36,37].

With changes in land use/cover (LUC) due to urbanization, natural landscapes suffer
from irreversible transformation [38]. The monitoring of landscape status over space and
time is hence an essential endeavor. Scholars have shown the usefulness of geospatial
techniques for characterizing landscape patterns, including those of UWEs [27,39,40],
and their changes over time [41-43]. Such information that facilitates impact analysis on
ecosystem services and biodiversity [44—46] can be used to direct landscape and urban
development planning towards sustainable UWEs [45,47,48].

The Muthurajawela Marsh and Negombo Lagoon (MMNL), the biggest coastal salt-
water peat bog in Sri Lanka, is located on the western coastal belt between the Kelani
River and Negombo Lagoon lying inland to Katana, Wattala, Ja-Ela, and Negombo in the
Gampaha District of the Western Province. The Muthurajawela Marsh, together with the
lagoon, creates an integrated coastal wetland ecosystem. The complex development of
this landscape during the Holocene period (Circa 6000-5000 years) progressed after the
final glacial period (Figure 1) [49-51]. The MMNL has been, and is still today, an important
UWE in the country. Its estimated monetary value is around Rs 726.5 million per year,
including benefits from flood prevention, treatment of wastewater, and shallow coastal
fisheries [52].
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Figure 1. Geological evolution of the Muthurajawela Marsh and Negombo Lagoon (MMNL), Sri Lanka, from the Holocene

period to the present. (a) The MMNL in the mid-Holocene period, marked with a marine regression, exposing a wider

coastal area; (b) Wetland started to form (c. 7000); (c¢) Formation of wetland from south to north and clay deposits continued

(c. 6500); (d) Marshland and lagoon started to form as an interdependent ecological system (c. 6500-6300); (e) Formation

of marshland and lagoon continued at the final stage, forming one contiguous wetland (c. 6000); and (f) The present

condition in which the MMNL is an important urban wetland ecosystem (UWE) in the Colombo Metropolitan Region with

high socio-ecological significance. The images were sourced from the MMNL'’s master plan and MMNL's conservation

management plan [49,50].
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The Colombo Metropolitan Region (CMR), the country’s capital and the location of the
MMNL, has grown very rapidly over the recent decades. For example, CMR'’s population
grew from 3.9 million in 1981 to 5.8 million in 2012 [53]. Consequently, the area of built-
up lands in the CMR also expanded dramatically from 11,165 ha in 1992 to 35,876 ha in
2014 [54]. There have been several studies on MMNL [55,56], but a study that focuses on
the impacts of urbanization on this highly valuable UWE is still lacking.

Hence, the focus in this study is specifically on detecting changes in the LUC and
examining the landscape composition and configuration of the MMNL over the past
two decades (1997-2017) by using remote sensing data and spatial metrics respectively.
The loss of wetland (water, mangrove, and marshland) due to urbanization (settlement
expansion) was quantified and the influence of population growth to this LUC transition
was investigated. The implications of the findings for landscape and urban planning
towards sustainable UWEs are discussed.

2. Materials and Methods
2.1. The MMNL, Sri Lanka

The MMNIL, extending over roughly 134 km? (Figure 2), consists of the Gampaha
District’s four Divisional Secretariats (DS). This area has been experiencing rapid urban-
ization and economic growth over the past three decades. The landscape of the MMNL
encompasses various land surface features, including the lagoon and marsh and mangrove
areas, as well as some highly and moderately urbanized lands.

The MMNL receives freshwater from the eastward direction via two channels (viz.
lower Aththanagalu Oya and lower Kelani Ganga). The area has a gentle slope, with an
elevation range of 0-30 m. According to the geological timetable, the MMNL belongs to
the Quaternary soil group, which is composed of soil deposits from wind-blown sands,
river deposits, and lacustrine sediments [57]. The area has a tropical monsoon climate as
per the Koppen classification [58]. The wet season is from May to September, and the dry
season is from December to early March. Mean annual rainfall is between 2000 mm and
2500 mm, with mean annual daytime temperatures ranging from 22.5 °C to 25.0 °C [59].

Demographically, the MMNL contains urban and rural settlements. However, due
to a rising population and rapid urban expansion, many parts of this valuable UWE have
become highly vulnerable to the impacts of urbanization, including the Muthurajawela
Marsh, which contains two protected areas (Figure 2). The lagoon is a shallow-water
coastal water body and a highly productive fish area [52]. It is joined to the Indian Ocean
by a single narrow opening in the north. This, too, will continue to be affected if the rapid
urbanization of the area is not controlled and carefully planned.

In fact, the lagoon had initially been utilized by the fishing industry and the neigh-
boring area had been occupied by settlements and industries [51,60]. However, over the
past 60 years, parts of the lagoon have been reclaimed for various purposes, including
illegitimate settlements that have extended to intertidal sands along the channel segments
of the estuary [51,52]. Unlawful activities, such as illegal settlements, illegal fishing, and
illegal cutting of trees, as well as waste dumping and water pollution, are among the
important current concerns with regard to the management of the MMNL [51,52].

2.2. LUC Mapping

We used three Landsat images for this study, viz. two TM (Thematic Mapper) images
captured in 1997-02-07 and 2007-01-02, and one OLI/TIRS (Operational Land Imager/
Thermal Infrared Sensor) image captured in 2017-01-31. They were sourced from the USGS
(https:/ /earthexplorer.usgs.gov/). The images have a spatial resolution of 30 m. Only
one Landsat scene was needed for the study area. Temporal consistency and cloud cover
were considered in the selection of the images. All the images were acquired during the
cloud-free, dry season.

Before LUC classification, we first created a wetland classification scheme comprising
four classes: settlement, marshland, mangrove, and water (Table 1). These LUC classes
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reflect the physical characteristics of the study area and have been widely used in previous
studies [61-63].
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Figure 2. Location of the MMNL. (a) Map of Sri Lanka, (b) Gampaha District, and (c) a 3D map of the MMNL produced
using a 30 m digital elevation model (ASTER). The Google Earth image was acquired on 17 February 2017.

The three Landsat images were classified using a hybrid classification method, i.e.,
a combination of unsupervised and supervised classification techniques [64,65], which
was performed in ArcGIS 10.6. First, we used the ISODATA clustering algorithm, an
unsupervised classification algorithm, to produce 14 clusters for each image. We used
bands 5, 4, and 3 for the TM images and bands 6, 5, and 4 for the OLI/TIRS image. Second,
we performed a supervised classification using the maximum likelihood algorithm and
the result of the first step as input. For the training sites, we digitized 15 training samples
for each class, where the number of pixels per sample ranged from 20 to 782. In total, we
digitized 60 samples per image. We assessed the accuracy of the classified 1997, 2007, and
2017 LUC maps using 400 random points. Google Earth was the source of reference data
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for 2007 and 2017. For 1997, we used topographic maps from the Survey Department of Sri
Lanka [66].

Table 1. Wetland classification scheme used in this study.

LUC Class Land Surface Features

Urban, residential, industrial, transportation (roads, train lines),
Settlement communications and utilities infrastructure, airports, home gardens,
concrete structures, power plants, and asphalt areas.

Seasonally flooded areas with abandoned paddy fields, intermittently
Marshland flooded areas with agriculture, marsh plant communities, trees, scrub and
grassland, peat soil, bog soil and back swamp, and other cultivated areas.

Seasonally flooded areas with mangroves, intermittently flooded areas

Mangrove .
with mangroves and mangrove pneumatophore areas.

Water Lagoon, streams, canals, and ponds.

2.3. Assessment of LUC Changes in the MMNL

We calculated the loss and gain areas and rates for each LUC class using Equations (1)
and (2), respectively [67].
L/Garea = Ay — Aa 1)

L/G rate (%) = (Ap — Aq)/Agx100 @)

where L/G area refers to the area that each class lost or gained (ha) between two time
points. L/G rate refers to the percentage of loss or gain (%) of each class area. A; and A,
are the beginning and the end values of each class, respectively.

2.4. Assessment of Wetland Loss Across Grama Niladhari (GN) Divisions

Due to rapid urbanization, there is a high likelihood of the wetland area and its
surrounding areas being converted to urban land use. Here, we identified the top wetland-
losing GNs susceptible to urbanization (settlement expansion) over the study period.
Currently, there are 99 GN divisions in the study area. To do this, we calculated the density
of wetland loss due to urbanization across the GNs during the first time period (TP1) (1997-
2007) and second time period (TP2) (2007-2017) using Equations (3) and (4), respectively.

WLD1p; (%) = Wl:qm x 100 )
L
WLD7p) (%) = % x 100 )

where WLD1p1(%) and WLDrpy(%) refer to the density of wetland loss density in a
particular GN due to urbanization (settlement expansion) during the two time periods (first
and second, respectively). WLrp; and WLrp; are the areas of wetland loss in a particular
GN due to urbanization during the two time periods (first and second, respectively). A
refers to the area of a particular GN. Wetland includes water, mangrove, and marshland.

2.5. Relationship between Urbanization and Wetland Loss

We examined the relationship between urbanization as proxied by the change in
population density (CPD) (Equations (5) and (6)) and density of wetland loss due to
settlement expansion (WLD) at the GN division level. Since the 1997, 2007, and 2017
population data at the GN division level were not available, we extrapolated such data
based on the average population growth rate (APGR) of Katana Wattala, Ja-Ela, and
Negombo DS divisions for 1981, 2001, and 2012 census years. Each of these DS divisions
consisted of a number of GN divisions. Thus, for those GN divisions that belonged to a
particular DS division, only one APGR was used. Finally, scatter plots were produced
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between CPD (x) and WLD (y) for both periods (TP1 and TP2) to examine the relationship

between urbanization and wetland loss.

PDygo7 — PD1g97

CPDr1p1(%) = PDrgoy

CPDTP2(O/0) =

PDyg17 — PDaggy

PDygo7

% 100 (5)

x 100 (6)

where CPDr1p1 (%) and CPDrp;(%) refer to the change in population density in a particular
GN during the two time periods (first and second, respectively). PD refers to the population

density of a particular GN.

2.6. Landscape Pattern Analysis

Many scholars have discussed the usefulness of spatial metrics for landscape pattern
analysis [68,69]. Landscape-level metrics provide general information about landscape
patterns in the study area. On the other hand, class-level metrics include more detailed
descriptions of landscape patterns based on class-level information. Using FRAGSTATS
V4.2, landscape-level and class-level metrics were computed to gain insights into the

changes in the landscape pattern of the MMNL (Table 2).

Table 2. Class and landscape-level spatial metrics [70].

Metric

Equation Unit

Definition

Number of Patches (NP)

NP =n; None

Reflects the number of patches
of the similar patch type or LUC
class; a simple measure of the
degree of fragmentation

Patch Density (PD)

PD =% (10,000)(100) No. per 100 ha

Equal to the number of patches

at each LUC class per unit area.

A limited, yet important feature
of the landscaping

Edge Density (ED)

ED = ):E‘:Al ik (10,000) Meters per ha

Measures based on edge length
of a specific LUC class per unit
area

Largest Patch Index (LPI)

n
max  (aj)

e
P =)= (100)

Percent

Quantifies the percentage of
total landscape area taken up by
the largest patch at the class
level. It is a simple indicator of
dominance

Landscape Shape Index (LSI)

LST = 2% Lict ¢ %1 ik None

A measure of the total edge or
edge density within the
landscape divided by the total
landscape.

Cohesion (COHESION)

n pk _ None

n_px 1

COHESION = {1 %} {17 } . (100) 0-100
=174/ %j

-

The physical connectivity of the
corresponding patch type of
LUC class. Rises with more
clustering of the patch type in
its configuration, resulting in a
more physical combination.

Shannon’s Diversity Index (SHDI)

m ° .
SHDI= — Y (P; InP;) Information

i-1

Reflects the landscape
heterogeneity and compares
various landscapes or the same
landscape at different times as a
relative index.

Shannon’s Evenness Index (SHEI)

SHEI =——=L G None

Inm

Maximum evenness of the area,
reflecting a clear trend among
the patch types at the landscape
level.

Where: i = any LUC patch; n; = number of patches of LUC category i; A = total area of LUC (m?); ey is sum of edge total (m) in LUC class

I—counting landscape boundary and segments; j=1,2,3, ..

., nsum of the specific patch area; a;; = patch area ij in number of the pixel

; pi = proportion of the i—any LUC area of the total landscape; p;; = circumference of patch ij regarding the sum of cell surface; Z = total
pixel in the landscape; m = total patch in the entire area, without landscape border. Patch number was determined based on the eight-cell

neighborhood rule.
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- Marshland

3. Results
3.1. Classification Accuracy and LUC Changes

The overall accuracy of the three classified LUC maps was 83.0% in 1997, 84.5% in 2007,
and 84.8% in 2017 (Appendix A Table A1). The primary cause of the classification errors
was spectral confusion because some of the pixels of the LUC classes had similar spectral
reflectance due to soil moisture levels and vegetation types [71,72]. We found that some
mangrove pixels were misclassified as marsh, and some marsh pixels were misclassified as
settlements and mangroves, and so on (Appendix A Table A1). Nevertheless, the accuracy
levels of the classified LUC maps of the MMNL are adequate for this study. Other related
studies have reported overall accuracies ranging from 69% to 82% [73-75].

The LUC change analysis revealed that marshland in the MMNL had been drastically
shrinking due primarily to the expansion of settlements. For example, of the 1767 ha and
2282 ha total loss of the marshland class in TP1 and TP2, respectively, 820.89 ha (43%) and
691.92 ha (42%) were lost from the mangrove class (Figure 3 and Table 3). During TP1, the
settlement class gained a total area of 1464 ha, whereas during TP2, it gained a total area
1880.91 ha.

Mangrove - Water - Settlement [ LI LI | S lkm

0 25 5 75 10

Figure 3. LUC maps of the MMNL in 1997, 2007, and 2017 derived from Landsat data (see Methods).
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Table 3. LUC transitions in the MMNL (ha).

2007
1997 Total Loss
Marshland Mangrove Water Settlement
(a) 1997-2007
Marshland 3007.89 519.93 2.43 1244.88 4775.13 1767.24
Mangrove 615.42 1081.44 2.79 202.68 1902.33 820.89
Water 65.07 1.44 3118.41 16.83 3201.75 83.34
Settlement 547.29 33.12 1.08 2950.38 3531.87 581.49
Total 4235.67 1635.93 3124.71 4414.77 13,411.08
Gain 1227.78 554.49 6.3 1464.39
2007 2017 Total Loss
Marshland Mangrove Water Settlement
(b) 2007-2017
Marshland 1953.45 538.2 30.51 1713.51 4235.67 2282.22
Mangrove 541.71 944.01 0.9 149.31 1635.93 691.92
Water 10.62 3.15 3092.85 18.09 3124.71 31.86
Settlement 324.09 24.48 4.32 4061.88 4414.77 352.89
Total 2829.87 1509.84 3128.58 5942.79 13,411.08
Gain 876.42 565.83 35.73 1880.91

The mangrove class experienced considerable losses to both the marshland and set-
tlement classes in the two periods. There were some gains in the area of the mangrove
class, but its total loss outweighed its total gain, resulting in net losses during both periods.
Nevertheless, the gain of mangrove from marshland in both periods (520 ha in TP1 and
538 ha in TP2) is a positive sign. This could have been due to the government’s efforts to
conserve the MMN by conducting mangrove reforestation activities in previous years.

Table 4 shows the L/G of the LUC classes in the MMNL in terms of area and rate. The
results revealed that the mangrove class had a net decrease of 266 ha (14%) and 126 ha
(8%) in TP1 and TP2, respectively. The marshland class had a net reduction of 539 ha (11%)
and 1406 ha (33%). By contrast, the settlement class had a net increase of 883 ha (25%) and
1528 ha (35%).

Table 4. Losses and gains of the LUC classes in the MMNL.

L/G Area (ha) L/G Rate (%)
1997-2007
Marshland —539.46 —11.30
Mangrove —266.40 —14.00
Water —77.04 —-2.41
Settlement 882.90 25.00
2007-2017
Marshland —1405.80 —33.19
Mangrove —126.09 —-7.71
Water 3.87 0.12
Settlement 1528.02 34.61

Figure 4 shows the spatial distribution of wetland loss due to urbanization (settlement
expansion) in both periods, i.e., the loss of marshland, mangrove, and water. The results
revealed that the central part (south of the lagoon) and the east part of the MMNL became
more fragmented due to road construction. During the 20072017 period, the area exhibited
a ribbon type of development. Another pattern that emerged is the settlement cluster in
the middle, western part of the MMNL. In general, settlements consumed mostly the
marshland and mangrove areas in the northern, eastern, and southern parts of the MMNL.
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Figure 4. Spatial distribution of wetland loss in the MMNL due to urbanization (settlement expan-
sion). (left) 1997 to 2007; and (right) 2007 to 2017. Wetland includes water, mangrove, and marshland.

3.2. Change in Population Density and Loss of Wetland Due to Urbanization

The maps of the GN-level change in population density (CPD) and density of wetland
loss due to urbanization (settlement expansion) (WLD) are shown in Figure 5. The top five
GNs in terms of WLD during TP1 were Thimbirigasyaya, Nayakakanda South, Kurun-
duhena, Welikadamulla, Telangapatha; those during TP2 were Thalahena, Palliyawatta
South, Maha Pamunugama, Pitipana North, Udammita South. A more exhaustive list of
the top GNs in terms of WLD is given in Appendix A Table A2.

The statistical analysis revealed a positive, significant correlation between CPD and
WLD in both time periods (TP1: R? = 0.435, p = 0.000; TP2: R? = 0.343, p = 0.000) (Figure 6),
indicating that as the CPD increased, the WLD also increased. This suggests that urbaniza-
tion was, indeed, an important factor or a driver of wetland loss in the MMNL.

3.3. Changes in Landscape Composition and Configuration

At the class-level, the results revealed that between 1997 and 2017, the marshland
class had become more fragmented, as indicated by the overall increase in its number
of patches (NP), patch density (PD), edge density (ED), and the decline in its largest
patch index (LPI), landscape shape index (LSI), and COHESION due to conversions to
settlement marshland and water classes (Figure 7). On the other hand, the mangrove class
had become less fragmented, as indicated by the overall decrease in its NP, PD, and ED.
While its COHESION decreased during the first period, it increased during the second
period. This suggests that the mangrove class, with the loss of some of its fragmented
patches, had become more contiguous from 2007 to 2017. The decrease in LPI and LSI
during the 1997-2017 period was due to mangrove gains, especially those resulting from
the conversion of marshland, suggesting the development of more regular shapes at the
edges of the mangrove. Conversely, the analysis results showed that LPI and LSI in
marshland had fewer regular shapes at the edges, and the patches were more adjoining
compared to the mangrove class. Therefore, the overall result of the mangrove showed
less fragmentation than the marshland class. The settlement class had also become less
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fragmented, as indicated by the overall decrease in its NP, PD, and ED, and the overall
increase in its COHESION. The expansion of settlements to adjacent areas resulted in an
infilling pattern of urban growth, and eventually in a more contiguous and aggregated
configuration of the settlement class. This observation is also supported by the increasing
pattern of the settlement class” LPI.
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Figure 5. GN-level change in population density (CPD) (a,b) and density of wetland loss due to urbanization (settlement
expansion) (WLD) (c and d) in the MMNL. Wetland includes water, mangrove, and marshland. The numbers on maps (c,d)
refer to the numbers of the GNs in Appendix A Table A2.
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Figure 6. Relationship between change in population density (CPD) and density of wetland loss due to settlement expansion
(WLD) in the MMNL during (a) 1997-2007 (TP1) and (b) 20072017 (TP1). Each point is a GN division.
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Figure 7. Class-level spatial metrics for the MMNL (1997-2017).

At the landscape level, the results revealed that SHDI and SHEI had gradually declined
from 1997 to 2017 (Table 5). This indicates that the landscape of MMNL had tended to
be less fragmented, clustering, and aggregating. Moreover, the overall decrease in patch
richness at the class-level had resulted in an overall decrease in SHDI and SHEI at the
landscape-level in the study area.

Table 5. Landscape-level spatial metrics for the MMNL (1997-2017).

Year SHDI SHEI
1997 1.3383 0.9654
2007 1.3263 0.9567
2017 1.2832 0.9256

4. Discussion
4.1. Landscape Transformation of the MMNL

The MMNL is an important UWE in Sri Lanka owing to its biodiverse ecosystem that
is home to numerous wildlife, water habitat species, and migratory birds [50], besides the
various ecosystem services it provides [52]. Our findings showed that the landscape of this
highly valuable UWE had been transformed dramatically over the past two decades, losing
considerable expanses of its marshland and mangrove cover due to rapid, unplanned and
uncontrolled urbanization (settlement expansion) (Figures 3 and 4; Table 3).

Urbanization, led by socio-economic and biophysical factors, has altered and is still
altering the MMNL landscape. If this wetland change trend continues, it may adversely
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impact the ecosystem services, biodiversity and aesthetic value of the area. There are
indications of an infilling urban growth pattern in the MMNL (Figure 3) and clear signs of
illegal settlements inside the wetland area. The uncontrolled urban expansion of the CMR
and its effects on landscape changes have caused many socio-economic and ecological
problems, as well as an overall degradation of the natural environment in the study area.

Today, the MMNL has been fragmented into four parts owing to settlements, the
construction of the main road and the Colombo-Katunayake Expressway [76], and the area
experiencing a ribbon type-development during the 2007-2017 period. This expressway
runs along the marshland, and a small piece of the Negombo lagoon can be clearly iden-
tified in our classified maps, especially in 2007 and 2017 (Figures 3 and 4). Using urban
wetland modelling, Zubair et al. (2017) [77] found that two of the main watersheds had
increased, but subsequently decreased in one due to urban expansion. These findings
generally support our results on the effects of human intervention, as indicated in previous
research [78].

Availability and reclamation of natural wetland areas according to environment-
friendly policies and enforcement of regulations are crucial to the protection and conser-
vation of the MMNL. Restoration of wetland vegetation is vital, particularly in the highly
populated areas of the GN divisions. A top-to-bottom approach should be adopted to
ensure judicious use of wetland to ensure its protection and sustainability. Generally,
wetland areas play an essential role in mitigating the urban heat island effect [79]. The
MMNL is situated in the CMR which covers a considerable area. Conserving this highly
valuable wetland will promote the cooling effect for better living conditions for the city
dwellers of the CMR. Therefore, the protection and sustainability of the wetland should be
promoted systematically by policymakers and urban planners.

In this study, we used a hybrid method (unsupervised and supervised) to classify the
LUC of the MMNL from Landsat imagery (see Section 2.2). The method minimized classifi-
cation errors. Overall, this hybrid classification provides comprehensive classifications of
natural plant vegetation and soil moisture levels in urban wetland areas [80]. The overall
accuracy of our three classified LUC maps was 83.0% in 1997, 84.5% in 2007, and 84.8% in
2017. Similar findings were reported by reference [64] in their small wetlands mapping in
Kenya and Tanzania, where using unsupervised and supervised approaches, the overall
classification accuracy was 83%. Lane et al. (2014) [81] reports an overall accuracy of
86.5% in wetland classification using eight-band high-resolution satellite data and a hybrid
mapping approach in the Selenga River Delta in southeastern Siberia, Russia.

In general, settlement expansion can be correlated with rapid population growth in
the MMNL. It is important to note that the MMNL is located in the Gampaha District
of Sri Lanka, the second most populous district in Sri Lanka after the Colombo District.
Rural-urban migration due to the establishment of Export Processing Zones (viz. Biyagama,
Katunayake) in the Gampaha District [82] contributed to the higher population growth
during the 1990s. Job opportunities in these Export Processing Zones provided better living
conditions for migrants. Given the decline in agricultural productivity in the country’s
dry regions, the government encouraged rural-urban migration to reduce poverty [83]. In
particular, post-war policies and development projects in the CMR resulted in the country’s
industrial capital becoming an important driver of rapid urban growth of the CMR after
2009 [84].

Figure 8 projects continuous growth in four DS divisions in the study area from 1981
to 2051. The dramatic increase in the urban population of four DS divisions in the study
area is expected to continue in the future. From 1997 to 2017, the population of the study
area increased by 15.51%. The population density of the Wattala and Ja-Ela DS divisions
was higher than that of Katana and Negombo, indicating high urban pressure radiating
from the capital of Colombo and the core of the Gampaha District (Figures 2, 3 and 5).
However, the Negombo DS division should not be ignored because this DS division has
a significant effect on the wetland’s northern part (Figure 2), which has been impacted
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Figure 8. Projected population trend for Wattala, Ja-Ela, Katana and Negombo DSDs of Gampaha District: The population
data for 1981, 2001 and 2012 were sourced from the Department of Census and Statistics, Sri Lanka [85]. The 1991 population
was projected using growth rates of 5.1%, 2.6%, 2.1%, and 6.9% for Wattala, Ja-Ela, Katana, and Negombo, respectively.
From 2021 to 2051, growth rates were projected using rates of 0.87%, 0.83%, 0.51%, and —0.13% for Wattala, Ja-Ela, Katana,
and Negombo, respectively.

In wetland change analyses, researchers have identified some implications of wetland
landscape pattern changes due to urbanization [86,87]. There is evidence that environmen-
tal degradation is very much related to economic growth, as reflected particularly in per
capita income [88]. A spatial metrics analysis shows that the MMNL settlement areas have
become less fragmented (Figure 7) due to the decrease in the number of settlement patches
along the roads and the dispersion of newly established patches from existing settlement
areas around growth nodes (i.e.,, Negombo, Ja Ela, and Wattala) (Figure 2) and admin-
istrative centers. Furthermore, current settlement patches have become more extensive,
and the gaps between settlement patches have diminished. While the expansion process
has led to the development of settlement patches, there is a reduction in the distance
between settlement patches due to the impact of dispersion in the MMNL. This rapid urban
development of the MMNL and its subsequent wetland landscape changes have created
many socio-ecological problems (Figure 9).

The MMNL has already been encroached upon by the urban sprawl; further infilling
patterns are anticipated. Several factors can cause further fragmentation of the MMNL's
landscape and dispersed growth. The MMNL is located in the western coastal plain
of Sri Lanka (Figure 2), and there are no significant physical restrictions, such as high
altitudes and steep slopes, which promote fragmentation of the landscape. In the past
two decades, a significant expansion of road networks (Figure 3) has shortened travel
time from the urban center (capital city of Colombo and the core of the Gampaha District)
to the suburbs (Negombo, Katana, Wattala, and Ja Ela) and Katunayake Bandaranaike
International Airport. While people moving to the suburbs facilitate the fragmentation of
the wetland landscape, the lagoon fishing industry and its settlements, as well as illegal
wetland reclamation, also contribute to wetland degradation and land fragmentation.
Wetland areas along the roads have progressively been turned into settlements (Figure 4).
Moreover, push factors, such as high housing costs and service value and land prices in
urban core areas have facilitated the fragmentation of wetland areas, including marshland
and mangrove areas, over the last two decades in the MMNL. Accordingly, such issues
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concerning future wetland landscape and urban planning activities in and around the
MMNL must be addressed.

b SN )

Figure 9. Some fieldwork photos of the MMNL: (a) Human encroachment in Negombo Lagoon area, (b) Illegal settlements
of the study area, (¢) Dumping of garbage into the lagoon, and (d) Human activities inside the Muthurajawela marshland.
Source: First author (D. A.), 2017.

4.2. Implications for Wetland Sustainability

A variety of environmental and socio-economic problems have arisen as a result of
the rapid urbanization process in the MMNL, such as extensive degradation of wetland
ecosystems and loss of important wetland ecosystem services that affect flood control,
carbon sequestration, wetland productivity, the quantity of fish in the lagoon, urban
poverty, and slum development. Besides the ongoing urbanization process that has led to
the loss of wetland areas, current policies and regulations have not adequately addressed
increasing land fragmentation and scattered settlements in the MMNL. Land fragmentation
is threatening the sustainability of this urban wetland.

This study was performed on 4 DS divisions and 99 GN divisions in the Gampaha Dis-
trict (Figures 2 and 5). Local government authorities should consider stricter enforcement
of protection and conservation measures for wetland areas that have become increasingly
degraded. It would be useful for the Department of Wildlife Conservation, the Ministry of
Environment, the Central Environmental Authority, and the Urban Development Author-
ity to undertake wetland conservation projects, in particular, wetland restoration projects
and community-based approaches with judicious use of wetland. While local NGOs and
communities are also involved in implementing the Muthurajawela Wetland Management
Plan [49,50,89], the aims of their management plan have yet to be achieved. Time is of the
essence. Therefore, it is strongly recommended that city planners and local policymakers
implement new laws and legislation without further delay to protect this wetland.

RS data and GIS techniques are useful for spatial analysis [90]. The above study
could be useful in determining how much of the future landscape changes (e.g., the
spatial extent of urban areas towards natural environment and urban wetland areas) could
be compensated by comprehensive land-use practices and environmental rehabilitation
activities such as reforestation programs in mangrove and also natural areas. The recovery
of the wetland has significant potential to reduce the pressure on the carrying capacity of
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the MMNL by human activity. Once the MMNL has been changed into a settlement, it
would be difficult to reverse the conversion.

Against this backdrop, it is evident that scientifically sound knowledge is needed to
help urban landscape planners and policymakers tackle socio-ecological issues and achieve
the essential SDGs [35] to ensure wise and sustainable use of the MMNL. Indeed, wetlands
provide multiple services and benefits to people and are vital to attaining the SDGs [91]
and Aichi Targets of the Convention on Biological Diversity [92]. The fourth Strategic Plan
(2016-2024) of the Ramsar Convention has identified four major objectives and 19 specific
objectives in this regard. Therefore, the authorities should aim to implement the Ramsar
Convention’s Strategic Plans and attain the Aichi Targets so as to mitigate socio-ecological
problems associated with urbanization and protect wetland landscapes.

4.3. Limitations and Prospects for Future Wetland Study

This study used three satellite images captured in 1997, 2007, and 2017. More satellite
images taken at different time points would provide valuable details, leading to a better
spatial-temporal analysis. We need to point out that this investigation was limited by
the lack of other clear and accessible satellite images temporarily compatible with the
three satellite images employed. Another limitation was the unavailability of actual socio-
economic data of the study area. Simultaneous and direct measurements are required to
understand effective wetland conservation and protection strategies. Direct observations
of urban wetlands can provide valuable knowledge for potential wetland management
over the next few decades. We propose that future studies use much higher-resolution
remote sensing images to investigate wetlands (at least for Sri Lanka). We need contempo-
rary and long-term observations to appreciate the challenges in ensuring urban wetland
sustainability.

5. Conclusions

We examined the impacts of urbanization on the Muthurajawela Marsh and Negombo
Lagoon (MMNL), an important urban wetland ecosystem (UWE) in Sri Lanka owing
to the valuable ecosystem services it provides. We found a substantial expansion of
its settlements (+68%) and a considerable decrease in the extent of its marshland and
mangrove forests (—41% and —21%, respectively). A statistical analysis revealed a positive,
significant relationship between the change in population density and the loss of wetland
due to settlement expansion, indicating that urbanization had indeed played a major
role in the landscape transformation of the MMNL. The findings also revealed that most
of the observed LUC changes occurred in areas close to roads and growth nodes (viz.
Negombo, Ja-Ela, Wattala, and Katana), resulting in landscape fragmentation and infill
urban expansion. The results indicated that the spatial and socio-economic elements of
rapid urbanization of the MMNL had been the main driver of the transformation of its
natural environment over the past 20 years. The study also showed that a hybrid mapping
approach (unsupervised and supervised) can improve urban wetland mapping accuracy
from remote sensing satellite imagery.

Overall, we conclude that, in order to ensure the sustainability of the MMNL, which is
a highly valuable UWE, there is an urgent need for forward-looking landscape and urban
planning that could promote environmentally-conscious urban development in the area.
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UWEs Urban Wetland Ecosystems
MMNL Muthurajawela Marsh and Negombo Lagoon
SDGs Sustainable Development Goals
GIS Geographic Information Systems
LUC Land Use/Cover

CMR Colombo Metropolitan Region
DS Divisional Secretariat

™ Thematic Mapper

OLI/TIRS Operational Land Imager/Thermal Infrared Sensor
ETM+ Enhanced Thematic Mapper Plus
GN Grama Niladhari

WLD Wetland Loss Density

WL Wetland Loss

CPD Change in Population Density
APGR Average Population Growth Rate
PD Population Density

NP Number of Patches

PD Patch Density

ED Edge Density

LPI Largest Patch Index

LSI Landscape Shape Index
COHESION  Cohesion

SHDI Shannon’s Diversity Index

SHEI Shannon’s Evenness Index

TP Time Point

RS Remote Sensing

Appendix A

Table Al. Confusion matrices of the classified LUC maps of the MMNL.

Reference Data

Overall accuracy (%) = 84.75

Classified Data Total User’s Accuracy (%)
Marshland Mangrove Water Settlement
(a) 1997
Marshland 108 17 3 6 134 80.86
Mangrove 15 105 4 5 129 81.40
Water 7 3 42 1 53 79.25
Settlement 3 4 0 77 84 91.67
Total 133 129 49 89 400
Producer’s accuracy (%) 81.20 81.40 85.71 86.52
Overall accuracy (%) = 83.01
(b) 2007
Marshland 112 16 5 4 137 81.75
Mangrove 11 98 4 3 116 84.48
Water 6 1 47 1 55 85.45
Settlement 5 5 1 81 92 88.04
Total 134 120 57 89 400
Producer’s accuracy (%) 83.58 81.67 82.46 91.01
Overall accuracy (%) = 84.50
(c) 2017
Marshland 93 7 7 9 116 80.17
Mangrove 12 108 4 3 127 85.04
Water 5 3 42 1 51 82.35
Settlement 4 5 1 96 106 90.57
Total 114 123 54 109 400
Producer’s accuracy (%) 81.58 87.80 77.78 88.07
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Table A2. Top 20 GNs in the MMNL in terms of density of wetland loss due to urbanization
(settlement expansion) (WLD) (%) (see Equations (3) and (4)).

Rank GNs 1997-2007 (TP1) GNs 2007-2017 (TP2)
1 Thimbirigasyaya 76.47 Thalahena 70.24
2 Nayakakanda South 72.37 Palliyawatta South 66.13
3 Kurunduhena 64.86 Maha Pamunugama 66.11
4 Welikadamulla 63.69 Pitipana North 65.22
5 Telangapatha 63.21 Udammita South 64.06
6 Siriwardana Pedesa 62.82 Dandugama 61.13
7 Dungalpitiya 62.36 Pitipana South East 56.51
8 Paranambalama 61.74 Delathura West 56.01
9 Palliyawatta South 61.63 Nagoda 55.18
10 Munnakkarai North 59.94 Bandarawatta West 53.51
11 Doowa 59.57 Ambalammulla 52.41
12 Hendala North 59.26 Welikadamulla 52.35
13 Balagala 56.3 Ja-Ela 52.18
14 Elakanda 54.68 Alawathupitiya 52.12
15 Kerawalapitiya 54.47 Wella Weediya South 52.02
16 Welisara 54.20 Kudahakapola South 51.72
17 Galwetiya 53.42 Pitipana Central 51.46
18 Nedurupitiya 51.71 Indivitiya 51.37
19 Weligampitiya North 50.19 Siriwardana Pedesa 51.21
20 Bopitiya 50.01 Kurana West 50.13
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