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Dugongs (Dugong dugon) along
hyper-urbanized coastlines
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Coastal development and the increased anthropogenic use of sea spaces have

rapidly degraded coastal habitats throughout Southeast Asia. We study how

these activities impact dugong (Dugong dugon) population(s) along hyper-

urbanized coastlines of the Johor and Singapore Straits through literature

reviews and field surveys. Our review recovered sixty-nine live observations

and carcass observations of dugongs between 1820 and 2021. The eastern

Johor Strait is identified as a dugong hotspot. We observed peaks in

observations coincident with the Northeast and Southwest monsoons.

Distribution patterns of dugong observations were likely driven by a

combination of natural and anthropogenic factors such as seasonality in

seagrass abundance, tidal cycles, wind patterns and vessel traffic. Our field

surveys ascertained active foraging sites along the anthropogenically disturbed

Johor Strait and western Singapore Strait. Evident from our study is the

importance of reef-associated seagrass meadows as refugia for foraging

dugongs along areas of high anthropogenic use. This study provides an

ecological baseline for dugong research along the Johor and Singapore

Straits—within the data-poor western Malay Archipelago—, and aids in the

design of sustainable management strategies and conservation programs for

dugongs along areas where urbanization is commonplace.

KEYWORDS

distribution, coastal anthropogenic activities, feeding trails, Johor Strait, Singapore Strait,
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Introduction

The dugong Dugong dugon (Müller, 1776) is the only extant species of the sirenian

family Dugongidae. Global dugong populations have been assessed to be ‘Vulnerable to

Extinction’ in IUCN’s Red List of Threatened Species (Marsh and Sobtzick, 2015).

Female dugongs undergo relatively long calving intervals and gestation periods (two

to seven years; 12 to 14 months, respectively), give birth to one calf at a time

(albeit the occasional twin births), and practice prolonged maternal care (estimated

suckling period of 18 months) (Marsh et al., 1984; Boyd et al., 1999; Kwan, 2002).
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The interactions between these reproductive traits and their

vulnerability to anthropogenic threats—in particular, targeted

or incidental catches, collisions with vessels, and habitat

losses (Marsh et al., 2011)—exacerbate the extinction risks in

this species.

Dugongs are especially impacted by the encroachment of

anthropogenic activities into the marine environment, also

known as ‘marine urbanization’. Given that an average coastal

city (≤100 km from the sea) has a population approximately

three times denser than the global average (Small and Nicholls,

2003), coastal spaces are significantly affected by this

phenomenon (Firth et al., 2016). Marine urbanization is

commonplace in Southeast Asia, a region which has

experienced one of the highest rates of coastal population

growth and resource exploitation globally (Jiang et al., 2001;

Burke et al., 2011). The elevated demands for coastal resources

and spaces, brought about by the sixfold increase in human

populations between 1900 and 2000 (Jones, 2013), was met with

the proliferation of port facilities, land reclamation and coastal

protection via artificial structures (Jongman et al., 2012; Heery

et al., 2018; Ma et al., 2019; Nelson Sella et al., 2019; Song et al.,

2019; Veettil et al., 2020). The anthropogenic activities

associated with these shoreline changes—dredging,

reclamation, improper wastewater discharge and destructive

fishing (Fortes, 1995; Duarte, 2002; Kirkman and Kirkman,

2002; Orth et al., 2006; Waycott et al., 2009; Yaakub et al.,

2014; Unsworth et al., 2018), ensued losses of up to 50% of

seagrass meadows in Southeast Asia (Macusi et al., 2011). As

seagrass community specialists that rely heavily on these coastal

habitats for foraging, birthing, and calving (Adulyanukosol et al.,

2007; Tol et al., 2016), the trend for decreasing areas of seagrass

meadows bodes poorly for dugongs in Southeast Asia (Hines,

2002; Marsh et al., 2002).

Within Southeast Asia, coastal habitat losses have been the

most extreme in Singapore (Heery et al., 2018; Zhang and Hou,

2020). Between 1922 and 2011, the natural coastline length of

Singapore decreased by 69% (Hilton and Manning, 1995; Lai

et al., 2015), coinciding with areal losses of up to 85% in

intertidal habitats including seagrass meadows. Seawalls,

breakwaters, and other hard artificial structures were installed

to maintain these shorelines against wave action (Lai et al.,

2015). Coastal waterways in Singapore are also characterised by

high volumes of vessel traffic, with 60% of territorial waters

serving as shipping channels and port facilities (Chou, 2006).

Currently the second busiest global port, an annual average of

593,297,000 tonnes of cargo, in addition to recreational and

passenger vessels, ply along two waterways north and south of

the main island of Singapore (AAPA, 2016). Shipping vessels

using the Johor Strait, north to Singapore, are bound for three

international ports — Johor Port and Tanjung Pelapas in

Peninsular Malaysia, and Sembawang Wharves in Singapore.

The Singapore Strait is the main passage for vessels bound for

the Port of Singapore, a network of container terminals and port
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facilities at various locations along the main island of Singapore

and offshore islands to her south.

Acute losses of foraging areas and high anthropogenic use of

sea spaces along the Johor and Singapore Straits pose pressing

constrains on available habitats for dugongs therein. Yet, the

dugong populations that remain within these areas are some of

the most poorly understood (Marsh et al., 2002). Little is known

of the populations that utilize these highly urbanized coastal areas

(Marsh et al., 2002; Perrin et al., 2002; Hines et al., 2012; Hines

et al., 2015), barring sporadic sightings of individuals, carcass

recoveries and observations of feeding trails (Tan et al., 2012;

McKenzie et al., 2016). This paucity of scientific information

impedes the conservation and management of dugongs that are

locally classified as ‘Critically Endangered’ (Davison et al., 2008).

We address this knowledge gap by evaluating the spatial and

temporal distribution trends of extant dugong population(s)

along these hyper-urbanized coastlines.
Methods

Study sites

This study focuses on two waterbodies north and south of

the island nation of Singapore. The Johor Strait is a narrow water

body (~1km at some points) bound by the southern tip of

Peninsular Malaysia to the north and the island nation of

Singapore to the south. Two bridges cross the Johor Strait: the

Johor-Singapore Causeway and the Second Link. The former

does not allow water exchanges, and thus effectively divides the

Johor Strait into two (Ng et al., 2015). The Singapore Strait

extends from the southern coast of the main island of Singapore

to the Riau Islands in Indonesia and encompasses 43 islands.

These areas, approximately 1° north of the equator, are

characterized by hot and humid tropical weather patterns (28

- 30°C; 60 - 90% relative humidity on average) and experiences

two monsoonal seasons: the Northeast monsoon from

December to March, and the Southwest Monsoon from June

to September. Higher mean monthly rainfall is observed during

the Northeast (203 mm) as compared to the Southwest (138

mm) monsoons, while the average wind speed is approximately

equal at ~2.2 m/s (Meteorological Service Singapore, 2021). The

inter-monsoon periods between the Northeast and Southwest

monsoons are characterized by more variable and lighter winds.
Literature review

Historical and current distribution trends of dugong

populations within the Johor and Singapore Straits were first

inferred by observation records retrieved from open-access

Global Biodiversity Information Facility (GBIF) (GBIF.org,

2022) and Ocean Biodiversity Information System (OBIS)
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(OBIS, 2022) data repositories. A cleaning pipeline (adapted

from Gomes et al., 2018) was implemented to remove records

with imprecise coordinates from the GBIF and OBIS datasets.

Geotagged records outside the natural range of dugongs (based

on Marsh and Sobtzick, 2019) and records with missing,

incomplete and/or duplicated coordinates were removed. A

1:10m physical vector of the ocean (Natural Earth, 2018) was

used to remove records occurring on land. Using the List of

Darwin Core Terms (Darwin Core, 2021) as a reference, ‘Human

Observation’, ‘Machine Observation’ and ‘Observation’ records

were classified as live observations while ‘Fossil Specimen’,

‘Material Sample’ and ‘Preserved Specimen’ records were

classified as carcass observations.

We augment this dataset by including observation records

obtained through literature searches of scientific publications

(technical reports, natural history excerpts) and grey literature

(newspaper and magazine articles), which included online

sources (blog posts, webpages, and social media platforms).

The search strings [(‘dugong’ OR ‘sea cow’) AND (‘Johor

Strait’ OR ‘Singapore’ OR ‘Singapore Strait’)] and [(‘dugong

feeding trails’ OR ‘dugong grazing trails’) AND (‘Johor Strait’

OR ‘Singapore’ Or ‘Singapore Strait’)] were used. All

information with reference to dugongs, including sightings of

live or dead dugongs, carcass recoveries, and feeding trails were

collated and assessed. We also examined scientific specimens

and records of dugongs deposited at the Lee Kong Chian Natural

History Museum (LCKNHM), the national biodiversity

repository of Singapore. A total of 69 records, comprising 25

live and 44 carcass observations from 1820 to 2021, detailed in

Table S1, were obtained. Additional information attached to the

records, which often detailed biometric information (sex, length

and weight) and/or the circumstance of the observation (e.g.,

nylon rope around body or lacerations present), were used to

identify patterns associated to dugong observations and key

threats present in our study area.

We prepared a series of maps from the years 1954, 1993,

2002, 2012 and 2022 to plot long-term shoreline and coastal
Frontiers in Marine Science 03
transformations for our study area. Photo editing software

(Adobe Photoshop Creative Cloud 2018) was used to trace

and superimpose the historic map of 1954 Singapore (1:

63,360; Survey Department, Federation of Malaya) and

topographic maps of 1993, 2002 and 2012 Singapore (1:50,000;

Singapore Armed Forces Mapping Unit). The resultant images

were then superimposed onto 2012 and 2022 coastline shapefiles

of our study area obtained from OpenStreetMaps. Live and

carcass observations with specific location information (60 of 69

records) were overlaid onto these maps to visualize the changes

in available habitat for the dugong over time. Taking the

coordinates 1°22’00.0”N, 103°48’00.0”E as the center of

Singapore, dugong observations were split into four locations:

western Johor Strait [WJS], eastern Johor Strait [EJS], western

Singapore Strait [WSS] and eastern Singapore Strait [ESS].

Euclidean-based hierarchical distance clustering and Z-score

analysis of observation counts were conducted to identify

dugong hotspots.
Field surveys

We identified five seagrass meadows, based on our literature

review, with consistent contemporary observations of dugong

feeding trails (DFTs); four of these [Changi Beach Park Carpark

6, Changi Beach Park Carpark 7, Changi Civil Service Club, and

Tanjung (=Cape in Malay) Chek Jawa] are within the Johor

Strait and one [Terumbu (=Reef in Malay) Pandan] is within the

Singapore Strait (see Table 1 for details). Field surveys to assess

the distribution of DFTs were conducted at these five sites

during the Southwest monsoon (June to September) and the

second inter-monsoonal period (October to November) of 2018,

2019 and 2021.

Due to the turbid water conditions across all sites, strip

transects parallel to the shoreline were conducted on foot during

the low spring tides of each month. Three criteria were used to

discriminate DFTs from other furrows present in the seagrass
TABLE 1 Seagrass beds within territorial waters of Singapore surveyed for contemporary dugong feeding trails; area of seagrass meadow
obtained from Yaakub et al. (2013).

Site GPS
Coordinates

Size of Seagrass
Meadow (km2)

Seagrass Species Present

Changi Beach Park
Carpark 6 (C6)

1°23’01.6’ N, 104°
00’18.5’ E

< 0.05 Predominantly Halophila ovalis and Halodule uninervis. Sporadic patches of Halophila
spinulosa.

Changi Beach Park
Carpark 7 (C7)

1°22’31.3’ N, 104°
00’22.0’ E

< 0.05 Predominantly Halophila ovalis and Halodule uninervis. Sporadic patches of Halophila
spinulosa.

Changi Civil Service Club
(CSC)

1°23’31.1’ N, 103°
59’09.3’ E

< 0.05 Predominantly Halophila ovalis. Sporadic patches of Halodule uninervis.

Tanjung Chek Jawa, Pulau
Ubin (CJ)

1°24’32.6’ N, 103°
59’33.1’ E

0.065 Mixed distribution of Halophila ovalis, Halodule uninervis and Cymodocea rotundata.

Terumbu Pandan, Cyrene
Reefs (CYR)

1°15’58.9’ N, 103°
43’32.9’ E

0.14 Mixed distribution of Halophila ovalis, Halodule uninervis, Cymodocea rotundata,
Thalassia hemprichii and Syringodium isoetifolium
Pulau [=Island in Malay], Tanjung [=Cape in Malay], Terumbu [=Reef in Malay].
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meadow. First, the difference in seagrass percentage cover

between the seagrass bed directly adjacent to the furrow and

within the furrow must be more than 70% (Preen, 1992; de

Iongh et al., 1995; Preen, 1995; de Iongh et al., 1998; Nakaoka

and Aioi, 1999; Lanyon and Sanson, 2006; Skilleter et al., 2007).

Percentage cover was estimated with reference to Mellors (1991),

and sample quadrats detailed in the Seagrass Watch program

protocol (McKenzie et al., 2003). Based on the assumption that

the dimensions of a DFT corresponds to the orofacial disk size of

the dugong (Preen, 1992; Marshall et al., 2003), the second

criterion for a furrow to be deemed as a DFT is that its width is

approximately equal throughout. Thirdly, also based on the

above assumption, a trail’s average width and depth should be

between 10 - 28 cm and 2 - 6 cm respectively (Wake, 1975;

Heinsohn et al., 1977; Anderson and Birtles, 1978; Preen, 1992;

Nakaoka and Aioi, 1999; Petcharat and Lee, 2020). For each

DFT, maximal length and GPS coordinates as well as averaged

width and depth measurements were recorded over three

random points. All measurements were recorded to the

accuracy of ±0.5 cm. Seagrass species adjacent to each

ascertained DFT were identified and recorded.
Results

A total of 7829 distinct dugong records throughout its entire

range were obtained from the GBIF and OBIS datasets, which

included observations between 1905 - 2021. Of these, 7722

records were of live observations. The majority of global

dugong observations were along the northern coast of

Australia (Figure S1). Records of live observations were

common in eastern Africa (Kenya, Tanzania, Mozambique,

Comoros and Madagascar) and the Pacific Islands east of

Australia (New Caledonia and Vanuatu). In Asia, a majority of

the observations, mostly recorded in Thailand, were of carcasses.

Other than one live observation along the eastern Singapore
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Strait, there were no dugong records within the western Malay

Archipelago (see boxed area in Figure S1).

When other information sources (scientific literature, grey

literature, online sources and natural history museum records)

were incorporated, a total of 70 distinct dugong records were

recovered along the Johor and Singapore Straits (Table S1). This

included the single live observation from the GBIF and OBIS

datasets, which was subsequently removed from further analyses

due to absence of information on the date of record. Of all

records with spatial and temporal information (n = 69; 1820 -

2021), only 25 (36%) were of live dugongs while the remainder

were of carcasses (Table 2). Most records were observations of

single individuals (59 records). All seven records of dugong pairs

were of mothers and their calves (Table S1). A herd of more than

two dugongs were recorded only three times— these were along

the Johor Strait, off the coast of Gelang Patah and Pulau Nanas,

Malaysia (Table S1). Of the 19 records in which additional

information was provided, nine (50%) involved fishing gear

entanglement while six (33%) presented with multiple

lacerations likely originating from fishing and boating

activities (Table 2). Other than four records of live

disentanglement, all records accompanied with circumstantial

information were of carcasses.

35 dugong observations (50.7% of all records) included

information on sex, length, and/or weight (Table S1). Of these,

there were approximately equal numbers of male and female

dugongs (11 vs 8 respectively, n = 19), dugongs were of an

average length of 2.0 m (n = 26) and an average weight of 81.1 kg

(n = 9) (Figure S2). More observations were recorded from 1975

onwards (Figure 1A). Our cumulative data reveals a bimodal

peak for carcass observations in March and July (Figure 1B), and

a single peak in March for live observations.

Prior to the establishment of the political border between

Malaysia and Singapore in 1965, 64% (9 out of 14) of the records

were vaguely reported to occur in ‘Singapore’ or ‘Johor Strait’.

These observations with no specific location information (n = 9)
TABLE 2 Dugong observations along the coastlines of southern Johor and Singapore between 1820 and 2021. Refer to Table S1 for more details.

Johor strait Singapore strait Unknown Location

Eastern Western Eastern Western

Type of observation

Carcass 25 7 3 1 7

Live 16 6 1 0 2

Circumstance of observation

Empty Stomach 2 0 0 0 0

Fishing Gear Entanglement 5 4 0 0 0

Inconclusive autopsy 0 0 0 1 0

Lacerations 4 1 1 0 0

Septicemia 1 0 0 0 0

No Details 29 8 3 1 9
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were omitted and the remaining 60 dugong observations were

used to evaluate spatial trends. The eastern Johor Strait is a

historical and contemporary hotspot for dugongs, with 70% (42

out of 60 records) occurring in areas around Changi Beach,

Pulau Tekong and Pulau Ubin (Insert A in Figure 2). 65% (31

out of 48) of dugong observations in the last 25 years (1997 -

2022) occurred in the eastern Johor Strait (Table S1),

underpinning this area as most distinct out of the four broad

areas. The three remaining broad areas are characterized by low

dugong observations.

Historical coastal land reclamation works along the Johor and

Singapore Straits were extensive, and drastically altered habitats

along the eastern and western coast of Singapore island, western

coast of Johor and islands along the eastern Johor Strait and

western Singapore Strait (Figure 5). Seven sites where carcasses

were reported—previously coastal habitats—are present-day

reclaimed land areas (Figure 2; Table S1). Specifically, between

1954 to 1993, major shoreline changes along the northeastern and

southeastern coast of Singapore island and other islands in the

western Singapore Strait were observed. Land reclamation works,

between 1993 to 2022, expanded on already reclaimed areas along

the eastern coast of Singapore island and Pulau Tekong. Recent

large-scale coastal development is also observed in the islands

within the western Singapore Strait and along the Pulai River

Estuary in the western Johor Strait.

Six out of the 14 sites where DFTs are reported to occur,

were solely identified from online sources (Table S2). Dugong

feeding trails within the Johor Strait were recorded as early as

2005, these observations were concentrated along seagrass

meadows at Changi Beach, Tanjung Chek Jawa and coastal
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sites along the Johor River (Figure 3A). Over the entire field

survey period, 107 DFTs were observed and assessed at all five

sites (Figure S3; Table 1). The mode intervals of maximal length,

width, and depth of all DFTs were 125 - 175 cm, 17 - 19 cm, and

2.5 - 3.5 cm, respectively (Figure S3). 14% were narrower than 16

cm; 79% of all DFTs were 16 - 24 cm wide; and 7% were wider 24

cm. In the western Singapore Strait, DFTs were observed within

the seagrass meadows adjacent to international shipping

facilities (Figure 3B). Halophilia ovalis and Halodule uninervis

were the most common species of seagrass along dugong feeding

trails within our field survey sites (62.4% and 28.9% per feeding

trail on average; Figure 3C).
Discussion

Our study integrates historical and contemporary

information, by coupling field surveys with extensive reviews of

literature and publicly available data, to understand the

distribution trends of dugongs along one of the busiest urban

coastal areas. We identified the western Malay Archipelago as a

region with scant information on dugong populations, with only

one data point in the GBIF and OBIS combined dataset (Figure

S1). Our review of published, grey, and online literature recovered

an additional 69 live and carcass observations of dugongs in our

study area (Table S1). Records of dugong observations steadily

increased since 1975, in part due to concerted documentation and

ease of record sharing over online and social media platforms.

74% these observations were supplemented with additional

information that allude to the circumstances in which the
A B

FIGURE 1

Temporal trends in dugong observations (1820 - 2021), by (A) year and (B) month, within the Johor and Singapore Straits. The dotted red line in
(B) depicts the kernel density estimate (reflected on secondary axis) of live and carcass observations.
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individual was recovered; and about half (49%) included some

biometric data. Although unstructured and opportunistic, the

inclusion of such information enabled us to elucidate temporal

trends and identify spatial hotspots for dugongs within this data-

poor region.

Live and carcass observations increased between January

and March during the Northeast monsoon, corroborating the

trend observed in the 19th century when dugongs were actively

hunted (Raffles, 1820). The peak in observations during these

months were attributed, although not solely to, the increase in

coastal anthropogenic activities resulting from fairer weather

during the dry phase of the Northeast monsoon (Meteorological

Service Singapore, 2021). We further hypothesize that this peak

coincides with a period of improved foraging opportunity, when

food availability increases and intertidal seagrass meadows

become more accessible. The months between January and

March have been proposed to be the growing season for

seagrass species due to increased light availability,

photosynthetically active radiation, and temperature

(McKenzie et al., 2016). In addition to the increase in available

seagrass biomass, new plant growth possesses higher

nitrogenous content, suggested to be preferred by these

nitrogen-limited hindgut fermenting mammals (Marsh et al.,
Frontiers in Marine Science 06
2011). Further, over these months, changes to the mixed

semidiurnal tidal cycle regime of the area renders reduced

variability in tidal height (van Maren and Gerritsen, 2012).

Consequently, intertidal seagrass meadows remain submerged

for longer periods, and thus are more accessible for foraging

dugongs. These factors, in tandem, suggest that dugongs increase

their use of shallower habitats and, in turn, chances of human-

dugong interactions between January and March.

Carcass observations peak again between May and July,

during the Southwest monsoon. These months coincide with

the proposed seasonal decline in seagrass biomass (McKenzie

et al., 2016). Variations per tidal cycle and exposure times of

intertidal seagrass meadow at night during this period are the

highest in the year (van Maren and Gerritsen, 2012; McKenzie

et al., 2016). This reduces the number of high tides after dusk—

an optimal foraging period for dugongs, due to the increased

accessibility to intertidal meadows and lowered chances of

predation (Wirsing et al., 2007b; Sheppard et al., 2009;

Sheppard et al., 2010; Derville et al., 2022). These sub-optimal

elocal conditions, which limit the available window for foraging

dugongs to access nearshore habitats, are accompanied by

increases in mean wind speed (McKenzie et al., 2016) and

vessel traffic (Department of Statistics Singapore, 2022a;
FIGURE 2

Distribution of live and carcass observations in Singapore between 1954 and 2020. Insert shows the section of the eastern Johor Strait where
the most dugong observations were recorded. Records which were not accompanied with location information are not represented in this
figure. Insert A: Hotspots of dugong observations revealed through Euclidean-based hierarchical distance clustering. EJS, WJS, ESS and WSS
refers to the eastern and western Johor Strait and the eastern and western Singapore Strait respectively. Numbers depict the counts per
observation in each broad locality.
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Department of Statistics Singapore, 2022b). We suggest that the

combination of wind or vessel-generated waves and vessel noise

could have also negatively affected foraging activities along the

nearshore habitats of the Johor and Singapore Straits (de Iongh

et al., 2007; Sheppard et al., 2009; Budiarsa et al., 2021). Dugongs

along these areas could have temporarily migrated to less

anthropogenically disturbed seagrass meadows in the vicinity

(de Iongh et al., 1998; Budiarsa et al., 2021), and account for the

fewer records of live observations during this period.

Our results corroborate previous studies that identified the

eastern Johor Strait as a critical area for dugongs (Raffles, 1820;

Marsh et al., 2002; Hashim et al., 2017). Their presence can be

due to the many shallow bays ideal for calving or nurturing

offspring (Preen, 1989; Anderson, 1997; Adulyanukosol et al.,

2007). Intertidal ecosystems in the eastern Johor Strait are

strongly influenced by the high fluvial input from the Johor

River (Loh et al., 2009; vanMaren et al., 2014; Phang et al., 2015),

and thus favor fast-growing seagrass species such Halophila

ovalis and Halodule uninervis (Affendi et al., 2005; McKenzie
Frontiers in Marine Science 07
et al., 2016). Adaptations in resource allocation (Benham et al.,

2019) and settlement strategies (Lai et al., 2018) confer

additional competitive advantages to H. ovalis — especially in

sections with high vessel-mediated wave action within the

narrow Johor Strait (Tan et al., 2016). Our field surveys

identified H. ovalis and Hd. uninervis to be the most common

seagrass species along DFTs across all sites. Digesta and

observation studies revealed these species as important diet

components for dugongs in the tropics (Marsh et al., 1982;

Anderson, 1998; Nakaoka and Aioi, 1999; Masini et al., 2001; de

Iongh et al., 2007; Tol et al., 2016). This is corroborated by the

autopsy of a dugong carcass (Sivasothi, 2006), within our study

site, which found approximately 30kg of H. ovalis at various

stages of digestion within the digestive tract (Z. Jaafar, pers.

obs.). Although these observations may simply reflect the

availability and abundance of H. ovalis and Hd. uninervis

(André et al., 2005), studies have proposed dugong foraging

preferences towards seagrass species characterised by their

digestibility, and high nitrogenous and fibre content
A

B C

FIGURE 3

Dugong feeding trails along the coastlines of southern Johor and Singapore. (A) Location of sites where dugong feeding trails were reported
and ascertained. (B) Dugong feeding trails along Terumbu Pandan, Cyrene Reefs, mere meters from international shipping lanes/facilities.
(C) Proportion of seagrass species adjacent to an average dugong feeding trail within our field survey sites.
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(Johnstone and Hudson, 1981; Preen, 1992; Sheppard et al.,

2006; Sheppard et al., 2008; Sheppard et al., 2010).

Urbanization of coastal areas and the resultant increase in

anthropogenic uses of sea spaces have been identified as key

drivers of dugong population decline in Southeast Asia (Hines,

2002; Mustika, 2006; Hines et al., 2012; Ponnampalam et al.,

2015). Land reclamation activities along the Johor and Singapore

Straits started in the mid-1800s (Richards et al., 1994; Corlett,

2000), and peaked in the years after 1965 (Hilton and Manning,

1995). Between 1960 and 2012 alone, land reclamation resulted

in a 22% increase of the original land area of Singapore

(Department of Statistics Singapore, 2021a). This consequently

caused a tenfold reduction of intertidal habitats, seagrass

meadows included, to approximately 3 km2 at present (Wee

and Corlett, 1986; Hilton and Manning, 1995; Lai et al., 2015).

Dredging and land reclamation works along the Johor Strait over

the past decade were focused along the coastal areas of the Pulai

and Johor Rivers (Choo and Ponnampalam, 2011; Rizzo and

Glasson, 2012; Hashim et al., 2017). Ongoing and future

reclamation plans in these areas, identified to be of high

conservation importance (Bujang et al., 2006; Bujang et al.,

2018; Rahman and Yaakub, 2020), will likely result in drastic

losses of safe foraging, birthing, and calving grounds for dugong

populations therein (Ponnampalam et al., 2022). In northeast

Brazil, the anthropogenic-mediated loss of birthing grounds

(Parente et al., 2004) was linked to the increased chances of

mother-calf separation, and calf stranding rates of Antillean

manatees (Balensiefer et al., 2017). This phenomenon is also

reflected in our dataset; calf carcasses (≤ 2m in length; see Marsh,

1980; Cherdsukjai et al., 2020) accounted for more than 45% of

the records with biometric information (Table S1). The autopsy

of a 1.4mmale recovered within our study site in 2021 concluded

that pre-mature mother-calf separation was the likely cause of

death as the suckling calf presented with no signs of physical

trauma or disease, and its stomach was full of milk and seagrass

(S. Z. H. Ng and Z. Jaafar, pers. obs.).

The difficulties in ascertaining their presence, on account of

their elusive behaviour and lack of dorsal fins, result in elevated

human-dugong interactions such as fishing gear entanglement

and vessel collisions. This is exacerbated by the significant time

dugongs spend near the water surface (Hodgson, 2004; Hagihara

et al., 2014). Despite the low frequencies of such conflicts

reflected in our dataset (vessel collisions, n = 6; fishing gear

entanglement, n = 9), the probability of these observations in our

study site is especially high, given the extent of coastal

anthropogenic activities. Since its inception as a trading hub

for the British in 1819, Singapore’s port capabilities have grown

exponentially due to its strategic position as a primary shipping

conduit linking the Indian and Pacific Oceans. Between the

1980s to the 2010s, the volume of cargo passing through

Singapore increased almost twenty-fold, with a total of

626,521,200 tonnes reported in 2019 alone (Department of

Statistics Singapore, 2021b). Similarly, major ports are in
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operation along the Malaysian coasts of the Johor Strait (Pasir

[=Sand in Malay] Gudang and Tanjung Pelepas). Along this

Strait, approximately 600m wide at the narrowest point, there

are 108 sea-based mariculture farms registered with the

Singapore Government. A total of seven Abandoned, Lost or

Discarded Fishing Gears (ALDFGs), identified as mariculture-

cage nets, have washed up on Singapore’s coastlines along the

eastern Johor Strait between 2000 to 2019 (Gajanur and Jaafar,

2022). While fishing law enforcement has been shown to

effectively reduce fishing related dugong mortality (Marsh,

2000), this issue remains in areas such as the Johor Strait,

which abuts two countries with different sets of legislations

and multiple stakeholders occupying the shorelines

(Ponnampalam et al., 2015). Bans, both partial and entire, on

trawl fishing in both countries (Fisheries act 1985, 2012;

Fisheries act 1966, 2021) are in effect but their use is still

prevalent (Hashim et al., 2017).

Dugongs have been documented to move in response to

changes in environmental conditions and forage accessibility

(Deutsch et al., 2022a; Deutsch et al., 2022b), and in some

cases, display avoidance to areas of anthropogenic activity

(Anderson and Birtles, 1978; Anderson, 1982; Preen, 1989;

Adulyanukosol et al., 2007; Hodgson and Marsh, 2007; Wirsing

et al., 2007a). Yet, our study ascertained dugong feeding

activity along seagrass meadows immediately adjacent to

areas of high anthropogenic use. The varying widths of DFTs

within our small survey sites indicate that one, or a small herd

of dugongs utilize these meadows on any given day. These sites

are within, or mere meters away from, human activities such as

recreation (swimming, SCUBA diving, picnics, boating,

kayaking), fishing (both leisure and artisanal), industries (oil

refineries) and shipping. The sustained use of high-risk areas

by dugongs is not exclusive to our study area (see O’Shea et al.,

2022). We suggest that key habitats within urbanized areas,

especially those with lower chances of human-dugong

interactions, remain as refugia. This is evident in our study

where only two carcass observations were recovered from the

highly disturbed western Singapore Strait, despite the active

and sustained use of seagrass meadows within. These seagrass

meadows are structurally different from those in the Johor

Strait, as they occur offshore and are adjacent to fore reef zones

with complex bathymetry (van Maren and Gerritsen, 2012);

thus, potentially afford refuge from both natural and

anthropogenic (Wirsing et al., 2007b; Wirsing et al., 2007c;

Cleguer et al., 2020) threats. However, we are uncertain to their

sustainability as viable long-term habitats, given plans for

further coastal modifications.

Our study represents the first attempt in describing and

evaluating dugong distribution in the hyper-urbanized coastal

areas of Southeast Asia. We have identified spatial and temporal

distribution trends, highlighted key threats, and ascertained the

continued use of seagrass meadows in close proximity to areas of

high anthropogenic disturbance. This information is especially
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useful in guiding conservation management strategies, with the

latter highlighting the need to better understand the role of

socially transmitted knowledge in sirenian use of space (O’Shea

et al., 2022). Knowledge transfer via social learning is increasingly

incorporated in the management strategies of threatened

populations that display sociality (Brakes et al., 2019). We thus

emphasize on the importance to identify, and stem the

exploitation of, dugong foraging grounds along urbanized

coastlines. We further recommend currently unprotected reef-

associated seagrass meadows to receive increased scientific and

conservation attention. These conservation strategies can benefit

with increased transboundary collaboration. Researchers and

conservation managers can leverage on the inherent fascination

members of the public have for this flagship species to galvanize

and rejuvenate protection efforts for dugongs and coastal

ecosystems in peril (Long et al., 1999; Kurien, 2007; Dobbs

et al., 2008; Petcharat and Lee, 2020). In areas where the future

development of coastal space remains inevitable, whole losses of

key seagrass habitats can be avoided through the wider adoption

of clearly defined, multi-level stakeholder Environmental Impact

Assessment frameworks (Yaakub et al., 2014). Coastal

development projects can be coupled with ecologically sound

mitigative measures (Chou and Tun, 2007; DHI Group, 2016)

and designs that incorporate eco-engineering techniques (Loke

et al., 2016; Strain et al., 2018; Tan et al., 2020) to alleviate

anthropogenic stress on affected habitats. These steps are integral

in the rapidly urbanizing Southeast Asian region, where

ecological information—notably in the western Malay

Archipelago—regarding dugong populations and seagrass

ecosystems remain scarce (Marsh et al., 2002; Hines et al.,

2005; Ooi et al., 2011; Fortes et al., 2018; Panyawai &

Prathep, 2022).
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SUPPLEMENTARY FIGURE 1

Global distribution of dugong observations (1905 - 2022), live (n = 7829)
and carcass (n = 107), obtained from the Global Biodiversity Information

Facility and Ocean Biodiversity Information System datasets. Only one
dugong observation was recorded in the western Malay Archipelago

(boxed area), specifically along the eastern Singapore Strait.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fmars.2022.947700/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2022.947700/full#supplementary-material
https://doi.org/10.3389/fmars.2022.947700
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ng et al. 10.3389/fmars.2022.947700
SUPPLEMENTARY FIGURE 2

Biometric information, a) length (n=26), b)weight (n=9), andc) sex (n= 19), of
dugong individuals as detailed in observation records between 1820 to 2021.
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SUPPLEMENTARY FIGURE 3

Dimensions of 107 dugong feeding trails found across five study sites in
the Johor Strait and Singapore Strait.
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