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ARTICLE INFO ABSTRACT
Keywords: Extensive home ranges of marine megafauna present a challenge for systematic conservation planning because
Dugong they exceed spatial scales of conventional management. For elusive species like dugongs, their management is

Marine mammal

additionally hampered by a paucity of basic distributional information across much of their range. The Red Sea is
IUCN vulnerable Species

home to a wide-spread, globally important but data-poor population of dugongs. We surveyed the north-eastern

f_‘:ﬁiis Red Sea in the waters of NEOM, Kingdom of Saudi Arabia, to locate feeding sites and determine priority areas for
Red sea dugong conservation. We conducted large-scale in-water surveys of dugong feeding trails across 27 seagrass
Saudi Arabia meadows that span 0.7 degree of latitude and recorded nine seagrass species and 13 dugong feeding sites. Spread
Conservation over ~4,061 km? of nearshore and offshore waters, many of these sites clustered around five main core feeding
areas. Dugong feeding trails were mostly recorded at sites dominated by the fast-growing pioneer seagrasses
Halodule uninervis, Halophila ovalis and/or H. stipulacea. Multispecific meadows with pioneer seagrasses tended to
be sheltered and shallow, reflecting a similar spatial pattern to the identified dugong feeding sites. Often close to
hotels and fishing harbours, these high-use dugong areas are subject to high boat traffic, fishing, and coastal
development which places considerable pressures on this vulnerable mammal and its seagrass habitat. The
rapidly accelerating coastal development in the northern Red Sea directly threatens the future of its dugong
population. Although our sampling focuses on feeding signs in early successional seagrasses, the results are
valuable to spatial conservation planning as they will trigger overdue conservation interventions for a globally
threatened species in a data-poor area. Urgent dugong conservation management actions in the northern Red Sea

should focus on shallow waters sheltered by coastal lagoons, bays and the lee of large islands.
1. Introduction (i.e., seagrass meadows, and macroalgal beds), avoidance of predation,
breeding, offspring nurturing and thermoregulation (Acevedo-Gu-
Large marine herbivores such as green turtles or dugongs, typically tierrez, 2009; Bakker et al., 2015; Deutsch et al., 2022a; Irvine, 1983;
occupy large home ranges over which they move between foraging and Marsh et al., 1999; O’Shea et al., 2022). Because of these large-scale
breeding grounds (Bakker et al., 2015; D’Souza et al., 2013; Kelkar et al., movements and dispersion dynamics, marine megaherbivores often
2013; Littles et al., 2019). Megaherbivore movements are typically have to traverse varying regimes of human use and jurisdictional
mediated by a suite of environmental and biological drivers, such as the boundaries (Hamann et al., 2010; Sheppard et al., 2006). The hetero-
availability of shelter and food resources that are often spatially explicit geneous spread of environmental drivers and anthropogenic stressors
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across marine megaherbivore ranges leads to a significant challenge for
conservation spatial planning and effective management interventions.
The long-distance movements of these animals exceeds the spatial scale
of conventional conservation and management interventions (Bakker
et al., 2015; di Sciara et al., 2016; Dobbs et al., 2008; Marsh and Kwan,
2008). While large-scale marine protected areas or specially designated
areas for marine megaherbivores may be an option to address the entire
range of the species, they tend to be difficult to implement and manage,
involve complex or inadequate transboundary arrangements, and often
land up adding to the long list of paper parks (i.e., legally gazetted
protected areas with insufficient management or enforcement; Marcos
etal., 2021; Wells et al., 2016). However, many marine megaherbivores
often spend large periods of time in one or multiple feeding grounds that
can be relatively stable and predictable as long as resource stocks last
(Anderson, 1981; Kelkar et al., 2013; Littles et al., 2019; Pilcher et al.,
2014; Sheppard et al., 2006). This concentrated use of their otherwise
vast home ranges is likely a strategy that better increases their chances
of persistence (D’Souza et al., 2013; Marsh et al., 2002). Marine con-
servationists and managers can overcome some of the limitations
inherent in large-scale conservation programs by focusing on
well-defined feeding sites and designing area-based conservation mea-
sures that are cost effective and tailor made for these specific locations
(di Sciara et al., 2016; Dobbs et al., 2008; Laist and Reynolds III, 2005;
Pilcher et al., 2014; Tol et al., 2016).

The dugong (Dugong dugon) is a classic case in point. This large
marine herbivore is distributed over a vast geographical range across the
tropical and subtropical Indo-Pacific. Its movements can be relatively
restricted (<15 km), but is also found to travel over much larger areas
(>600 km; de Iongh et al., 2007; Deutsch et al., 2022b; Marsh et al.,
1999; Sheppard et al., 2006). What this means is that its home range can
be remarkably variable, from less than 1 km? to nearly 733 km?
(Sheppard et al., 2006), occasionally straddling the territorial waters of
several countries. Globally listed as vulnerable to extinction (Marsh and
Sobtzick, 2019), the dugong continues to be threatened by direct
hunting, accidental entanglement in fishing nets, collisions with boats,
and degradation of the seagrass habitats on which it primarily feeds
(D’Souza et al., 2013; Marsh et al., 2002, 1999; Nasr et al., 2019; Pon-
nampalam et al., 2022; Preen, 2004; Sheppard et al., 2006). Decades of
intense human pressures have reduced dugong populations to remnant
individuals or small isolated herds on the brink of local extinction
(Marsh et al., 2011; Marsh and Sobtzick, 2019; Tol et al., 2016), with
only few remaining sizeable dugong populations primarily found in
Australia, New Caledonia, Papua New Guinea, Arabian Gulf and Red Sea
(Cleguer et al., 2017; Marsh et al., 2002; Preen, 1989, 2004; Preen et al.,
2012). As a result, the global conservation of the dugong faces biolog-
ical, multi-scalar and jurisdictional challenges that are illustrative of
vulnerable large-ranging megaherbivores.

In this study we focused on the relatively unknown dugongs of the
Red Sea where a large population (~4,000 dugongs; Preen, 1989; Preen
etal., 2012) is dispersed over an extensive seascape (458,620 kmz; Rasul
et al., 2019) bordered by a lengthy and geomorphologically complex
coastline. Few dated studies exist for this population, but from what is
known, the estimated population of dugongs along the Saudi Arabian
coast of the Red Sea (1,818 + 382 individuals) form small groups (mean
= 1.43 individual) distributing widely and sparsely across 1,840 km of
coastline (Preen, 1989; Preen et al., 2012). In general, the Red Sea
dugong population is considered data deficient (Marsh et al., 2002;
Marsh and Sobtzick, 2019; Nasr et al., 2019; Preen et al., 2012)
hampering conservation planning efforts in this region.

Their elusive nature and long-distanced transboundary movement
patterns (Deutsch et al., 2022b; Sheppard et al., 2006) present chal-
lenges for obtaining data on the distributional range of dugongs. How-
ever, dugongs may leave clear feeding signs, which allow the
identification of high-use areas using low-cost non-destructive rapid
assessments. Dugongs feed either by excavating or cropping (Anderson,
1981; Aragones et al., 2012; Keith-Diagne et al., 2022; Marsh et al.,
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2011). Excavating entails uprooting the whole seagrasses from uncon-
solidated sediment, while cropping removes only the aboveground plant
parts (Anderson, 1981; Aragones et al., 2012; Marsh et al., 2011).
Excavating is the main mode through which dugongs graze on early
successional seagrasses and results in the formation of distinctive
meandering lines called dugong feeding trails (D’Souza et al., 2015; Nasr
et al., 2019; Preen, 1995; Shawky, 2019a; Tol et al., 2016). In contrast,
the marks left by dugong cropping are difficult to recognize in the wild
(Budiarsa et al., 2021; Nakanishi et al., 2008). As obligate bottom
feeders, dugongs obtain their dietary requirements mainly through
excavating when feeding on seagrasses growing in soft sediments, but
cropping tends to be the dominant mode when dugongs feed on climax
species with fibrous rhizomes or seagrasses growing on hard substrates
(Aragones et al., 2012; Keith-Diagne et al., 2022).

Dugong foraging choices are still a matter of some debate, largely
attributed to variations in sampling design. While there is evidence to
suggest that dugongs selectively target pioneer seagrasses (e.g., Preen,
1992, 1995; Nakanishi et al., 2006; Sheppard et al., 2010; Aragones
et al.,, 2012) other studies point to them being generalist feeders
consuming a wide range of suitable forage available in their local en-
vironments (e.g., Marsh et al., 1982; Tol et al., 2016). It is likely that
dugong dietary preferences vary between localities depending on type
and availability of forage as well as time of grazing (e.g., season or tidal
cycle; Sheppard et al., 2007; Marsh, O’Shea & Reynolds III, 2011; Ara-
gones et al., 2012; Keith-Diagne et al., 2022). Despite unresolved doubts
on dietary preferences, early pioneering species (particularly Halophila
and Halodule spp.) are clearly important components of the dugong diet
across much of its range (Adulyanukosol et al., 2004, 2003; André and
Lawler, 2003; Apte et al., 2019; Budiarsa et al., 2021; D’Souza et al.,
2015; de Iongh et al., 2007, 1995; Johnstone and Hudson, 1981; Marsh
et al., 1982; Mizuno et al., 2017; Nakaoka and Aioi, 1999; Preen, 1995;
Sheppard et al., 2007; Tol et al., 2016; Yamamuro and Chirapart, 2005).
In the Red Sea, the importance of these seagrasses for dugongs has been
underscored through feeding signs (Egypt; Nasr et al., 2019; Shawky,
2019b) and analysis of digesta (Gulfs of Aqaba and Suez; Lipkin, 1975).
The tendency of dugongs to excavate these pioneer seagrasses allows for
indirect inference that one or more grazing dugong(s) had been present
in areas where feeding trails have been visually recognized.

In this study, we conducted a rapid large-scale survey along the
north-eastern Red Sea to identify priority conservation areas for the
dugong population. Our objectives were to (i) identify current feeding
areas that dugongs graze through excavating in the north-eastern Red
Sea, and (ii) determine what characterises grazed seagrass meadows in
order to inform conservation initiatives in this region. For the first
objective, we used indirect signs of dugong feeding (i.e., distinctive
dugong feeding trails) as an indication of dugong presence and habitat-
use (D’Souza et al., 2015; Nasr et al., 2019; Preen, 1995; Shawky, 2019a;
Tol et al., 2016). We then characterised the surveyed seagrass sites based
on their oceanographic characteristics, seagrass species composition and
abundance and potential anthropogenic stressors. Together, this infor-
mation can assist in identifying important areas for dugong foraging that
can be used for effective conservation planning.

2. Materials and methods
2.1. Study area and study design

We undertook a large-scale expedition to survey seagrass meadows
to determine the distributional patterns of dugong feeding trails and the
characteristics of the associated seagrass. Additionally, we assessed
potential anthropogenic stressors at each of the surveyed sites. The study
was conducted over six weeks during October-November 2020.

Our study area (~4,061 km?) covered the north-eastern Red Sea in
the waters of NEOM, Kingdom of Saudi Arabia, stretching from the
mouth of the Gulf of Aqaba to the south of Duba Port (28° 6 —27° 21’ N
and 34° 30’ - 35° 36’ E; Fig. 1). With a tidal range of about 60 cm (Rasul
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Fig. 1. Map of the study area showing the sampling sites quantitatively surveyed for the dugong feeding signs and seagrass meadow characteristics, dugong feeding
trail measurement sites, and the initial rapid survey sites. The inset map shows the location of the study area in the Saudi Arabian northern Red Sea (DFTS = dugong

feeding trail assessment sites, number = quantitative sampling sites).

et al., 2019), this part of the Red Sea encompasses deep water commu-
nities and a mosaic of shallow water continental shelf habitats,
including: sandy beaches, rocky shores, coral reefs and seagrass
meadows. The seagrass meadows in the study area are patchy and
distributed across a series of reefs, atolls, shoals, lagoons and islands (El
Shaffai, 2016; Qurban et al., 2019). Two key megaherbivores use these
waters - green turtles (Chelonia mydas) and dugongs (D. dugon), (Bald-
win, 2018; Miller, 2018; Preen, 1989). The standardized dugong aerial
survey conducted in July-August 1987 by Preen (1989) highlighted the
historical significance of the study area for dugongs. A recent aerial
census carried out in April 2018 indicated that the substantial local
dugong population (~98 dugongs [95% CI 54-141] in the northern half
of the study area; Baldwin, 2018) is widespread across this part of the
north-eastern Red Sea. Although dugong sightings are typically of soli-
tary individuals (Baldwin, 2018; Preen, 1989), mother-calf pairs and
small groups (<10 dugongs) are occasionally encountered (Baldwin,
2018). Key anthropogenic stressors threatening marine megaherbivores
in the study area include fishing, oil exploration and exploitation,
maritime traffic and coastal development (Baldwin, 2018; Nasr et al.,
2019).

2.2. Dugong feeding sites

To identify seagrass meadows where feeding grounds could be pre-
sent, we initially conducted a rapid survey of a total of 85 sites, widely
distributed across the study area. The geographical coordinates of each
site were marked with a hand-held global positioning system (GPS). The
sites were rapidly assessed for the presence of seagrasses on SCUBA or
snorkel, depending on the depth. Later, we selected a subset of 27 sites
covered by seagrasses, and systematically sampled them for the presence
of dugong feeding trails and for seagrass meadow characteristics

(Fig. 1). To identify key covariates of seagrass meadows excavated by
foraging dugongs, we distributed sampling sites across wide gradients of
bathymetry, exposure, substrate type as well as seagrass composition
and cover. We measured water depth and categorized the sampling sites
to: (i) 0-5 m, (ii) 6-10 m, (iii) 11-15 m, and (iv) 16-20 m deep. We
classified sites based on their exposure to waves and currents: (i) shel-
tered (in a lagoon or the leeward of main landmass or large islands), and
(ii) exposed (around offshore shoals or in the windward of islands).

At each site, we randomly placed three 50 m benthic transects using
fibreglass measuring tapes along the transverse axis of the meadow. For
small meadows that could not accommodate the full length of the
transects, the transects were located ~1.5 m from the periphery of the
meadow to avoid edge effects. It should be noted that dugongs in some
localities (e.g., Shark Bay, Australia) reportedly graze at the edges of
meadows; a behavior speculated to be an adaptation to minimize pre-
dation risk (see Wirsing et al., 2007; Deutsch et al., 2022a, 2022b).
During our survey, we carefully examined meadow edges for dugong
feeding signs, but did not observe any. Along the transect line, we sur-
veyed a belt of 10 m (50 x 10 m?) that was carefully examined for any
signs of characteristic dugong feeding trails whose percent cover was
estimated relative to the total area of the belt transect. Upon encoun-
tering dugong feeding trails, we examined the seagrass species compo-
sition at the edges of each trail. Based on the presence/absence of the
dugong feeding trails, the sampling sites were classified as: (i) with
trails, and (ii) without trails. We identified dugong feeding trails as
straight or meandering lines which were: (i) from 0.5 to several meters
long, (ii) 6-30 cm wide, and (iii) 2-6 cm deep (Adulyanukosol et al.,
2003; D’Souza et al., 2015; Nakaoka et al., 2002; Preen, 1992). We took
opportunistic advantage of an underwater encounter and direct obser-
vation of a dugong foraging at one of our sampling sites to familiarize
ourselves with the distinctive characteristics of dugong feeding trails in
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this region. Our direct field observations of dugong feeding confirmed
that the scars identified at the surveyed seagrass meadows had been left
by foraging dugongs.

Where dugong feeding trails were abundant (e.g., Al-Muwaylih,
Sindalah and Ras Al-Shaykh Humayd), we measured the spatial extent
of five dugong feeding sites using manta-tow and snorkelling. The esti-
mated area of the grazed meadows was identified by marking the start
and end points (using a hand-held GPS) along the longitudinal and
transverse axes. In one location, Al-Muwaylih, we analysed a total of 14
fresh dugong feeding trails to identify seagrass species grazed by du-
gongs through excavating (Fig. 1). First, the feeding trails were
measured for their total length (one replicate) and width (four repli-
cates) using a fiberglass measuring tape. Subsequently, a 20 x 20 cm
quadrat was deployed outside (four replicates) and inside (four repli-
cates) each trail. Shoot density (shoot m2) was calculated by counting
the shoots of each seagrass species inside the quadrat. Later, seagrass
removed by dugongs along each feeding trail was calculated as the
difference between the average shoot density estimated outside and
inside the trail and expressed as a percentage. Seagrass diversity around
the dugong trails (~2 m from the trail edges) was carefully examined for
any species not sampled by the quadrats.

2.3. Seagrass composition and abundance

We assessed the meadow characteristics of the sampling sites sur-
veyed through the three benthic transects deployed for estimating the
dugong feeding trail cover (see above). To establish seagrass percent
cover and fragmentation along each transect, we measured transitions in
substrate and benthic habitat types as well as seagrass species compo-
sition and abundance to the nearest centimetre. We visually assessed
and classified the habitat to four broad categories (seagrass, algae, coral
and substrate), and the substrate to seven grades (mud, fine sand, me-
dium sand, coarse sand, gravel, rock, and rock with sand veneer). We
identified seagrasses in situ to the species level following the guidelines
of El Shaffai (2016). Whenever necessary, seagrass specimens were
collected to verify the identification.

To evaluate the spatial variations in aboveground seagrass biomass,
we deployed two replicates of a 20 x 20 cm quadrat at each site and
carefully harvested all seagrasses within the quadrat. The seagrass
samples were collected in mesh bags, transferred to labelled plastic bags
and frozen at — 5 'C. Later, the aboveground portion of the seagrass
samples was thoroughly rinsed with freshwater and manually sorted
into species to measure relative and total aboveground biomass and
shoot density. For all Halophila species, each leaf pair was considered a
shoot. Whenever necessary, the seagrass shoots and rhizomes covered
with sediment particles or epiphytes were carefully cleaned using lab
wipes or blades. The aboveground biomass was then calculated by
drying the sorted seagrass subsamples in an oven at 60 C for 36 h and
weighing with a microbalance. Biomass was expressed as dry weight of
seagrass per surface area (g DW m’z).

2.4. Anthropogenic stressors

To assess the presence of anthropogenic stressors at each site, we
recorded direct observations of human activities (e.g., boat traffic and
fishing) while conducting the ecological survey. In addition, we quan-
tified the linear distance between a sampling site and key human pres-
ence (e.g., fishing ports and coastal development) through Geographical
Information System (GIS) maps using Quantum Geographic Information
System (QGIS; Version 3.18; QGIS Association).

2.5. Data analysis
We compared sites in relation to the presence or absence of dugong

feeding trails (dependent variable) relative to a subset of biological in-
dependent variables (i.e., total number of seagrass species [i.e., species
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richness], percent cover, shoot density and combined cover of Halophila
and Halodule spp.) with one-way ANOVAs after averaging the replicates
of each site. We graphically inspected residuals and fitted values to
check model assumptions for each variable. The variable aboveground
biomass was heteroscedastic as a result of the two grazing levels having
contrasting variances. We therefore introduced this variance structure as
weights in a Generalised Least Squares model (GLS), using the package
nlme in the R software environment (Pinheiro et al., 2011).

To determine which variables best explained the spatial patterns of
dugong feeding trail cover across the study area, we used a Generalised
Linear Model (GLM) with a binomial distribution. We modelled the
presence/absence of dugong feeding trails (dependent variable) as a
function of the total number of seagrass species, percent cover, shoot
density, and combined cover of the pioneer seagrasses belonging to the
genera Halophila and Halodule (most frequent and abundant seagrasses
along dugong feeding trails). Each explanatory variable was then
sequentially dropped and the best model was selected using the Akaike
Information Criterion and the likelihood ratio test statistic (Zuur et al.,
2009). Model validation was assessed by inspecting model residuals and
fitted values. Data analysis was performed using R statistical software
(Version 4.0.3; R Development Core Team, 2021).

3. Results

3.1. Seagrass species diversity increases in sheltered shallow nearshore
waters

Most seagrass meadows surveyed were found in coastal lagoons and
around offshore shoals and islands. Sheltered meadows represented 67%
of the total, while exposed meadows represented the remaining. Water
depth across sampling sites ranged from 1.2 to 17.5 m (Table 1). Within
surveyed meadows, seagrass represented the dominant habitat, followed
by corals and algae (53.6%, 2.3% and 1.9%, respectively) while 42.2%
of seabed was occupied by bare substrate. The sea bottom was primarily
comprised of sand and, to a lesser extent, hard substrate (gravel, rock,
and rock with sand veneer) and mud (84.2%, 9.4% and 6.4%, respec-
tively). Among the unconsolidated sediment grades, coarse and medium
sand were the most dominant (relative cover = 56.6% and 22.9%,
respectively).

We recorded a total of nine seagrass species across all sampling sites
with species richness varying considerably between sites (1-8 species;
Table 1). Of all sites, 38% encompassed monospecific meadows while
54% harboured three or more seagrass species. Seagrass species di-
versity peaked at the shallow nearshore meadows while deep and
exposed meadows were predominantly monospecific and, to a less
extent, bispecific. Shallow nearshore waters, sheltered in coastal lagoons
and the lee of islands, included multispecific seagrass communities
dominated by fast-growing pioneer species. Around 92% of meadows
with three or more species (n = 13) were found in sheltered waters. In
contrast, deep and exposed meadows tended to have much lower species
diversity with later successional seagrasses dominating exposed
meadows. Seagrass species diversity dropped considerably relative to
increasing depth with 82% of all meadows located in >10 m deep waters
(n = 11) being monospecific. The deeper nearshore monospecific
meadows were dominated by H. stipulacea while exposed offshore
meadows were dominated by Thalassodendron ciliatum. The seagrass
H. stipulacea was the most frequently encountered across all sampling
sites (71%), followed by H. ovalis (58%) and T. ciliatum (54%).

3.2. Early successional seagrasses are important forage for dugongs

We recorded distinctive dugong trails at 13 feeding sites (i.e., sea-
grass areas grazed by dugongs) out of the 27 sampling sites that were
surveyed in the north-eastern Red Sea (Table 1). Within this vast range
(~98 km linear distance), the dugong feeding sites (DFSs) were clus-
tered around five core areas that encompassed a number of feeding sites
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Table 1

Characteristic of the sampling sites in terms of water depth, exposure to waves and currents, occurrence frequency of seagrass species, presence of dugong feeding trails
and key human-induced stresses (Hu = Halodule uninervis, Ho = Halophila ovalis, Hm = H. minor, Hs = H. stipulacea, Cs = Cymodocea serrulata, Cr = C. rotundata, Tc =
Thalassodendron ciliatum, Th = Thalassia hemprichii, Si = Syringodium isoetifolium, DFT = dugong feeding trail, B = boating, D = development, F = fishing, H = hotel, ¢

= present).

Site

Depth (m) Exposure level Seagrass species composition DFT Human Stress
Hu Ho Hm Hs Cs Cr Tc Th

1 11.7 Exposed . F,B
2 16.0 Exposed . F,B
3 15.8 Exposed . F,B
4 13.7 Exposed . F,B
5 11.6 Exposed . F,B
6 13.4 Exposed . F,B
7 5.6 Sheltered . . . . F,B
8 3.9 Sheltered . . . F,B
9 2.2 Sheltered . . . . . . F,B
10 3.6 Sheltered . . . . F,B
11 6.4 Sheltered . . . F,B
12 7.8 Sheltered . . . F,B
13 1.4 Sheltered . . . . H, B
14 1.6 Sheltered . . . . . D,B
15 16.6 Sheltered . . D,B
16 17.5 Sheltered . . H,B
17 12.2 Exposed . F,B
18 1.3 Sheltered . . . . .
19 1.2 Sheltered . . . .
20 12.2 Exposed . . .
21 16.1 Sheltered . . .
22 5.7 Sheltered . . .
23 3.9 Sheltered . . . .
24 2.7 Sheltered . . . . . B

with distance interval <5 km: Al-Muwaylih, Sindalah, Sanafir Island,
Tiran Island and Ras Al-Shaykh Humayd (Fig. 2). The spatial extent of
the DFSs within the surveyed meadows was relatively small ranging

Fig. 2. Dugong feeding trail cover (%) across the study area superimposed on the sampling sites. The inset map shows the location of the study area in the north-
eastern Red Sea (DFT = dugong feeding trail).

from 0.003 to 0.034 km?. All identified DFSs were in shallow nearshore
waters sheltered in coastal lagoons or the lee of islands while no dugong
feeding trails were observed at the exposed meadows. Nearly 77% of all
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DFSs were in <10 m waters, but we also recorded distinct dugong
feeding trails at greater depths up to 17.5 m (Table 1).

In the sites with dugong feeding trails, the percent trail cover varied
widely (range = < 1%-35%) with 69% of all DFSs grazed lightly (trail
cover = < 3.0%). All moderately grazed DFSs (trail cover = 14.7%—
35%) were in <10 m waters while those located in >15 m waters were
lightly grazed (trail cover = 0.1%-0.5%) with the total feeding trail
count ranging 2-3 trails across the entire meadow. Many dugong feeding
trails at Al-Muwaylih seemed fresh as evident from their deep centre and
recognizable edges. Concurrently at this site, also, we recorded other
trails which were at early and advanced stages of recovery. In contrast,
the trails observed at other dugong feeding areas all appeared old.

We encountered five different seagrass species growing around the
edges of the dugong feeding trails across DFSs: Halodule uninervis, Hal-
ophila stipulacea, H. ovalis, H. minor, and Cymodocea rotundata. Among
these species, three were more frequently grazed by dugongs:
H. stipulacea was present in 100% of DFSs, followed by H. ovalis (70%)
and H. uninervis (50%). The seagrasses H. minor and C. rotundata were
found only at one DFS. Examining seagrass species composition along
the dugong feeding trails assessed at Al-Muwaylih confirmed a similar
trend. At this site, dugongs left feeding trails that averaged (+SD) 3.54
=+ 1.28 m (range = 2.14-7.13 m) in total length and 19.25 + 2.34 cm in
transverse width. Exceptionally narrow trails (n = 2) were encountered
at this site with mean (+SD) width measuring 12.25 + 0.96 cm. Within
the assessed trails, dugongs removed an average (+SD) 82.8 + 5.5% of
total seagrass shoots with the removal percent of H. stipulacea being the
highest, followed by H. ovalis and H. uninervis (92.4%, 91.1% and 67.3%,
respectively).

Seagrass percent cover was not significantly different between
sampling sites with and without dugong feeding trails. Compared to sites
without trails, seagrass shoot density at sites with trails was slightly but
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not significantly higher, while aboveground biomass was significantly
lower at sites with trails. The combined cover of Halophila and Halodule
spp. was significantly higher at sites with trails. The total number of
seagrass species encountered at sites with trails ranged from 1 to 4
species and did not significantly differ from those recorded at sites
without trails (see Table 2; Fig. 3). All meadows with dugong feeding
trail cover >10% were multispecific (range = 3-4 species). The GLM
confirmed some of these trends. The distribution of dugong feeding trails
across the study area was best explained by the combined cover of
Halophila and Halodule spp. (i.e., most encountered seagrasses around
the trails), seagrass percent cover, number of seagrass species, and shoot
density (Table 2). Specifically, the probability of encountering dugong
feeding trails increased with increasing combined cover of Halophila and
Halodule spp. and seagrass shoot density whereas it decreased with
increasing number of seagrass species and seagrass percent cover
(Fig. 4). Seagrasses belonging to the genera Halophila and Halodule were
mostly present in shallow sheltered habitats; their combined cover and
species diversity dropped considerably at exposed and >10 m deep sites,
respectively (Fig. 5).

3.3. Dugong feeding sites vulnerable to anthropogenic stressors

During the survey, we observed boats fishing with gillnets around
offshore islands where we also found abandoned fish pots underwater.
The DFS at Al-Muwaylih was in proximity (~140 m) of a fishing harbour
which included ~35 speed boats at the time of the survey. Similarly, the
DFS at Ras Al-Shaykh Humayd was ~360 m away from a major jetty
(~50 boats). The boats at Al-Muwaylih were mostly operated by fishers,
while those at Ras Al-Shaykh Humayd were mainly used for artisanal
fishing and picnicking (Thamer Habis, personal communication,
November 2020). Additionally, two DFSs were close to hotels and other
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Fig. 3. Comparison between sites with and without dugong feeding trials based on a suite of seagrass diversity and abundance covariates: (A) number of seagrass
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Table 2

Summary statistics: (a) comparing species richness (i.e., total number of seagrass
species), percent cover, shoot density, combined cover of Halophila and Halodule
spp. and aboveground biomass between sites with and without dugong feeding
trails; and (b) Generalised Linear Model explaining the presence/absence of
dugong feeding trails across the study area as a function of total seagrass species
richness, percent cover, shoot density and seagrasses belonging to the genera
Halophila and Halodule (LM = Linear Model, GLS = Generalised Least Squares
model, GLM = Binomial Generalised Linear Model, Df = degree of freedom,
DFTs = dugong feeding trails, * = significant effect).

Effect Model Df  Statistic P-

value

Response variable

(a) Comparison between sites with and without dugong feeding trails

Species richness DFTs LM F= 941
22 0.006
Total seagrass cover DFTs LM 1 F= .148
22 2.244
Shoot density DFTs LM 1 F= .060
22 3.927
Halophila & Halodule DFTs LM 1 F= .006*
cover 22 9.443
Aboveground DFTs GLS 1 = .006*
biomass 7.401
(b) Binomial Generalised Linear Model
Probability of Species richness GLM 1 = .020*
detecting DFTs 5.434
Percent cover GLM 1 = .013%
6.210
Shoot density GLM 1 = .041%
4.160
Halophila & GLM 1 = .002*
Halodule cover 9.946

two DFSs were few kilometres from coastal development activities
(Table 1).

4. Discussion
Although sparse, dugongs of the Red Sea represent a globally

important population occupying the western extreme of the dugong’s
global distributional range. Studies on this population are few and far

Marine Environmental Research 181 (2022) 105762

between, leaving managers with little to use for conservation planning.
Our study used a rapid survey approach based on secondary signs (i.e.,
dugong feeding trails) to identify a number of seagrass meadows grazed
by dugongs, and to determine the oceanographic and ecological factors
that characterize these sites. We encountered dugong feeding sites
across the north-eastern Red Sea with the majority clustering around
five feeding core areas in shallow sheltered waters along the mainland
and the leeward sides of islands. During our survey, we also had direct
underwater observations of a dugong foraging at one of our sampling
sites that confirmed that the foraging marks seen at the identified DFSs
had been left by dugongs. A number of these locations were subject to
high human activity by boats, fishing, and coastal development which
will need careful management if this population is to be protected. While
on their own, dugong feeding core areas are natural targets for strategic
conservation management, immediate interventions should focus more
broadly on protecting sheltered shallow nearshore meadows composed
of early successional seagrasses with distinctive dugong feeding trails.
This is vital if we are to protect important dugong feeding grounds in the
northern Red Sea from rapidly accelerating development.

4.1. Dugong feeding sites along the mainland and leeward of islands

Dugong feeding sites that we identified by feeding trail signs were
patchy and distributed over an extensive area of shallow waters
extending from Ras Al-Shaykh Humayd in the north to Al-Muwaylih in
the south. These spatial patterns match the broad-scale dugong distri-
bution found historically across the eastern coast of the Red Sea where
solitary or small groups of dugongs are sparsely-spread across shallow
sheltered waters (Al-Mansi, 2016; Baldwin, 2018; Nasr et al., 2019;
Preen, 1989; Preen et al., 2012). Across much of their range, dugongs
show spatially explicit preferences, choosing shallow sheltered waters in
coastal bays, mangrove channels and the lee of large islands to frequent
(D’Souza et al., 2013; Derville et al., 2022; Marsh et al., 2011, 2002,
1999). Our results confirm the significance of dugong important areas
identified earlier in the north-eastern Red Sea by Preen (1989; ‘Tiran
Zone Area’) and Baldwin (2018; ‘Liveability Area’). In addition, six of
dugong feeding sites identified by this study overlap with the Strait of
Tiran Area of Interest, listed for further assessment as a potential
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Important Marine Mammal Area (IUCN-Marine Mammal Protected
Areas Task Force, 2019).

The trail measurements provide insights into the group structure of
dugongs at Al-Muwaylih. With a mean width of 19.25 cm, most trails
recorded at this site were likely from adult dugongs. The mean trail
width of an adult dugong may average 17.4-19.8 cm (Adulyanukosol
et al., 2003; Tsutsumi et al., 2005) although widths >28 ¢cm have been
also reported (Apte et al., 2019; Shawky, 2019a). Calves may leave trails
ranging 9.0-14.3 cm wide (Adulyanukosol et al., 2003; Tsutsumi et al.,
2005). The narrow trails measured at Al-Muwaylih fall within this range
pinpointing Al-Muwaylih as a potential dugong calving area. Within
meadows that had feeding trials, dugong grazing intensity varied
markedly across the north-eastern Red Sea confirming similar spatial
trends in the Indian Ocean (3.8%—42%; D’Souza et al., 2015). With the
exception of Al-Muwaylih, the feeding signs at the other DFSs were not
recent indicating likely seasonal grazing patterns; a trend similarly
recorded along the western coast of Red Sea (Shawky et al., 2017) and
Indonesia (de longh et al., 2007).

The recovery of dugong feeding trails through seagrass re-
colonization varies significantly between localities, and is influenced
by a number of factors including seagrass species composition around
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the trails as well as timing (i.e., season), frequency (i.e., repeated grazing
disturbance) and intensity of dugong grazing (Aragones et al., 2012;
Aragones and Marsh, 2000; de Iongh et al., 1995; Preen, 1995). On
average, this recovery could take between 3 and 7 months (e.g.,
Australia and Indonesia; de longh, Wenno & Meelis, 1995; Nakaoka and
Aioi, 1999; Aragones and Marsh, 2000), but could be considerably faster
(<1 month; e.g., India and Thailand; Nakaoka and Aioi, 1999; D’Souza
et al., 2015) or slower (>1 year; e.g., Australia and Indonesia; de longh,
Wenno & Meelis, 1995; Preen, 1995; Aragones and Marsh, 2000),
depending on the location. Although H. ovalis has been reported to in-
crease its abundance within 80-100 days following simulated grazing
(Nasr et al., 2019), more studies are needed to estimate the recovery
period of seagrasses following dugong grazing in the Red Sea. This will
allow us to estimate the time interval of the presence of dugong(s) more
accurately at grazed sites.

Dugongs have a varied diet and may occasionally even consume non-
plant material (Keith-Diagne et al., 2022). All seagrass species recorded
at our study area have been reported to be grazed by dugongs across
much of their global range (Keith-Diagne et al., 2022; Lipkin, 1975;
Marsh et al., 1982). No distinctive feeding signs were detected at
meadows dominated by later successional seagrasses which could be
attributed to the difficulty in recognizing dugong cropping signs in the
wild, or absence of grazing. The dugong feeding trails were mostly
restricted to patches characterised by few fast-growing early-succes-
sional species particularly H. uninervis, H. ovalis and/or H. stipulacea. As
species richness increases, the meadows tend to be dominated by later
successional seagrasses which lowers the probability of detecting
dugong feeding trails despite that the presence of these seagrasses in-
creases seagrass cover and aboveground biomass.

This study confirms the importance of Halophila and Halodule spp. as
forage for dugongs, reported earlier in the north-western Red Sea (Nasr
et al., 2019; Shawky, 2019a). As revealed by stomach content analysis,
also, dugongs in the Gulfs of Aqaba and Suez graze mainly on
H. uninervis, H. ovalis and H. stipulacea, despite they often take small
amounts of C. rotundata and T. ciliatum (Lipkin, 1975). This would help
predict the distribution of dugong feeding grounds grazed by exca-
vating. The distributional patterns of megaherbivores is indirectly gov-
erned by the same set of underlying factors controlling their forage
(Burkholder et al., 2012; Sheppard et al., 2006). Our results suggest that
exposure to waves and currents possibly led to significant limits on
seagrass species composition in the study area, which conforms with
earlier observations in the Red Sea (El Shaffai, 2016; El Shaffai et al.,
2014). Across the study area, multispecific meadows harbouring Hal-
ophila and Halodule spp. were found almost exclusively in shallow
sheltered nearshore waters. We speculate that by exerting control on the
distribution of Halophila and Halodule spp., exposure indirectly de-
termines the spatial patterns of important foraging dugongs dominated
by pioneer seagrasses in the north-eastern Red Sea. The intensity of
dugong grazing also decreased with water depth, confirming trends re-
ported elsewhere showing that dugongs prefer grazing in shallow waters
(Burkholder et al., 2012; D’Souza et al., 2015; Derville et al., 2022;
Deutsch et al., 2022b; Marsh et al., 2011; Nasr et al., 2019; Preen, 1995).

4.2. Dugong feeding sites vulnerable to anthropogenic stressors

Our results showed that seagrass meadows used by dugongs over-
lapped with areas of high human use. While dugongs may not be hunted
in the north-eastern Red Sea, the proximity of DFSs to harbours and
hotels makes dugongs vulnerable to the risk of boat strikes and entan-
glement in fishing nets (Nasr et al., 2019). In such high dugong use
areas, measures like reducing speed and wake size, controlling boat
numbers, restricting fishing net usage and training fishers on how to deal
with entanglement can go a long way to protecting dugong populations.
Also, the rapidly-accelerating development projects in the Red Sea
(Manasrah et al., 2019) puts DFSs at high risk. Although dugongs have
been reported to graze at high human-use and urbanized areas (Marsh
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et al.,, 2011; Ng et al., 2022; Ponnampalam et al., 2022), coastal devel-
opment represents a serious threat considering that many DFSs were
mostly small and located in shallow nearshore waters. These are typi-
cally among the first areas drastically impacted by coastal development
and other land-based anthropogenic activities (Marsh et al., 1999, 2002;
Ponnampalam et al., 2015, 2022; Tol et al., 2016).

4.3. Surveying dugong feeding trails is a valuable conservation planning
tool but has limitations

Our rapid assessment is of immediate importance for the manage-
ment of the dugong population of the north-eastern Red Sea. We iden-
tified a number of DFSs in our study area that clustered around five
feeding core areas. Foraging signs indicated that the dugong population
in this area are reproducing with evidence of at least one calf foraging in
one of the meadows. In general, these findings suggest that dugong
feeding trail surveys can be used as a valuable spatial planning tool
enabling the identification of dugong high-use areas for immediate
conservation interventions to halt severe deterioration or loss. However,
this method has its own limitations which restricts its universal appli-
cability. Feeding trail surveys detect presence but cannot confirm
absence of grazing dugong(s) limiting its suitability to only seagrass
meadows dominated by pioneer species. For instance, due to the diffi-
culty in recognizing the dugong cropping scars in the field (Anderson,
1981; Keith-Diagne et al., 2022; Marsh et al., 2011; Nakanishi et al.,
2008), it is likely that we missed dugong feeding sites at patches
dominated by later successional seagrasses particularly considering that
stomach analyses (N = 4) conducted by Lipkin (1975) confirmed that
dugongs in the northern Red Sea graze on T. ciliatum. Similarly, since
dugongs do not excavate trails on hard substrate, our method was not
designed to detect dugong feeding signs on seagrasses growing on rocky
bottoms. Additional research is needed to highlight seasonal variations
in dugong grazing patterns and link the distribution of feeding sites with
the abundance of foraging dugongs since a group of feeding tails could
be left by one or more dugong(s). It is worth clarifying that extending the
benthic transects to the edge of meadows and increasing the replicates of
biomass and shoot density samples would have increased the variability
captured in our sampling design.

4.4. Timely interventions needed to conserve the dugong population of
Red Sea

Our results indicated that feeding sites grazed by dugongs through
excavating tend to distribute along the mainland and the leeward of
islands, exposing these charismatic mammals to intensifying human-
induced stresses. This is further complicated by the rapid development
being undertaken in the Red Sea at scales seldom witnessed before. The
dugong population in the Red Sea is regionally and globally important.
Losing it to lack of knowledge would lead to a range contraction for this
species and a loss from a poorly connected body of water from which
natural recovery would be very difficult. While it is imperative to bolster
our understanding of this population with further, more in-depth
studies, developing conservation interventions must be undertaken
with urgency if we are to protect this enigmatic western population of
dugongs. Focusing conservation planning efforts on shallow nearshore
waters sheltered by coastal lagoons, embayments and the lee of large
islands will support the immediate interventions needed to conserve this
vulnerable large-ranging megaherbivore at its western distributional
limits.
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