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A B S T R A C T

Our understanding of global seagrass ecosystems comes largely from regions characterized by human impacts
with limited data from habitats defined as notionally pristine. Seagrass assessments also largely focus on
shallow-water coastal habitats with comparatively few studies on offshore deep-water seagrasses. We satellite
tracked green turtles (Chelonia mydas), which are known to forage on seagrasses, to a remote, pristine deep-
water environment in the Western Indian Ocean, the Great Chagos Bank, which lies in the heart of one of the
world's largest marine protected areas (MPAs). Subsequently we used in-situ SCUBA and baited video surveys to
survey the day-time sites occupied by turtles and discovered extensive monospecific seagrass meadows of
Thalassodendron ciliatum. At three sites that extended over 128 km, mean seagrass cover was 74% (mean range
67–88% across the 3 sites at depths to 29m. The mean species richness of fish in seagrass meadows was 11
species per site (mean range 8–14 across the 3 sites). High fish abundance (e.g. Siganus sutor: mean
MaxN.site−1= 38.0, SD=53.7, n=5) and large predatory shark (Carcharhinus amblyrhynchos) (mean
MaxN.site−1= 1.5, SD=0.4, n=5) were recorded at all sites. Such observations of seagrass meadows with
large top predators, are limited in the literature. Given that the Great Chagos Bank extends over approximately
12,500 km2 and many other large deep submerged banks exist across the world's oceans, our results suggest that
deep-water seagrass may be far more abundant than previously suspected.

1. Introduction

The importance of seagrasses as structural components of ecosys-
tems is well recognized. Seagrasses are one of the most productive
ecosystems on earth (Duarte and Chiscano, 1999). Seagrass/algae beds
have been rated the third most valuable ecosystem globally for eco-
system services, after estuaries and swamps/flood plains (Costanza
et al., 1997). In the tropical Indo-Pacific, seagrass meadows are key
components of marine habitats providing critical and highly valued
ecosystem services (Coles et al., 2011; Costanza et al., 2014). The tro-
pical Indo-Pacific bioregion has the highest seagrass diversity in the
world with as many as 14 species growing on reef flats as well as in very
deep waters (Short et al., 2007). Seagrass ecosystems also play a critical
role in trophodynamics, habitat provision, substrate stability and bio-
geochemical cycling (Green and Short, 2003).

Global seagrass assessments largely focus on shallow-water coastal
habitats and comparatively few studies have focused on offshore deep-
water seagrasses (Fonseca et al., 2008). Thus the majority of what we
know about seagrass ecology comes from studies on inter-tidal or

coastal seagrass ecosystems. Unsurprisingly, due to logistical and
technological challenges, comparatively few studies have focused on
deep-water seagrasses, for example, Zostera marina meadows in the
Mediterranean (Pergent-Martini et al., 2005), Halophila decipiens mea-
dows in the Caribbean (Josselyn et al., 1986; Hammerstrom et al.,
2006) and H. decipiens and H. spinulosa in the Great Barrier Reef (York
et al., 2015). Recent evidence suggests that deep-water seagrass mea-
dows are extensive and productive (Rasheed et al., 2008; Coles et al.,
2009) and worthy of more extensive research efforts.

Deep-water seagrasses (> 15m depth) have depth ranges most
likely to be controlled by the availability of light for photosynthesis.
Seagrass habitats in clear tropical waters can occur to depths of 61m
(Coles et al., 2009) and theoretically it is possible that seagrass can
extend to a depth of 90m (Duarte, 1991), supported by reports of 70m
seagrass from Sudan's transparent Red Sea waters (Jones et al., 1987).
Although scarce below 50m depth, Halophila stipulacea was collected
from 145m by dredging activities off Cyprus (Lipkin et al., 2003) and is
the deepest seagrass reported worldwide (Short et al., 2007). Deep-
water tropical seagrass habitats are often extensive, monospecific
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meadows dominated by Halophila species (Lee Long et al., 1993). Deep
(to 70m) coastal tropical Indo-Pacific seagrasses are also dominated by
the Halophila species, particularly H. stipulacea, H. decipiens and H.
spinulosa (Short et al., 2007). In East Africa, eastern Indonesia and the
Torres Straits sub-tidal meadows dominated by Thalassodendron ci-
liatum are common from 0 to 15m (Short et al., 2010). T. ciliatum is
adapted to live in coarser substrates and is often the dominant species
on these substrates in deeper waters, forming extensive mono-specific
meadows (Den Hartog, 1970).

In attempting to understand the complex ecological interactions
present within seagrass meadows globally, effort is largely focused
around systems where stressors are present or where management ac-
tions have taken place to reverse degradation or loss (Waycott et al.,
2009; Short et al., 2011), so that our understanding of seagrass eco-
systems comes largely from regions of the world characterized by
human impacts (Grech et al., 2012). Unfortunately, limited data exist
from habitats defined as notionally pristine and, when examining the
status of seagrass ecosystems, it is difficult to present them relative to a
suitable baseline. This creates a scenario in which seagrass scientists as
well as conservation managers and the general public are subject to the
process of a shifting baseline. Data and case studies are required from
locations that can be defined as pristine, particularly with respect to
associated fauna.

The Chagos Archipelago that forms the British Indian Ocean
Territory (BIOT) in the Western Indian Ocean is a potential example of
a pristine seagrass ecosystem, lying at the heart of one of the world's
largest marine protected areas (MPAs). The remoteness of the Chagos
Archipelago, combined with very low levels of anthropogenic dis-
turbance (the only inhabited island since 1970 is Diego Garcia) has
resulted in some of the cleanest seas and healthiest reef systems in the
world (Everaarts et al., 1999; Sheppard et al., 2012), and is of con-
siderable importance to global biodiversity (Procter and Fleming,
1999).

Open water transparency in the Chagos Archipelago is close to

maximum theoretical levels reflecting the nutrient-poor state of the
central Indian Ocean. The sublittoral photic zone of the archipelago is
as much as 60,000 km2 (Dumbraveanu and Sheppard, 1999) and it is
likely that large areas of this are suitable habitat for seagrass to exploit.
As over 95% of the Chagos Archipelago remains unstudied, there re-
main opportunities to discover extensive new marine habitats
(Sheppard et al., 2012). Existing knowledge of seagrass in Chagos is
spatially and temporally restricted and associated data is limited (Willis
and Gardiner, 1931; Drew, 1980; Sheppard, 1980; Spalding, 2005;
JNCC, 2008).

The present study examines the seagrass status and abundance and
diversity of associated fish assemblages on the Great Chagos Bank. This
seagrass was first reported to exist anecdotally during a 2010 SCUBA
based expedition (Sheppard et al., 2012). Subsequently we started to
track green turtles (Chelonia mydas), known foragers on seagrass, from
their nesting beaches on Diego Garcia to foraging sites on the Great
Chagos Bank (Hays et al., 2014; Christiansen et al., 2017) which sug-
gests seagrass may exist at multiple sites in the area. Here we report the
first in-situ surveys of subtidal seagrass on the Great Chagos Bank and
provide information on the importance of seagrass habitats to fish
communities in the Chagos Archipelago.

2. Methods

2.1. Selecting sites for in situ seagrass surveys

In October 2012 and July 2015 we equipped 18 nesting green tur-
tles on Diego Garcia (7.428°S, 72.458°E) with Fastloc-GPS Argos tags
(SPLASH10-BF, Wildlife Computers, Seattle, Washington (n=14) and
model F4G 291A, Sirtrack, Havelock North, New Zealand (n=4)).
Turtles were located while they were nesting ashore at night and when
returning to the sea they were restrained in a large open topped and
bottomless wooden box and tags attached with quick setting epoxy
(Pure-2 K, Powers Fastening Innovations and Pure 150-PRO, DeWalt)

Fig. 1. (a) The seagrass study sites in the Chagos Archipelago in the Western Indian Ocean with the boundary of the British Indian Ocean Territory and Chagos marine protected area
shown in red (inset). Bathymetry of the Chagos Archipelago is shown in 500m contours (source: GEBCO) to highlight atoll locations. Seagrass surveys were carried out at three sites
(distance of 128 km between sites 1 and 3) on the Great Chagos Bank (indicated by black crosses). (b) Daytime Fastloc GPS locations obtained from 4 green turtles satellite tracked from
their nesting beaches on Diego Garcia to foraging grounds on the Great Chagos Bank. These turtle location data were used to select sites 2 and 3 for seagrass surveys. For clarity, different
coloured circles (open red, solid red, open black, open blue) show a random sample of 100 Fastloc-GPS locations for each turtle. Open blue circles overlay many of the solid red circles
indicating these two turtles used broadly the same foraging area. Black triangles show sites 2 and 3.

N. Esteban et al. Marine Pollution Bulletin 134 (2018) 99–105

100



(see Esteban et al., 2017 for more details). We then tracked these turtles
as they migrated to their foraging grounds at the end of the nesting
season. Fastloc-GPS locations obtained from 4 or more satellites and
with residual values of< 35 were examined (see Dujon et al., 2014 for
a description of Fastloc-GPS accuracy). Many individuals travelled to
very distant sites including the Seychelles and east coast of Africa (see
for example Hays et al., 2014). Here we focus on the tracking data for
individuals that travelled to the Great Chagos Bank (n=4,
mean=8.6 ± 5.7months). These tracking data were analysed to
identify repeat locations visited during day time (between sunrise +2 h
and sunset −2 h). Eight day-time locations used by green turtles were
visited by one of us (NE) in March 2016 and benthic substrate noted
from the surface. Depths were measured using the vessel echo sounder
and validated using dive computers. The shallowest of these day-time
locations (sites 2 and 3) were selected for a SCUBA survey. Ad-
ditionally, one location at a further site (site 1) was surveyed at a shoal
south of Danger Island (indicated by the westernmost cross in Fig. 1a)
as this was previously reported as a seagrass habitat (Sheppard, pers.
comm.). In total we surveyed seagrass at 9 locations across 3 sites.

SCUBA surveys (video transect and quadrat) of the sites 1–3 on the
Great Chagos Bank took place in March 2016 (Table 1). Survey duration
(40, 22 and 38 mins) and thus numbers of replicate transects and
quadrats were affected by varying depths. Mono-BRUV (Baited Remote
Underwater Video) surveys (2–3 BRUV replicates as 1 BRUV unit was
lost at site 2) were conducted before SCUBA surveys to assess fish di-
versity and relative abundance at each site (Cappo et al., 2004).

2.2. Field-based in situ seagrass surveys

2.2.1. Seagrass species composition
Observers swam along 4–7 transects at each site (determined by

bottom time limits), each 30m long and 30m apart (estimated using fin
kicks), using a compass for direction (Table 1). The observer swam at a
constant depth of 2m above the seabed and took a video (Go Pro Hero
3) with the camera angled 45° forwards to allow seagrass species
composition and cover to be assessed across the wider site (see Sup-
plementary Video 1). Water clarity was estimated during transects
simply by looking at the second diver at the other end of the 30m
transect. Seagrass cover was assessed visually as % cover based on ten
random time frames within the video footage for each transect site. The
video was paused at each of the ten random time frames selected then
advanced to the nearest point on the transect where the bottom was
visible. From this frame, an observer recorded an estimated percent
cover of seagrass and species composition (following Seagrass-Watch
subtidal percent cover standards, McKenzie et al., 2007). To standardise
percent cover estimates a 0.25m2 quadrat, scaled to the video camera
lens used in the field, was superimposed at the bottom centre of the
screen.

2.2.2. Communities associated with seagrass habitats
To extend results from the seagrass species composition video

analysis, quadrat assessments were conducted at intervals of at least
10m apart (estimated using fin kicks), 5–9 quadrats (0.25 m2) were
placed to assess seagrass % cover, relative cover of broad benthic
groups (seagrass, macro-algae, epiphytes, sand, coralline rubble), and
species composition. Care was taken to search under the seagrass ca-
nopy for any additional species.

2.3. Fish abundance

Sampling used 2-3 mono Baited Remote Underwater Video systems
(BRUVS) (see Table 1) deployed during full daylight hours
(1030–1700 h) to prevent any concerns with respect to diel influences
recorded on fish assemblages in seagrass meadows (Unsworth et al.,
2007). The mono-BRUV systems were placed on natural seabed and
deployed simultaneously (within 5 mins of each other) at least 100m
apart. A distance of 100m between samples was considered to provide
a minimum point of independence from each other (Ellis and
DeMartini, 1995). The deployment duration for each drop (a sample)
was 30 mins. All deployments were in water depths of between 13.0
and 27.3m (Table 1). The BRUV systems were a modified version of the
mono-BRUV system described in Cappo et al. (2004). The systems used
Hero 3 GoPro video cameras mounted at a fixed position on a galva-
nised steel tripod frame with a 90 cm bait pole. Bait was comprised of
tuna and grouper (Site 1) and squid (Site 2–3) causing a potential bias.
Squid was not available at Site 1.

Video footage was assessed to determine the MaxN of each in-
dividual fish species in each video sample. MaxN is a metric commonly
used for the quantification of the relative abundance of fish observed on
underwater video (Cappo et al., 2004; Unsworth et al., 2014a). It counts
the maximum number of fish recorded at any one time (single video
frame) and therefore removes the concerns associated with potentially
double counting individual fish (Priede et al., 1994). Due to the high
abundance of predatory fish the shortest duration of bait availability
(i.e., before the bait box was emptied) was 20min. Results are therefore
only presented for the first 20min of each drop. One of the bait boxes at
Site 1 was emptied during deployment and therefore the video image
was not analysed. A small number of individuals could not be identified
to species level and were grouped by Family.

All footage was analysed at Swansea University using the specialised
SeaGIS software EventMeasure (Version 4) (www.seagis.com.au). This
software allows for the footage to be labelled with fish species identi-
fications leading to simple calculation of MaxN. In order to analyse the
footage, the MaxN of each species was determined every frame
throughout the 20min of footage and an overall MaxN then calculated
at the end of each 20min. All summary data is presented as means ±
standard deviation. One-way ANOVA tests were conducted to test for
variance between sites after data were tested for normality using the
Shapiro-Wilk test of normality.

Table 1
Characteristics of three study sites surveyed by SCUBA and Baited Remote Underwater Video (BRUV) on the 12,500 km2 Great Chagos Bank. Maximum distances between sites were
128 km, site locations are indicated on Fig. 1(a). Surveys were conducted at each site with number of SCUBA surveys depending on depth.

Site name Depth (m) Date
(2016)

Latitude
longitude

Closest land km,
bearing, name

Visibility (m) Number of video transects
(SCUBA) (n)

Number of quadrats
(SCUBA) (n)

Number of BRUV
frames (n)

1. Danger Island shoal
13.0 29Mar −6.4583°S 6.9 N >30 5 9 2

71.2405°E Danger Island

2. Chagos Bank SE (W)
27.3 30Mar −6.6786°S 73.4 SSE > 30 4 5 2

72.0658°E Diego Garcia

3. Chagos Bank SE (E)
23.2 30Mar −6.5895°S 75.0 S > 30 7 5 2

72.3191°E Diego Garcia
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All survey work in the Chagos Archipelago was approved by the
British Indian Ocean Territory (BIOT) Administration of the UK Foreign
and Commonwealth Office.

3. Results

We conducted seagrass surveys at 9 locations in 3 distinct sites
spread across a distance of 130 km of the Great Chagos Bank.

3.1. Green turtle satellite tracking

Four green turtles were tracked to the Great Chagos Bank, where
transmitters continued to provide Fastloc-GPS locations for many
months. For these four turtles the length of tracking on the foraging
grounds, and in brackets the number of Fastloc-GPS locations, were
265 d (814), 232 d (703), 105 d (301) and 279 d (1582). These tracking
data were analysed to identify repeat locations visited during daytime.
Eight day-time locations used by green turtles at sites 2 and 3 (Table 1)
were visited by one of us (NE) in March 2016 and benthic substrate
noted from the surface. To make sure that the locations corresponded to
actual daytime and nighttime hours, we only included positions re-
corded outside of 2 h of sunrise and sunset. Daytime locations and the
location of sites 2 and 3 are shown in Fig. 1b.

3.2. Seagrass surveys

Surveys of the 9 locations spread across 3 sites (Fig. 1) indicated the
presence of healthy monospecific seagrass meadows of Thalassodendron
ciliatum. Seagrass T. ciliatum was observed at all the locations surveyed,
growing at a range of depths: 12–13m on a shoal south of Danger Island
(site 1) and 23–29m at eight locations identified as green turtle fora-
ging grounds (mean= 26.08m, SD=1.99).

Seagrass composition was 100% Thalassodendron ciliatum at all sites.
Based on SCUBA video transects the mean seagrass percent cover at the
3 sites was 74% (site 1, mean cover= 67%; site 2 mean cover= 67%;
site 3, mean cover= 88%) (Fig. 2(a)).

Analysis of SCUBA quadrat survey data supports the SCUBA transect
estimates of seagrass cover with mean percent cover recorded of 71%
(90% (SD=13.23) at site 1, 60% (SD=12.25) at site 2 and 63%
(SD=10.95) at site 3). The shallower Danger Island shoal (site 1) had a
higher percent cover of seagrass (mean=90%) than the deeper South
East GCB sites (sites 2 and 3; 60% and 63%). An ANOVA comparing
SCUBA quadrat seagrass cover revealed that sites are significantly dif-
ferent (p < 0.001). All substrata were coralline rubble. Percent cover
of macroalgae was typically very low (< 6%) and epiphyte cover was
low (< 5%). Shoot length and canopy height varied across all sites:
mean shoot length was 9.1 cm (mean range 8.5–10.2 cm, SD=0.92,
n=57) and mean canopy height (vertical rhizomes+ shoot length)
was 33.47 cm (32.0–34.7, SD=1.34, n=57) (Fig. 2d). An ANOVA
comparing shoot length and canopy height across sites revealed that
sites are significantly different (p < 0.001 for both metrics).

3.3. Fish abundance estimation

High fish abundance was recorded at all sites and we observed a
maximum number of 351 individuals (MaxN), representing 25 different
species from 10 families (Table 2, Fig. 2e–f). The mean species richness
of fish was 11 species per site (mean range 8–14 species across the 3
sites, n=5). The most numerically abundant species was the African
whitespotted rabbitfish (Siganus sutor) observed only at site 3 (mean
MaxN.drop−1= 114, n=2) followed by the red snapper (Lutjanus ar-
gentimaculatus) observed on 60% of surveys. The most frequently oc-
curring species was the smalltooth emperor (Lethrinus microdon, mean
MaxN.drop−1 at 3 sites= 6.0, SD=5.0, n=5) and the longbarbel
goatfish (Parupeneus macronemus, mean MaxN.drop−1 at 3 sites= 3.0,
SD=1.6, n=3). Both were observed in 100% of surveys and sites.

High relative fish abundance was recorded across the 3 sites (Table 2,
e.g. Red Snapper, Lutjanus argentimaculatus: mean MaxN.drop−1= 3.7,
SD=3.9, n=5). Four species observed have not been previously re-
corded in the Chagos Archipelago (Table 2). Large predatory grey reef
shark (Carcharhinus amblyrhynchos) were observed in all surveys
(MaxN≥ 2 in 80% of surveys, mean MaxN.site−1= 1.6, SD=0.8)
(Table 2; see Supplementary Video 2). An ANOVA comparing mean
relative fish abundance (MaxN.drop−1) across sites showed that sites
are not significantly different (F2,75,= 1.12, p=0.33).

4. Discussion

Our study is the most extensive attempt to date to document sea-
grass meadows on the Great Chagos Bank, the world's largest con-
tiguous undamaged reef area (12,642 km2) (Sheppard et al., 2012).
Extensive seagrass meadows have rarely been previously reported
elsewhere in the Chagos Archipelago (Spalding, 2005; Drew, 1980; Den
Hartog, 1970). Willis and Gardiner (1931) reported a few plants at
Peros Banhos at a depth of 0.5m; Drew (1980) reported extensive
patches at 2m and low water levels in the lagoon in Diego Garcia,
extensive sublittoral patches at Colvoccoresses Bank and Speakers Bank
and small patches in the Salomon Islands; and Spalding (2005) reported
extensive patches at depths to 20m in Speakers Bank. So our ob-
servation that T. ciliatum can form such extensive and dense deep-water
meadows is noteworthy. Our seagrass measurements (low algal cover,
leaf blade length in the typical range recorded for T. ciliatum (Sartoni,
1995); high seagrass cover) together with an abundant fish community
dominated by large predators and containing key herbivores indicate a
healthy and resilient seagrass ecosystem (Unsworth et al., 2014b).
Unlike the deep-water monospecific meadow of T. ciliatum growing on a
hard substrate of coralline rubble reported in our study, seagrass re-
cords in the Tropical Indo-Pacific bioregion report deep-water seagrass
habitat dominated by Halophila (Short et al., 2007; Rasheed et al.,
2008). These deep Halophila communities tend to occur on soft bottoms
and so are fundamentally different in structure to the T. ciliatum sea-
grass meadows we observed.

This is the first documented study, to our knowledge, to record
density, canopy height and shoot length of deep-sea T. ciliatum. These
variables are important bio-indicators of the environmental health of a
seagrass meadow (Jones and Unsworth, 2016). Shoot density and
above-ground biomass of a seagrass meadow are recognized as key bio-
indicators of light availability (McMahon et al., 2013). The values for
bio-indicators (seagrass density, canopy height and shoot length) varied
significantly at the 3 sites across the Great Chagos Bank. This variability
may be indicative of changes in light availability (perhaps due to 14m
depth range of study sites) and broad environmental drivers (e.g., nu-
trient and water quality (Hemminga and Duarte, 2000)) across the
surveyed area of 130 km of this 12,500 km2 coral atoll. Excessive
growth of epiphytic algae contributes to seagrass degradation by smo-
thering and decreasing light absorption (Lavery and Vanderklift, 2002).
We report very low occurrence of epiphytic algae on seagrass meadows
which further indicates the healthy status of the T. ciliatum on the Great
Chagos Bank.

It is well known that coral reef fish biomass estimates for Chagos
(Graham et al., 2010) far exceed values from both fished and protected
reefs elsewhere in the Western Indian region, such as Kenya, Seychelles,
Madagascar and the Maldives (McClanahan et al., 2009; Graham et al.,
2010; McClanahan, 2011). Yet the relative importance of seagrass
meadows at Chagos as fish habitats is far less well characterized. Data
on seagrass fish assemblages in the Indo-Pacific is mostly limited to a
few centres of research and the majority of this relates to nearshore and
very shallow seagrass communities (Unsworth et al., 2015). There are
very limited data on nearshore subtidal seagrass and next to no data on
fish species, abundance and biomass of fish in deep-water seagrass
meadows. Our study provides the first assessment of fish assemblage in
seagrass meadows in the largely unexploited Chagos Archipelago and
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Fig. 2. Relative abundance of benthic habitat and
indicators of seagrass status at three sites on the
Great Chagos Bank. (a and b) SCUBA quadrat and
video transect frame shows dense cover by sea-
grass Thalassodendron ciliatum. (c) Benthic ha-
bitat categories are presented as mean percent
cover from all quadrats at each site. Benthos is
composed of seagrass (blue), coralline rubble
(red), macro-algae (white) and epiphyte cover on
seagrass (yellow). The first three categories
amount to 100% cover. The diamonds represent
the mean percent cover of seagrass in video
transects (secondary y axis). (d) Seagrass habitat
provides a canopy height of at least 30 cm. Mean
shoot length (blue) and mean vertical rhizome
length (red) of monospecific seagrass meadow of
Thalassodendron ciliatum. Error bars indicate
standard error. (e–f) Mixed-species assemblages
of Lethrinidae, Lutjanidae and Mullidae with
predatory Grey Reef Shark in background
(BRUVS screen shots at Sites 1 and 2).

Table 2
Relative abundance of fish observed in seagrass meadows on the Great Chagos Bank. Fish observed in baited remote underwater video surveys at 3 sites on the Great Chagos Bank (site 1,
n=1; site 2, n=2, site 3, n=3). MaxN is an estimator of fish abundance generated using the single highest count of a given fish species observed at a single point in a video recording.
Occurrence is the percentage of surveys in which a given fish species was observed. Known range sources: IUCN, 2016; Froese and Pauly, 2017, Spalding, 2005.

Family Species Known range MaxN (all sites) Mean MaxN (SD) Occurrence (% sites)

Balistidae n/a 1 0.3 (0.5) 20
Carangidae Carangoides plagiotaenia Yes 2 0.3 (0.5) 20
Carcharhinidae Carcharhinus amblyrhynchos Yes 2 1.5 (0.4) 100
Labridae Halichoeres sp. n/a 1 0.3 (0.5) 20

Cheilio inermis Yes 1 0.3 (0.5) 20
Lethrinidae Lethrinus sp. n/a 1 0.2 (0.2) 20

Lethrinus lentjan Yes 2 0.8 (0.6) 60
Lethrinus microdon Yes 13 6.0 (5.0) 100
Lethrinus obsoletus Yes 2 0.7 (0.9) 20
Lethrinus ornatus No 2 0.3 (0.5) 20
Lethrinus rubrioperculatus Yes 6 1.0 (1.4) 20
Lethrinus variegatus Yes 1 0.2 (0.2) 20

Lutjanidae Lutjanus argentimaculatus No 10 3.7 (3.9) 60
Lutjanus lemniscatus No 1 0.2 (0.2) 20
Lutjanus lutjanus No 1 0.2 (0.2) 20
Macolor macularis Yes 1 0.3 (0.5) 20
Aprion virescens Yes 2 0.8 (0.6) 60

Mullidae Parupeneus cyclostomus Yes 3 1.0 (1.4) 20
Parupeneus indicus Yes 2 0.7 (0.9) 20
Parupeneus macronemus Yes 6 3.0 (1.6) 100
Parupeneus pleurostigma Yes 1 0.3 (0.5) 20

Nemipteridae Scolopsis sp. n/a 6 1.8 (1.3) 60
Scaridae Hipposcarid harid Yes 1 0.3 (0.5) 20

Chlorurus capistratoides Yes 1 0.3 (0.2) 40
Scarus sp. n/a 3 1.3 (1.2) 60

Siganidae Siganus sutor Yes 165 38.0 (53.7) 40
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indicates the importance of seagrass habitat for juvenile fish, for ex-
ample dusky rabbitfish (Siganus fuscescens), as well as for the predatory
grey reef shark (Carcharhinus amblyrhynchos). Whilst most of the fish
are known to occur in the Western Indian Ocean, a number of the
species are documented in this region for the first time, such as spotfin
wrasse (Coris dorsomacula) and ornate emperor (Lethrinus ornatus).
Previous records are limited to species lists or semi-quantitative abun-
dance estimates at sample sites, for example the wrasse (Coris caudi-
macula) and parrotfish (Calotomus carolinus) were observed over T. ci-
liatum in Speakers Bank (Spalding, 2005). Fish species recorded in
seagrass meadows in another Chagos atoll (Diego Garcia) have not been
reported elsewhere in the archipelago (JNCC, 2008).

The presence of grey reef sharks at every survey site provides an
indication of the pristine nature of the seagrass ecosystem and it is
likely sharks are fully protected by the size of the Chagos MPA (White
et al., 2017). Due to the isolation, limited anthropogenic impacts and
full protection of the Chagos MPA, it is likely that the fish biomass
found in the T. ciliatum seagrass meadows on the Great Chagos Bank is
at near-pristine levels and may serve as a reference baseline for both
future studies in the Chagos archipelago as well as elsewhere. Clearly
our sample sizes for seagrass sampling were limited, but we have shown
how the location of foraging green turtles may be used effectively to
direct future in situ surveys of other shallow and deep water habitats.

Seagrass research activities have unsurprisingly been focused on
shallow, coastal and estuarine seagrass ecosystems (York et al., 2015).
In an era of global climate change and reports of decline of seagrass
(Waycott et al., 2009), the discovery of extensive deep-water seagrass
meadows of T. ciliatum on the Great Chagos Bank provides an example
of optimism that vast areas of seagrass meadows remain unknown and
will assist in providing resilience to future climate change and sea level
rise. Various estimates of the extent of mapped seagrass around the
world currently exist (e.g., 177,000 km2 (Waycott et al., 2009)), but a
series of authors have speculated that the global extent may actually
exceed 600,000 km2 (Duarte et al., 2010). The evidence presented here
suggests that there may still be large areas of extensive seagrass around
the world that remain unknown, indicating that these speculative fig-
ures may have some basis.

Seagrass productivity is usually limited by nutrient availability, yet
the characteristics of T. ciliatum on the Great Chagos Bank (> 70 km
from nearest population) suggest that this may be an example of an
extensive and healthy seagrass meadow in a nutrient-poor environ-
ment. Seagrasses require low levels of nitrogen and phosphates com-
pared with other aquatic primary producers (e.g., macro algae) and can
often flourish in nutrient-poor environments (Duarte, 1995; Brodersen
et al., 2017). There was very low presence of sand on the Great Chagos
Bank consistent with the observation that T. ciliatum is one of the few
species that colonises rocky substrate (Short et al., 2010). It is also
possible that the seagrass meadows on the Great Chagos Bank extend
much deeper than the maximum survey depth of 29m. Previous records
for T. ciliatum extend to depths of 33m in Seychelles (Short et al., 2010)
and theoretical calculations allow for seagrass growth to depths of 90m
(Duarte, 1991).

The discovery of extensive seagrass meadows on the Great Chagos
Bank was realized through the first satellite tracking studies of green
turtles breeding in the Chagos Archipelago (Hays et al., 2014). Tracking
of grazing marine megafauna may play a useful role to identify other
seagrass habitats (Hays et al., 2018). We acknowledge the preliminary
nature of our sampling and given that there are extensive relatively
shallow banks, such as Speaker's Bank and Colvocoresses Bank,
throughout the Chagos Archipelago, we might expect further extensive
seagrass meadows will be identified in the coming years. Clearly a
greater number of seagrass sampling sites on the Great Chagos Bank
will help reveal the full extent of seagrass meadows in this area. Fur-
thermore ground biomass assessments will be useful and will help to
reveal the ecosystem roles of these seagrass meadows. Encouragingly
the creation of the no-take Chagos Archipelago MPA helps assure long-

term protection of this extensive seagrass habitat.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.marpolbul.2018.03.018.

Acknowledgements

We would like to thank Ernesto and Kirsty Bertarelli, and the
Bertarelli Foundation, for their support of this research. Thanks to Peter
Carr for assistance with deployment of BRUVS equipment and to
Michael Rasheed for literature suggestions. We acknowledge and thank
the British Indian Ocean Territory (BIOT) Administration for assistance
and permission to carry out research within the Chagos Archipelago.

Author contributions

N.E., R.K.F.U. and G.C.H. conceived the study. N.E. carried out field
surveys in Chagos in 2016. J.G. analysed fish abundance using BRUV
survey data with support from R.K.F.U. N.E. analysed all other data.
N.E. and GCH wrote the manuscript with contributions from all au-
thors.

Competing interests

The authors declare no conflict of interest.

References

Brodersen, K.E., Koren, K., Moßhammer, M., Ralph, P.J., Kühl, M., Santner, J., 2017.
Seagrass-mediated phosphorus and iron solubilisation in tropical sediments. Environ.
Sci. Technol. 51, 14155–14163. http://dx.doi.org/10.1021/acs.est.7b03878.

Cappo, M., Speare, P., De'ath, G., 2004. Comparison of baited remote underwater video
stations (BRUVS) and prawn (shrimp) trawls for assessments of fish biodiversity in
inter-reefal areas of the Great Barrier Reef Marine Park. J. Exp. Mar. Biol. Ecol. 302,
123–152. http://dx.doi.org/10.1016/j.jembe.2003.10.006.

Christiansen, F., Esteban, N., Mortimer, J.A., Dujon, A., Hays, G.C., 2017. Diel and sea-
sonal patterns in activity and home range size of green turtles on their foraging
grounds revealed by extended Fastloc-GPS tracking. Mar. Biol. 164, 10. http://dx.doi.
org/10.1007/s00227-016-3048-y.

Coles, R., McKenzie, L., De'ath, G., Roelofs, A., Long, W.L., 2009. Spatial distribution of
deep-water seagrass in the inter-reef lagoon of the Great Barrier Reef World Heritage
Area. Mar. Ecol. Prog. Ser. 392, 57–68.

Coles, R., Grech, A., Rasheed, M., McKenzie, L., Unsworth, R.F.K., Short, F., 2011.
Seagrass ecology and threats in the tropical Indo-Pacific bioregion. Seagrass: Ecology,
Uses and Threats. Nova Science Publishers, Hauppauge, pp. 225–240 (ISBN: 978-1-
61761-987-8).

Costanza, R., D'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O'Neill, R., Paruelo, J., Raskin, R., 1997. The value of the world's eco-
system services and natural capital. Nature 387, 253–260. http://dx.doi.org/10.
1038/387253a0.

Costanza, R., de Groot, R., Sutton, P., van der Ploeg, S., Anderson, S.J., Kubiszewski, I.,
Farber, S., Turner, R.K., 2014. Changes in the global value of ecosystem services.
Glob. Environ. Chang. 26, 152–158. http://dx.doi.org/10.1016/j.gloenvcha.2014.04.
002.

Den Hartog, C., 1970. The Seagrasses of the World. North-Holland, Amsterdam (275 pp).
Drew, E.A., 1980. Seagrasses in the Chagos Archipelago. Aquat. Bot. 9, 179–184.
Duarte, C.M., 1991. Seagrass depth limits. Aquat. Bot. 40, 363–377. http://dx.doi.org/10.

1016/0304-3770(91)90081-F.
Duarte, C.M., 1995. Submerged aquatic vegetation in relation to different nutrient re-

gimes. Ophelia 41, 87–112. http://dx.doi.org/10.1080/00785236.1995.10422039.
Duarte, C.M., Chiscano, C., 1999. Seagrass biomass and production: a reassessment.

Aquat. Bot. 65, 159–174. http://dx.doi.org/10.1016/S0304-3770(99)00038-8.
Duarte, C.M., Marba, N., Garcia, E., Fourqurean, J.W., Beggins, J., Barron, C., Apostolaki,

E.T., 2010. Seagrass community metabolism: assessing the carbon sink capacity of
seagrass meadows. Global Biogeochem. Cycles 24, GB4032. http://dx.doi.org/10.
1029/2010GB003793.

Dujon, A.M., Lindstrom, R.T., Hays, G.C., 2014. The accuracy of Fastloc-GPS locations
and implications for animal tracking. Methods Ecol. Evol. 5, 1162–1169. http://dx.
doi.org/10.1111/2041-210X.12286.

Dumbraveanu, D., Sheppard, C.R.C., Sheppard, C.R.C., Seaward, M.R.D., 1999. Areas of
substrate at different depths in the Chagos Archipelago, pp. 35–44. In: Ecology of the
Chagos Archipelago. Linnean Society Occasional Publications. vol. 2. Westbury
Publishing, pp. 351.

Ellis, D.M., DeMartini, E.E., 1995. Evaluation of a video camera technique for indexing
the abundances of juvenile pink snapper, Pristipomoides filamentosus, and other
Hawaiian insular shelf fishes. Fish. Bull. 93 (1), 67–77. http://fishbull.noaa.gov/931/
ellis.pdf.

Esteban, N., Mortimer, J.A., Hays, G.C., 2017. How numbers of nesting sea turtles can be

N. Esteban et al. Marine Pollution Bulletin 134 (2018) 99–105

104



overestimated by nearly a factor of two. Proc. R. Soc. B 284, 20162581. http://dx.
doi.org/10.1098/rspb.2016.2581.

Everaarts, J.M., Booij, K., Fisher, C.V., Maas, Y.E.M., Nieuwenhuize, J., 1999. Assessment
of the environmental health of the Chagos Archipelago. In: Sheppard, C.R.C.,
Seaward, M.R.D. (Eds.), Ecology of the Chagos Archipelago. Linnean Society/
Westbury Publishing, London, pp. 305–326.

Fonseca, M., Kenworthy, J., Griffith, E., Hall, M., Finkbeiner, M., Bell, S., 2008. Factors
influencing landscape pattern of the seagrass Halophila decipiens in an oceanic setting.
Estuar. Coast. Shelf Sci. 76, 163–174. http://dx.doi.org/10.1016/j.ecss.2007.06.014.

Froese, R., Pauly, D. (Eds.), 2017. FishBase. World Wide Web electronic publication.
www.fishbase.org, version (02/2017).

Graham, N.A.J., Spalding, M.D., Sheppard, C.R.C., 2010. Reef shark declines in remote
atolls highlight the need for multi-faceted conservation action. Aquat. Conserv. Mar.
Freshwat. Ecosyst. 20, 543–548. http://dx.doi.org/10.1002/aqc.1116.

Grech, A., Chartrand-Miller, K., Erftemeijer, P., Fonseca, M., McKenzie, L., Rasheed, M.,
Taylor, H., Coles, R., 2012. A comparison of threats, vulnerabilities and management
approaches in global seagrass bioregions. Environ. Res. Lett. 7, 024006. http://dx.
doi.org/10.1088/1748-9326/7/2/024006.

Green, E.P., Short, F.T., 2003. World Atlas of Seagrasses. Prepared by UNEP World
Conservation Monitoring Centre. University of California, Berkeley (California, USA)
(332pp).

Hammerstrom, K.K., Kenworthy, W.J., Fonseca, M.S., Whitfield, P.E., 2006. Seed bank,
biomass, and productivity of Halophila decipiens, a deep water seagrass on the west
Florida continental shelf. Aquat. Bot. 84, 110–120. http://dx.doi.org/10.1016/j.
aquabot.2005.08.002.

Hays, G.C., Mortimer, J.A., Ierodiaconou, D., Esteban, N., 2014. Use of long-distance
migration patterns of an endangered species to inform conservation planning for the
world's largest marine protected area. Conserv. Biol. 28, 1636–1644. http://dx.doi.
org/10.1111/cobi.12325.

Hays, G.C., Alcoverro, T., Christianen, M.J.A., Duarte, C.M., Hamann, M., Macreadie, P.I.,
Marsh, H.D., Rasheed, M.A., Thums, M., Unsworth, R.K.F., York, P.H., Esteban, N.,
2018. New tools to identify the location of seagrass meadows: marine grazers as
habitat indicators. Front. Mar. Sci. 5, 9. http://dx.doi.org/10.3389/fmars.2018.
00009.

Hemminga, M., Duarte, C.M., 2000. Seagrass Ecology. Cambridge University Press, UK.
IUCN, 2016. The IUCN Red List of Threatened Species. Version 2016-3. http://www.

iucnredlist.org (Downloaded on 07 December 2016).
JNCC, 2008. Ramsar Information Sheet: British Indian Ocean Territory. UK61002,

Version 3.0, 13 June 2008. Joint Nature Conservation Council (JNCC), Peterborough,
U.K Downloaded from. http://jncc.defra.gov.uk/pdf/RIS/UK61002.pdf (on 10
March 2017).

Jones, B.L., Unsworth, R.K.F., 2016. The perilous state of seagrass in the British Isles. R.
Soc. Open Sci. 3. http://dx.doi.org/10.1098/rsos.150596.

Jones, D.A., Ghamrwy, M., Wahbeh, M.I., 1987. Littoral and shallow subtidal environ-
ments. In: Edwards, A.J., Head, S.M. (Eds.), Red Sea. Pergamon Press, Oxford, pp.
169–193.

Josselyn, M., Fonseca, M., Niesen, T., Larson, R., 1986. Biomass, production and de-
composition of a deep water seagrass, Halophila decipiens Ostenf. Aquat. Bot. 25,
47–61. http://dx.doi.org/10.1016/0304-3770(86)90039-2.

Lavery, P.S., Vanderklift, M.A., 2002. A comparison of spatial and temporal patterns in
epiphytic macroalgal assemblages of the seagrasses Amphibolis griffithii and Posidonia
coriacea. Mar. Ecol. Prog. Ser. 236, 99–112. http://dx.doi.org/10.3354/meps
236099.

Lee Long, W.J., Mellors, J.E., Coles, R.G., 1993. Seagrasses between Cape York and
Hervey Bay, Queensland, Australia. Mar. Freshw. Res. 44, 19–31. http://dx.doi.org/
10.1071/MF9930019.

Lipkin, Y., Beer, S., Zakai, D., 2003. The seagrasses of the eastern Mediterranean and the
Red Sea. In: Green, E.P., Short, F.T. (Eds.), World Atlas of Seagrasses. University of
California Press, Berkeley, California, pp. 65–73.

McClanahan, T.R., 2011. Coral reef fish communities in management systems with un-
regulated fishing and small fisheries closures compared with lightly fished reefs –
Maldives vs. Kenya. Aquat. Conserv. Mar. Freshwat. Ecosyst. 21, 186–198. http://dx.
doi.org/10.1002/aqc.1172.

McClanahan, T.R., Graham, N.A.J., Wilson, S.K., Letourneur, Y., Fisher, R., 2009.
Fisheries closure size, age, and history of compliance effects on coral reef fish com-
munities in the western Indian Ocean. Mar. Ecol. Prog. Ser. 396, 99–109. http://dx.
doi.org/10.3354/meps08279.

McKenzie, L.J., Campbell, S.J., Vidler, K.E., Mellors, J.E., 2007. Seagrass-Watch: Manual
for Mapping and Monitoring Seagrass Resources. Seagrass-Watch HQ, Cairns
Downloaded from. www.seagrasswatch.org/manuals.html (114pp).

McMahon, K., Collier, C., Lavery, P.S., 2013. Identifying robust bioindicators of light
stress in seagrasses: a meta-analysis. Ecol. Indic. 30, 7–15. http://dx.doi.org/10.
1016/j.ecolind.2013.01.030.

Pergent-Martini, C., Leoni, V., Pasqualini, V., Ardizzone, G.D., Balestri, E., Bedini, R.,
Belluscio, A., Belsher, T., Borg, J., Boudouresque, C.F., Boumaza, S., 2005.
Descriptors of Posidonia oceanica meadows: use and application. Ecol. Indic. 5 (3),
213–230. http://dx.doi.org/10.1016/j.ecolind.2005.02.004.

Priede, I.G., Bagley, P.M., Smith, A., Creasey, S., Merrett, N.R., 1994. Scavenging deep
demersal fishes of the porcupine seabight, Northeast Atlantic - observations by baited
camera, trap and trawl. J. Mar. Biol. Assoc. UK 74, 481–498.

Procter, D., Fleming, L.V. (Eds.), 1999. Biodiversity: The UK Overseas Territories, ISBN 1
86107 502 2. Joint Nature Conservation Committee, Peterborough, U.K..

Rasheed, M.A., Dew, K.R., McKenzie, L.J., Coles, R.G., Kerville, S.P., Campbell, S.J., 2008.
Productivity, carbon assimilation and intra-annual change in tropical reef platform
seagrass communities of the Torres Strait, North-eastern Australia. Cont. Shelf Res.
28, 2292–2303. http://dx.doi.org/10.1016/j.csr.2008.03.026.

Sartoni, G., 1995. Entry for Thalassodendron ciliatum (Forssk.) den Hartog [family
Cymodoceaceae]. Flora Somalia, 4. Updated by Thulin, M., 2008. Downloaded from.
http://plants.jstor.org/compilation/Thalassodendron.ciliatum (on 12 March 2017).

Sheppard, C.R.C., 1980. Status of three rare animals on Chagos. Environ. Conserv. 310.
Sheppard, C.R.C., Ateweberhana, M., Bowen, B.W., Carr, P., Chen, C.A., Clubbe, C., Craig,

M.T., Ebinghaus, R., Eble, J., Fitzsimmons, N., Gaither, M.R., Gan, C.-H., Gollock, M.,
Guzman, N., Graham, N.A.J., Harris, A., Jones, R., Keshavmurthy, S., Koldewey, H.,
Lundin, C.G., Mortimer, J.A., Oburan, D., Pfeiffer, M., Price, A.R.G., Purkis, S.,
Raines, P., Readman, J.W., Riegl, B., Rogers, A., Schleyer, M., Seaward, M.R.D.,
Sheppard, A.L.S., Tamelander, J., Turner, J.R., Visram, S., Vogler, C., Vogt, S.,
Wolschke, H., Yang, J.M.-C., Yang, S.-Y., Yesson, C., 2012. Reefs and islands of the
Chagos Archipelago, Indian Ocean: why it is the world's largest no-take marine
protected area. Aquat. Conserv. Mar. Freshwat. Ecosyst. 22, 232–261. http://dx.doi.
org/10.1002/aqc.1248.

Short, F., Carruthers, T., Dennison, W., Waycott, M., 2007. Global seagrass distribution
and diversity: a bioregional model. J. Exp. Mar. Biol. Ecol. 350, 3–20. http://dx.doi.
org/10.1016/j.jembe.2007.06.012.

Short, F.T., Coles, R., Waycott, M., Bujang, J.S., Fortes, M., Prathep, A., Kamal, A.H.M.,
Jagtap, T.G., Bandeira, S., Freeman, A., Erftemeijer, P., La Nafie, Y.A., Vergara, S.,
Calumpong, H.P., Makm, I., 2010. Thalassodendron ciliatum. The IUCN Red List of
Threatened Species 2010: e.T173375A7002484. Downloaded from. http://dx.doi.
org/10.2305/IUCN.UK.2010-3.RLTS.T173375A7002484.en. (on 12 March 2017).

Short, F., Polidoro, B., Ivingstone, S.R., Carpenter, K.E., Bandeira, S., Bujang, J.S.,
Calumpong, H.P., Carruthers, T.J.B., Coles, R.G., Dennison, W.C., Erftemeijer, P.L.A.,
Fortes, G.D., Freeman, A.S., Jagtap, T.G., Kamal, A.H.M., Kendrick, G.A., Kenworthy,
W.J., La Nafie, Y.A., Nasution, I.M., Orth, R.I.J., Prathep, A., Sanciangco, J.C., van
Tussenbroek, B., Vergara, S.G., Waycott, M., Zieman, J.C., 2011. Extinction risk as-
sessment of the world's seagrass species. Biol. Conserv. 144, 1961–1971. http://dx.
doi.org/10.1016/j.biocon.2011.04.010.

Spalding, M.D., 2005. WEXAS Trip to the Chagos Archipelago: Trip Report. Unpublished
(28pp).

Unsworth, R.K.F., Wylie, E., Smith, D.J., Bell, J.J., 2007. Diel trophic structuring of
seagrass bed fish assemblages in the Wakatobi Marine National Park, Indonesia.
Estuar. Coast. Shelf Sci. 72, 81–88. http://dx.doi.org/10.1016/j.ecss.2006.10.006.

Unsworth, R.K.F., Peters, J.R., Mccloskey, R.M., Hinder, S.L., 2014a. Optimising stereo
baited underwater video for sampling fish and invertebrates in temperate coastal
habitats. Estuar. Coast. Shelf Sci. 150, 281–287. http://dx.doi.org/10.1016/j.ecss.
2014.03.020.

Unsworth, R.K.F., Hinder, S.L., Bodger, O., Cullen-Unsworth, L.C., 2014b. Food supply
depends on seagrass meadows in the Coral Triangle. Environ. Res. Lett. 9, 094005.
http://dx.doi.org/10.1088/1748-9326/9/9/094005.

Unsworth, R.K.F., Collier, C.J., Cullen-Unsworth, L.C., McKenzie, L.J., Waycott, M., 2015.
A framework for the resilience of seagrass ecosystems. Mar. Pollut. Bull. 100, 34–46.
http://dx.doi.org/10.1016/j.marpolbul.2015.08.016.

Waycott, M., Duarte, C.M., Carruthers, T.J.B., Orth, R.J., Dennison, W.C., Olyarnik, S.,
Calladine, A., Fourqurean, J.W., Heck, K.L., Hughes, A.R., Kendrick, G.A.,
Kenworthy, W.J., Short, F.T., Williams, S.L., 2009. Accelerating loss of seagrasses
across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. 106 (30),
12377–12381. http://dx.doi.org/10.1073/pnas.0905620106.

White, T.D., Carlisle, A.B., Kroodsma, D.A., Block, B.A., Casagrandi, R., De Leo, G.A.,
Gatto, M., Micheli, F., McCauley, D., 2017. Assessing the effectiveness of a large
marine protected area for reef shark conservation. Biol. Conserv. 207, 64–71. http://
dx.doi.org/10.1016/j.biocon.2017.01.009.

Willis, J.C., Gardiner, J.S., 1931. Flora of the Chagos Archipelago. Trans. Linn. Soc.
London II. Zoology 19, 305.

York, P.H., Carter, A.B., Chartrand, K., Sankey, T., Wells, L., Rasheed, M.A., 2015.
Dynamics of a deep-water seagrass population on the Great Barrier Reef: annual
occurrence and response to a major dredging program. Sci. Rep. 5, 13167. http://dx.
doi.org/10.1038/srep13167.

N. Esteban et al. Marine Pollution Bulletin 134 (2018) 99–105

105


