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Abstract

preference for shallower stations and ebb tides.

cycles in tropical seagrass beds.

Background: Tidal cycle is an important factor which regularly changes coastal fish assemblages in shallow waters.
However, the variations in fish assemblage and trophic structure across tidal cycles in tropical seagrass beds are
rarely discussed. We used underwater visual censuses to quantify fish abundance and diversity from the shallow
intertidal to the subtidal zone during both flood and ebb tides in seagrass beds surrounding the Dongsha Island,
South China Sea. We also recorded fish feeding habits by analyzing stomach contents.

Results: At least 70 fish species were observed in the seagrass beds during the study periods. Fish density and
diversity increased with increasing depths, as well as during flood tides. The intertidal areas were characterized by
more variation in both fish assemblage and trophic structure than the subtidal areas. A cluster analysis identified six
principal feeding groups and invertebrate-feeding carnivores contributed about 70% of the total fish abundance.
The density of herbivores, large-sized carnivores, and piscivores, but not small-sized carnivores, increased during
flood tides. In contrast, detritivores decreased in density during flood tides. A heatmap of habitat usage pattern
revealed that most fish showed a preference for deeper stations and flood tides. Only a minority of fish showed a

Conclusions: We documented differences in fish assemblage and trophic structure between tides in tropical
seagrass beds. Our results suggest that water depth may account for a significant proportion of the variation. The
deeper water during flood tides support more space for herbivores and high trophic level carnivores to forage in
intertidal meadows. The remaining, non-ebbed seawater columns in the intertidal meadows formed important
temporary refuges for fishes during ebb tides. This study offers new information for fish movements over tidal
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Background

Seagrass beds are known as shelters, nurseries, and for-
aging grounds for numerous marine animals in coastal re-
gions (e.g., Parrish 1989; Duffy 2006). These ecosystem
services connect certain coastal habitats via the move-
ments of various nekton and fish species. Therefore,
seagrass beds are often considered to serve as crucial eco-
logical connectivity zones in coastal regions. They support
abundant fish assemblages across most life history stages
and, as such, are critical for the maintenance of coastal
fishery resources (Beck et al. 2001; Nagelkerken 2009;
Unsworth and Cullen 2010).
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Most seagrass beds are located in shallow waters, where
water quality, motion, and depth are all influenced by the
tidal rhythm over diel timescales. The tidal cycle is among
the most significant factors that controls fish movements,
and it can alter assemblage dynamics in shallow waters
(Sogard et al. 1989; Gibson 2003). Food availability, shelter
quality, or other environmental factors may change over
the tidal cycle (Krumme et al. 2008; Krumme 2009). The
daily changes in water depth in particular may affect the
migration patterns of animals within these shallow, inter-
tidal systems or between other neighboring systems. For
instance, during flood tides, the higher water level gener-
ally permits more fish from neighboring habitats to enter
shallow areas (Robertson and Duke 1990; Krumme 2004).
The entrances of these transient fish can lead to an overall
increase in fish abundance, and this may alter the trophic
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structure of the ecosystem on a short-term timescale. On
the other hand, the seawater level decline associated with
ebb tides may cause many fish to leave the shallow areas
to avoid certain environmental constraints, such as in-
creasing temperature or salinity (Ayvazian et al. 1992) or
the increased risk of predation (Sogard et al. 1989).

Foraging is likely one of the most important reasons for
fish movements over tidal cycles (Krumme 2009). Shallow
water vegetation grounds are rich in food sources for many
fishes (Nagelkerken and van der Velde 2004; Lugendo
et al. 2006; Vonk et al. 2008). These foods not only support
the resident fish but may also attract some transient con-
sumers from neighboring systems. Fish may alter their
habitat selection as a function of the tidal cycle in seagrass
beds (Klumpp and Nichols 1983; Sogard et al. 1989), and
this is likely due to the differential distribution of food in
response to tidal changes. However, the habitat usage pat-
terns can differ between fish species and across trophic
niches (Gibson 2003; Krumme 2004; Reis-Filho et al.
2011). For example, some resident fish may not move sig-
nificantly beyond their home range, while other transient
fish may routinely move between deeper and shallower
waters over the course of the tidal cycle (Gibson 1988).
Krumme (2009) indicated that the migration behaviors of
animals must optimize the benefits of the cost/risk be-
tween available habitats.

Seagrass beds of tropical Indo-Pacific region serve as
fundamental habitats for many fishes (Dorenbosch et al.
2005; Unsworth et al. 2008a, 2009; Nakamura et al.
2012). Fish assemblages here can be both species-rich
and functionally diverse and can demonstrate a complex
trophic and habitat structure (Bellwood et al. 2004). The
variation in fish abundance in seagrass beds may be
driven by both hydrology and landscape structure, espe-
cially depth (Dorenbosch et al. 2004; Unsworth et al.
2007a; Pogoreutz et al. 2012). In general, such studies
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found that the depth changes in the water column that
occur in response to the tidal cycle may influence the
distribution of different fish. Nevertheless, the variations
in fish assemblages and trophic structure across tidal cy-
cles in tropical seagrass beds are rarely discussed.

In this study, we investigated fish assemblage changes
between flood and ebb tides within three seagrass beds
of different depths at the Dongsha Island, a remote,
sparsely populated atoll in the South China Sea. We also
collected fish samples for stomach content analysis to
understand the trophic niches of the dominant fish spe-
cies. We aimed to (1) understand the differences in fish
assemblage and trophic structure between various depth
zones, (2) quantify the differences in fish assemblage and
trophic structure, if any, between flood and ebb tides,
and (3) uncover the habitat usage patterns of fish occu-
pying different niches in shallow water seagrass beds.
We evaluated both trophic and habitat patterns to eluci-
date the niche categories in seagrass fish assemblages.
We hypothesized that the tidal cycle, and more specific-
ally the water depth, would significantly affect fish diver-
sity, abundance, and trophic structure in these tropical,
Indo-Pacific seagrass beds.

Methods

Study site

Our study was conducted in April, June, and August
2011 at the Dongsha Island (Dongsha Atoll National
Park), the South China Sea (20°43'00” Nj; 116°42°00" E)
(Figure 1A); this represents the summer wet season, and
water temperatures ranged from 27°C to 34°C. This
1.74 km? coral island is located on the east side of a bar-
rier atoll. Seagrass beds cover a large area (11.85 km?)
and typically extend from the lower intertidal to the sub-
tidal zones (depth 0.6 to 5.0 m) around the island. The
seagrass beds and coral reefs around the Dongsha Island
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Figure 1 Maps of the study area. (A) The locations of the Dongsha Island within the South China Sea. (B) The locations of the three study
stations at the Dongsha Island. The abbreviations for the different stations are L for lagoon shore, W for west tidal flat, and N for north
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remain relatively unexploited, and human disturbances
have been rare due to the island’s isolation and military
presence. The main seagrass species around the Dongsha
Island are Thalassia hemprichii, Cymodocea rotundata,
and Cymodocea serrulata (Lin et al. 2005).

To understand the relationship between depth and fish
assemblage in these seagrass beds, we established three
study stations characterized by different water depths.
The stations were set from the shallow inner lagoon to
the outer subtidal zone. First, the lagoon shore station
(‘L’, Figure 1B) was located at the shallow (0.1 to 0.3 m
at low tide) shoreline of the inner lagoon. Seagrass beds
here cover about 0.4 km?. At this station, most seagrass
blades are exposed to the air during ebb tides. Second,
the west tidal flat station ("W, Figure 1B) was located at
the intertidal flat region (about 0.5 km?) around the in-
let. Water depth here is also shallow (0.2 to 0.5 m at low
tide), though some tidal creeks in the meadows prevent
the majority of the seagrass blades from experiencing
aerial exposure during low tides. Finally, the north coast
subtidal station (‘N’, Figure 1B) was located at the north-
ern region of the Dongsha Island (about 10 to 50 m
from shore) and served as the deepest station. Seagrass
beds here cover about 0.5 km? The average water depth
is more than 1 m, and seagrass are never exposed to the
air during ebb tides.

Environmental parameter and fish assemblage surveys
We deployed three permanent 50-m transects for sea-
grass surveys at each of the three stations. To exclude
possible edge effect, all transects were surveyed only in
seagrass meadows to avoid heterogeneity habitats such
as coral reefs or bare sandy bottom. To estimate the sea-
grass cover (%), five quadrats (50 x 50 ¢cm) divided into
25 squares (10 x 10 cm) were randomly deployed within
each of the nine transects. In each quadrat, the percent
cover was assessed from the frequency of mid-point per-
centage of 6 cover classes of the 25 squares following
the methods of Saito and Atobe (1970). The total shoot
density was averaged from five randomly selected squares
in each of the five quadrats within each transect at each
station. In total, 15 seagrass cover and shoot density repli-
cates were recorded at each station in each month. An-
other five replicate 10 x 10 cm quadrats were randomly
deployed nearby each transect to collect seagrass shoots
for seagrass and epiphyte biomass assessment. The sea-
grass and epiphytes were dried overnight at 60°C to a con-
stant weight before massing.

We used underwater visual censuses (UVC) to quan-
tify the fish abundance and diversity at each station by
snorkeling or scuba diving. To understand fish assem-
blage differences over the tidal cycle, UVCs were con-
ducted within 1 h of the highest water level of the flood
tide and within 1 h of the lowest water level of the ebb
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tide during the daytime (0800 to 1600 hours) only to re-
duce possible diurnal effects. All UVCs were conducted
on days characterized by spring tides, in which the lar-
gest changes in tidal depth occur. For each survey, six
transects (20 x 2 m) at each station were separated from
each other by at least 5 m as in Horinouchi et al. (2005).
The water temperature, salinity, and depth were re-
corded at five randomly chosen locations within each of
the six transects at each station. Temperature and salin-
ity were recorded by an YSI-556MPS (YSI Inc., Yellow
Springs, OH, USA). All transects were placed in the sea-
grass meadows and allowed to rest on the bottom for
10 min before initiation of the surveys to prevent inter-
ference with the fish. The individual fishes within each
transect were identified to species level (when possible)
and counted, and their body length (total length [TL], to
the cm level) was recorded. In order to maintain the ac-
curacy of the size determination, estimating fish lengths
was practiced prior to the count by estimating the
lengths of objects of known size lying on the bottom as
in Dorenbosch et al. (2005). All abundance data are rep-
resented as density (individuals per 100 m?).

Analysis of fish stomach contents

We used beach seine nets (6 m long x 1 m high, 2.5 mm
stretched mesh) or line fishing during daytime flood
tides to collect fish samples for stomach contents ana-
lysis in randomly chosen locations within each station.
We collected 934 fish specimens (195 from L, 254 from
W, and 490 from N), representing about 31 species (see
Additional file 1). These 31 species were estimated to
contribute nearly 91% of the total fish abundance during
the study periods. All specimens were identified to spe-
cies level, and TL was measured. The fish specimens
were dissected, and their stomach contents were col-
lected, immediately fixed in 10% seawater formalin for
further analysis.

In the laboratory, we used a stereomicroscope to examine
the stomach contents. Certain morphologically indis-
tinct materials (e.g., algae and detritus) were observed
with a light microscope (Zeiss Axioplan2, Gottingen,
Germany). All stomach contents were identified to the
lowest taxon possible. The composition of the stomach
contents was analyzed according to the methods of
Hyslop (1980) and presented as volume percentage (V%).
The V% of each food item in the fish stomachs was visu-
ally assessed as follows: stomach contents were com-
pressed on a 1 x 1 mm grid slide to a uniform depth of
1 mm, and the areas of each food item were calculated.
As part of the identification of the food items, we desig-
nated decomposed organic matter with no green pig-
ment or cellulose as detritus (Adams 1976). Fish with
empty stomachs were excluded from analyses.
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Data analysis

A one-way fixed ANOVA model was used to test
whether environmental parameters (temperature, salinity,
and depth) differed among 6 types of habitats (3 stations
(L, W, and N) x 2 tides (flood and ebb)). Seagrass variables
(cover, shoot density, biomass, and epiphyte biomass) were
compared among three stations using a one-way fixed
ANOVA model. Before the analysis, values of seagrass
cover were fourth root transformed to conform to normal-
ity and homogeneity of variance assumptions (Clarke and
Warwick 1994). When significant differences were de-
tected in the model, Tukey’s post hoc tests were used to
determine individual mean differences (a = 0.05).

The stomach contents of all specimens were represented
as volume percentages and transformed (fourth root) for
subsequent analyses (Clarke and Warwick 1994). The
Bray-Curtis similarity index was used to determine the ex-
tent of the differences in the composition of stomach con-
tents between different fish species. The similarity data
were evaluated with the unweighted pair group mean
arithmetic (UPGMA) linking method to identify different
feeding groups. The significance of these groups was
then tested with analysis of similarity (ANOSIM) (pairwise
test). Because no significant differences in food contents
were found over the three sampling months for most spe-
cies (ANOSIM, p>0.05), we pooled the data from the
same species across the 3 months. However, individual fish
showing different feeding traits were distinguished as dif-
ferent feeding groups. We used similarity percentage
analysis (SIMPER) to represent the dominant food
items for each fish species in terms of contribution per-
centage (V%).

Fish assemblage composition data were log-transformed
(Clarke and Warwick 1994) to downweigh the influence of
dominant species before analysis. A Bray-Curtis similarity
analysis was also used to create a resemblance matrix of
the log-transformed assemblage data. The resemblance ma-
trixes were also used for non-metric multidimensional scal-
ing (MDS) to show the structure patterns of different
stations at different tides. A two-way ANOSIM was used to
indicate the assemblage differences between the two tides
and three stations.

To examine the abundance of different trophic groups
between different stations, fish assemblages from the
three stations were compared in terms of the results of
the six feeding groups (mentioned below). We excluded
5.35%, 1.74%, and 0.98% of the fish individuals from L,
W, and N, respectively, because we could not confirm
their feeding habits. Since most assemblage data were
heteroscedatic and non-normally distributed, we used
three-way permutational multivariate analysis of vari-
ance (PERMANOVA, Anderson 2001) to test for differ-
ences in fish total density, species richness, and the
density of each feeding group between the three stations
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(L, W, and N), three sampling months (April, June, and
August), and two tides (flood and ebb). In this study, ef-
fects of station and tide were fixed factors and month ef-
fect was a random factor. The Euclidean distance was
used to create the resemblance measure, and all data
were log (in total species richness and density) or square
root (in density of each feeding group) transformed be-
fore analysis (999 permutations).

In order to understand the trophic structure changes
and habitat usage patterns of different fish in different
assemblages, the log-transformed assemblage data of the
predominant fish species of the six trophic groups were
used to create a heatmap (Wilkinson and Friendly 2009)
in the R heatmap package (R Development Core Team
2012). The heatmap can indicate habitat usage patterns
of different fish species at different stations. We sepa-
rated some fish species of the same trophic groups into
different functional groups because they had distinct
habitat usage patterns (discussed in the Results section).
All of the analyses were performed by R and PRIMER
6.1.13 and PERMANOVA +1.0.3 (Clarke and Gorley
2006; Anderson et al. 2008).

Results

Environmental parameters and fish assemblages

The average tidal range was 0.6 to 1.0 m at all study
months (Table 1). A significant depth difference was found
between stations, and specifically, N was deeper than the
two intertidal stations. Though water temperature was
cooler at N than at the other stations, these differences
were not statistically significant (Table 1). Salinity was sig-
nificantly higher at L during ebb tides. Seagrass cover and
density were extensive at all stations, and the cover was
typically over 80%. There were no significant differences
in seagrass cover, density, and biomass among stations
(Table 1); however, the epiphyte biomass at N was higher
than at the other stations.

At least 70 fish species were observed in Dongsha Island’s
seagrass beds during the study periods. The PERMANOVA
results indicated significant interactions in total fish
density and species richness between stations and tides
(PERMANOVA, p < 0.001), though total density did not sig-
nificantly differ between survey months (PERMANOVA,
p =0.171). Both total density and species richness were low-
est at L, and the species richness was highest at N (Figure 2A;
PERMANOVA, p<0.001, N, W>L). At the two intertidal
stations (L and W), the total density was higher during
flood tides (PERMANOVA, p<0.001, F>E, Figure 2B);
during this time, the total density increased 1.8- and 3.7-fold
over the density during ebb tides at L and W, respectively.
The species richness during flood tides was also 2.8- and
1.2-fold higher than during ebb tides at L and W, respect-
ively. In contrast, neither total density nor species richness
was significantly different between tidal periods at N.
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Table 1 Environmental characteristics of the three stations at the Dongsha Island

Station Water temperature Salinity Depth Seagrass cover Seagrass density Seagrass biomass  Epiphyte biomass
) (psu) (m) (%) (shoots m™2) (dry weight, g m™) (dry weight, g m™)

L 30.10+1.97 (F) 3187+1.11a(F) 098+021b(F) 79.08+1131 4523.00+£619.88  892.15+54.99 076+0.17 a
3267+ 145 (B) 3687+ 1.79b (E) 021+£0.13a(F)

W 30.07 +1.49 (F) 31.51£095a (F) 1.14+032b (F) 81.19+1356 401733 +£1204.76 866.72+£141.38 1.10+0.11 ab
3188+ 1.19 (B) 3287+167a(E) 032+031a(E)

N 2879+ 1.11 (F) 3310+037a(F) 238+026c(F) 81.12+6.85 397533 £ 834.21 1008.12 + 84.24 1.74+£078 b
29.89+1.50 (E) 3214+057a(E) 153+019b (F)

The abbreviations for the different stations are L for lagoon shore, W for west tidal flat, and N for north coast (subtidal). The abbreviations for the tides are F for
flood tide and E for ebb tide. Values represent mean + standard deviation, and letters adjacent to values in certain columns denote Tukey’s post hoc differences

(p < 0.05) when an overall difference was detected in the ANOVA model.

The MDS plots (Figure 2C) revealed that fish assem-
blages varied by stations and tides. Fish assemblages
were significantly distinct between the three stations
(ANOSIM, p <0.001). The assemblages of N showed no
obvious differences between tides (ANOSIM, p =0.61).
However, the fish assemblages of W and L were signifi-
cantly different between flood and ebb tides (ANOSIM,
p <0.001).

Trophic groups in seagrass fish assemblages

Twenty major food categories (Table 2) were identified
in the stomach content analysis, and a cluster analysis
(Figure 3) identified six principal feeding groups at 25%
similarity (ANOSIM, p < 0.001). There were two groups
of herbivores; the first group consisted of the algal her-
bivores (Figure 3, ‘AL’) and included Siganus spinus,
Acanthurus xanthopterus, and Dischistodus prosopotaenia.
They fed mostly on filamentous epiphytes. D. prosopotaenia
demonstrated an ontogenetic dietary change in which spec-
imens ate copepods when <4 to 5 cm in TL, switching to
filamentous epiphytes once growing beyond this size. The
second herbivore group included two species, Leptoscarus
vaigiensis and Hemiramphus far, that mainly consumed
seagrass leaves (Figure 3, ‘SG’). L. vaigiensis was the
most dominant seagrass herbivore at all stations (con-
stituting >95% of the abundance of this feeding group),
while observations of H. far were relatively rare. L. vaigiensis
also demonstrated an ontogenetic dietary change in
which they fed primarily on detritus, epiphytes, or even
copepods when <7 c¢cm in TL, then switching to almost
exclusively seagrass once larger than this size. The algal
and seagrass herbivores constituted about 9.76% + 1.85%
(average across all three stations + standard error) and
9.49% + 3.10%, respectively, of the total fish abundance in
the Dongsha Island’s seagrass beds.

Species of the Mugilidae family were found to feed on
particulate organic matter (POM) and were the only fish
belonging to the detritivorous group (Figure 3, ‘DT’). As
such, detritivores were relatively rare in our results and

only contributed about 3.35% +3.39% of the total fish
abundance in the seagrass beds of the Dongsha Island.

Most fish species observed were carnivorous and fed
primarily on invertebrates. These invertebrate-feeding
carnivores contributed about 70% of the total fish abun-
dance in the Donghsa Island’s seagrass beds. We divided
them into two groups since their food preferences were
distinct. We assigned fourteen fish species into the ‘small
carnivores’ group (Figure 3, ‘SC’), since they fed mostly
on small crustaceans, especially copepods, amphipods,
and tanaids. Some dipterid insects were found in the
stomachs of Atherion elymus. Members of this group in-
cluded many small-sized (TL <8 cm) species, and small
labrids (mostly Stethojulis strigiventer and Halichoeres
trimaculatus) constituted about 30% to 60% of total
abundance of this group. The small-sized (TL<5 to
6 cm) Lethrinus spp. and Lutjanus fulviflamma speci-
mens also belonged to this group. The small carnivores
constituted 44.36 + 6.60% of the total fish abundance
and were the most dominant feeding groups in the
Dongsha Island’s seagrass beds.

The ‘large carnivores’ group (Figure 3, ‘LC’) fed
mainly on hard-shelled invertebrates. Decapods, in-
cluding Palaemonidae, Penaeidae, Majidae, and Portunidae
species, were the most important food sources for them
(contributing to about 50% to 90% of their stomach con-
tents). Their body sizes were mostly larger than those of
the small carnivores groups on average (TL > 10 cm). We
assigned eight fish species into this group. The Lethrinus
spp. was the most dominant large carnivorous fish species,
constituting >70% of the total abundance of this group
at most stations. We found that Lethrinus spp. and L.
fulviflamma changed their diet from small crustaceans
to decapods when their body size exceeded about 5 to
6 cm. The large carnivores contributed 26.69% + 5.11%
of the total fish abundance in the Dongsha Island’s sea-
grass beds.

About six piscivorous fish species were found in our
results (Figure 3, ‘PS’). Cheilio inermis (TL 4 to 10 cm)
and small Sphyraena barracuda (TL 4 to 8 cm) fed on
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dashed line circles represent 20% and 40% level similarity, respectively.

Figure 2 Characteristics of the fish assemblages at the three stations of the Dongsha Island. Values are mean (tstandard error) in fish
(A) species richness and (B) density of different feeding groups. Black circles (mean + standard error) represent the (A) total species richness and
(B) total density at each sample station: lagoon shore (L), west tidal flat (W), and north coast subtidal (N) for each of the two tidal periods, flood
(F) and ebb (E) tide. * and ** represent significant differences (p < 0.05 and p < 0.005, respectively) between the two tidal periods. (C) The
multidimensional scaling (MDS) ordination showing different fish assemblages between three stations and two tidal periods. The solid and

fish larvae or decapods. Other species were charac-
terized by larger body sizes (>15 c¢cm) such as Tylosurus
crocodilus, Caranx melampygus, Carangoides spp., and
large S. barracuda. They fed mostly on mugilid or ather-
inid fish. Another piscivore, Negaprion acutidens, fed
widely on mugilids, scarids, lethrinids, and lutjanids. The
piscivorous fish constituted 3.40% + 0.85% of the total
fish abundance in the Dongsha Island’s seagrass beds.

Species and trophic structure changes across depths and
tides

The density of some feeding groups differed between sta-
tions and tides (Figure 2B, Table 3). The two herbivorous
(AL and SG), the large carnivorous (LC), and the piscivor-
ous groups (PS) were characterized by higher densities at
W and N relative to L (PERMANOVA, p < 0.001, W, N >
L), as well as during flood tides (PERMANOVA, p < 0.005,

Table 2 The 20 major food categories of the stomach
content analyses and their abbreviations

Classification Subdivision Abbreviation
Chordata Fish Fi
Fish larvae Lv
Tunicates Tu
Echinodermata Echinoids Ec
Arthropoda Decapods De
Cumaceids Cu
Tanaids Ta
Copepods Co
Gammaridean amphipods Am
Ostracods Os
Isopods Is
Mysids My
Insects (mostly dipterids) In
Annelida Polychaetes Po
Mollusca Gastropods Ga
Bivalves Bi
Plantae Filamentous algae Fa
Fleshy Macroalgae Ma
Seagrass Sg
Detritus Detritus Dt

Of the fish collected in the seagrass beds at the Dongsha Island.

F > E). The densities of these groups showed high variation
between tides at the two intertidal stations (W and L). The
densities of these groups decreased to nearly zero during
ebb tides at L, whereas members of the two herbivorous
and large carnivorous groups were still present at about 10
to 30 per 100 m*> at W during ebb tides (Figure 2B). In
contrast, the small carnivores group (SC) did not demon-
strate significant density differences between tides (PER-
MANOVA, p =0.314), though they were found at higher
densities at the subtidal station (PERMANOVA, p < 0.001,
N > W, L). The detritivorous mugilids (DT) showed the op-
posite habitat usage pattern from the other feeding groups.
These mugilids were more abundant at the two intertidal
stations than the subtidal station (PERMANOVA, p<
0.001, L, W>N), and they were also present at higher
densities during ebb tides (PERMANOVA, p < 0.05, E > F).

A heatmap (Figure 4) revealed the habitat usage pat-
terns of different fish at the three stations during the
two tidal periods. Most fish (group A) showed a prefer-
ence for deeper waters (i.e., the subtidal zone and/or
during flood tides). Many dominant carnivorous (e.g.,
Lethrinus harak and Lethrinus fulviflamma), herbivorous
(e.g., L. vaigiensis), and one piscivorous (C. inermis) fish
were more abundant in subtidal meadows or during
flood tides (Figure 4, type I). Most large piscivorous fish
(ie., carangids, T. crocodilus, N. acutidens, and large S.
barracuda) and two herbivorous fish (S. spinus and H.
far) demonstrated transient usage patterns. They were
found only during flood tides and were almost absent
during ebb tides at the two intertidal stations (Figure 4,
type II). Moreover, seven fish species specifically pre-
ferred subtidal zones and were nearly absent at the two
intertidal stations (Figure 4, type III). In contrast, one
piscivore (small S. barracuda), three carnivores (A. elymus,
Gerres oyena, and Gymmnothorax richardsonii), and the
mugilids showed a preference for the two intertidal sta-
tions (Figure 4, Group B). Most of these species could
be found at the two intertidal stations during either tide
(Figure 4, type IV). A. elymus showed a preference for
L, and they were only present at high densities during
ebb tides (Figure 4, type V).

Although some fish species demonstrated ontogenetic
dietary changes, most of these fish did not have signifi-
cantly different habitat usage patterns at different body
sizes. We only found that S. barracuda changed from
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Sampling sizes

L W N TL(cm) Food items
g 11 5-8 Fa: 73%, Ma: 15%; Dt 12%
13 6-15  Fa: 62%; Ma: 36%
8 18 2 2.7 Fe: 54%; Dt 35%; Ma: 5%, Co: 2%
7 12 3-8 Fe: 50%; Dt: 28%; Am: 9%; Co: 8%
18 4.9 Fe: 73%, Co. 14%; Am: 9%
13 1 8-27 Dt: 100%
26 4-20 Am: 36%, Po: 28%; De: 14%; Os: 10%
19 8 21 2-8 Am. 38%, Co: 32%, De: 9%, Os: 7%, My: 6%
19 18 2.7 Am: 38%, De: 21%; Ta: 20%, Co: 10%; My: 5%
13 2-5 Co: 46%, Dt: 30%, Ta: 12%; In: 9%
4 8 13 3.6 Co: 44%; Ta 38%; Am: 11%, De: 5%
9 18 21 2.7 Co: 71%; Am: 13%; De: 9%, Ta: 4%
13 2-5 Co: 67%, Am: 25%,; Ta: 3%, Po: 2%
17 26 24 2-7 Co: 52%; Am: 26%; Ta: 8%; Os: 8%, Cu: 5%
18 2-86 Co: B0%; Ta: 9%; Am: 6%
83 1-4 Co: 99%
12 2-§6 Co; 78%, Fe: 15%; Am: 3%
12 12 2-7 Os: 44%; Co: 35%; Am: 11%; Dt 7%
7 8 5 3-9 Os: 80%; Co: 21%, Dt 9%, Ta: 5%
2 1-5 Co: 26%, Os: 24%; Fe: 20%; Ta: 10%; Dt: 10%
6 4-8 Lv: 60%; Fi: 26%; De: 15%
5§ 13 4.7 De: 28%; Lv: 22%; Fi: 16%; Am: 15%; Is; 10%
13 15-35 Fi 60%; De: 30%
8 6 16-75 Fi: 72%; De: 18%
2 7 8 T7-21 Fi; 88%; De: 8%
5 60- 104 Fi; 100%
7 60-72 Fi 100%
18 3-10  De: 80%; Fi: 13%; Is: 3%
11 14 8 6-21 De: 8B2%; Fi 13%; Po: 2%
9 17 12 6-25 De: 85%; Am: 5%, Po: 4%
12 16 32 6-20 De: 86%; Po. 5%, Fi: 3%; Po: 3%
11 B-19  De: 52%; Am: 4%; Po: 3%
6 24 5-.12  De:52%; Am: 11%; Gs: 7%; Po.7%; Bi: 6%
12 12-30 De: 86%; Fi: 12%
10 12.26 De: 26%; Bi: 38%; Gs: 14%; Po 8%, Ec: 6%
9 18 10 6-23 Sg 90%; Ma: 5%
1 26-32  Sg100%

Figure 3 Dendrogram obtained from Bray-Curtis similarity analysis of stomach contents of different fish species. Collected in the seagrass
beds at the Dongsha Island. Six feeding groups were discriminated at the 25% similarity level across the three study stations: lagoon shore (L), wet tidal
flat (W), and north coast subtidal (N). Species denoted by *were those species demonstrating ontogenetic dietary changes. TL represents the total
length range of the fish species. The abbreviations for the food items and fish feeding groups can be found in Tables 2 and 3, respectively.

residents of intertidal areas, to transients of seagrass
meadows once their body size exceeded 8 cm in TL.

Discussion

We documented distinct fish assemblages at different
points in the tidal cycle around the Dongsha Island. Fish
density and richness were both higher at the deeper subti-
dal station, as well as during flood tides. We also docu-
mented variation in the density of different trophic groups
over the tidal cycle. Many trophic groups were overrepre-
sented at greater depths, including most herbivores, large
carnivores, and piscivores (Figure 4, Group A). Indeed, nu-
merous studies have documented increases in fish densities
during flood tides (Kneib and Wagner 1994; Unsworth
et al. 2007a). Generally, the deeper water can support more

fish abundance by both retaining more space and serving
as a more stable environment for larger sized or pelagic
fish (Pogoreutz et al 2012). Lower water levels may also
restrict movements, or cause stranding, both of which
could affect predation (Sogard et al. 1989). In fact, we
found many shore birds (especially egrets) feeding at the
intertidal stations during ebb tides, a similar observation
also made by Unsworth et al. (2007a) in the Hoga Island,
Indonesia.

Seawater quality could also have driven fish depth
preferences in this study. Station L is a shallow station
characterized by poor circulation, as it is far from the
only lagoonal channel. Seawater temperature here can
reach 35°C, and salinity can reach 39 psu during ebb
tides in summer, representing a poor quality habitat for
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Table 3 Summary of the results from mixed-model PERMANOVAs

Algal herbivore (AL)

Seagrass herbivore (SG)

Detritivore (DT)

Source df MS Pseudo F p value* MS Pseudo F p value* MS Pseudo F p value*
Site () 2 5842 51.26 0.001 850.07 944 0.001 9.03 11.53 0.001
Month (M) 2 0.19 0.17 0.849 1313 0.15 0.869 0.28 0.36 0.710
Tide (T) 1 1857 16.29 0.001 848.07 942 0.003 541 6.90 0.019
SXM 4 035 030 0.887 5207 058 0.707 041 052 0722
SXT 2 862 7.56 0.004 39252 4.36 0.009 1545 19.72 0.001
MxT 2 031 0.27 0.772 14.69 0.16 0.871 0.69 0.88 0444
SXMXT 4 111 097 0453 7346 0.82 0561 0.66 0.84 0495
Residual 36 1.14 90.02 0.78
Total 53

Small carnivore (SC) Large carnivore (LC) Piscivore (PS)
Source df MS Pseudo F p value* MS Pseudo F p value* MS Pseudo F p value*
Site (5) 2 29554 166.2 0.001 1899 1713 0.001 40.16 7812 0.001
Month (M) 2 61.56 0346 0.709 0.761 0.686 0.542 047 0.92 0419
Tide (T) 1 188.9 1.063 0314 1854 167.2 0.001 10.14 19.73 0.003
SXM 4 21.28 0.12 0.981 0.533 0481 0.743 0.51 0.98 0448
SxT 2 482 2711 0.071 3898 35.16 0.001 132 258 0.103
MxT 2 9.852 0.055 0.944 1.233 1112 0339 0.21 042 0.661
SXMXT 4 209.8 1.18 0332 0476 043 0.801 038 0.73 0.549
Residual 36 177.8 1.109 0.51
Total 53

On the densities of six fish feeding groups collected in the seagrass beds at the Dongsha Island. Statistically significant values (p < 0.05) are highlighted in bold

font. *p values are all permutational.

many fish at such times. Such extreme heating of shallow
water habitats has been found to be detrimental to fish
physiology in other studies and may explain why most fish
temporarily entered intertidal seagrass meadows only dur-
ing flood tides (Krumme 2009). Hence, we propose that
the quality and quantity of the retained seawater are crit-
ical factors that affect the fish assemblage changes in shal-
low water seagrass beds over the tidal cycle. Seagrass
meadows at the subtidal N were never exposed to the air
because of the deeper waters associated with this station.
The temperature and salinity here were also more stable
than those of the two intertidal stations. This may explain
why the fish assemblage composition at the subtidal N did
not differ significantly between tides, while the two inter-
tidal stations had more variation in fish density and com-
position over the tidal cycle. Moreover, more fish species
were found at the subtidal station and some fish only
inhabited the subtidal zone. They might prefer the rela-
tively more stable environment found at N, which varied
little over the tidal cycle.

Deeper water provides more space for large piscivor-
ous fish in seagrass beds. Most large piscivores such as
T. crocodilus, carangids, and lemon sharks (N. acutidens)
were all transient visitors of seagrass beds, and their
number increased significantly with water depth. Their

body lengths may have limited their movements to
where they could only enter the intertidal zones during
flood tides. The movements of their prey may also have
influenced the movements of these transient piscivores.
Hoeinghaus et al. (2003) noted that piscivores are highly
active during post-flooding periods because they can
more easily attack fish that become trapped in shallow
waters at such times. Unsworth et al. (2007a) also found
that C. melampygus was only found during high tides in
shallow regions. We did note that many carangids were
more active in the intertidal waters when the water
reached its highest levels of the day. Moreover, we also
found many juvenile lemon sharks (TL, 0.7 to 1.2 m)
chasing other fish in the intertidal zone, and their dens-
ity was especially high at W during flood tides. They for-
aged mostly in seagrass meadows to catch parrotfish,
emperors, or snappers. Young lemon sharks prefer shal-
low lagoons as feeding grounds, whereas adults spend
more time in deeper reefs (Last and Stevens 2009). Our
findings clearly show that juveniles prefer shallow areas
at the Dongsha Island, whereas large individuals (TL >
2 m) only occur in the subtidal zones. We believe that the
shallow and well-canopied seagrass beds at the Dongsha
Island serve as critical juvenile foraging grounds for
these sharks.
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Shallow

Figure 4 Heatmap of the habitat usage patterns (type | to V) for different fish species. Collected in the seagrass beds at the Dongsha
Island. Darker shades indicate greater fish density. The abbreviations for the different stations are L for lagoon shore, W for west tidal flat, and N
for north coast subtidal. The abbreviations for tides are F for flood and E for ebb tides. Species denoted by * demonstrated ontogenetic dietary
changes. In general, fish could be sorted into two major groups: (A) those found at higher densities in the subtidal areas and (B) those
documented at higher densities in the intertidal regions. The abbreviations for the six fish feeding groups can be found in Table 3.
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{8C) Lathrnvs sbsoleius 1T 2a7e
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{LC) Lathonws bavak * 24102580
AL) Leproscans mipienas [LIFSE
{5C) Latunes ahiarmme RIS I
{LC) Lotonws ShvTamo * 3862008
{LC] Chomvadon ancharago AT 422
{AL) Patrasciies svinans a2
{8C) Ambiypodais phetsens 4352078
PS5} Chevio imemis 1ATaRS
P8} Sphyveene bavecuds mrreses () Presented only in
ALY Sgenew apinie TODLTTS meadows dl.lﬂllﬂ
{PS) Camengoades wpp LSL R R (17T
(P8) Canenx meiempygue [T RN -]
(PS5} Negmprar scundens W19 s400
(PS5} Tossrus crocodive 500
150) Hesvramphus far Bwsy J
(L0} Mnecenties sculestus 18227 (1) Presented only in
{5C) Paspeveus mchcss 1HAusTA subtidal meadows
{8C) Lathrinwe athinson 5402378
{LC) Cathrinus sthnaces W7 during any tides
(LC) Pesscorpaens mossamiscs 10,33 £ 308
ALY Acanthurus sasthoplene 1436+ 456
15C) Chevocindevus gumquatseatus 235 4 078
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during obb tides
Deep

As in seagrass beds observed in prior studies (e.g.,
Nakamura et al. 2003; Lugendo et al. 2006; Nagelkerken
et al. 2006), most fish in the Dongsha Island’s seagrass
beds were invertebrate-feeding carnivores. Dominant large
carnivores, including Lethrinus spp. and L. fulviflamma
fed mainly on shelled invertebrates, especially decapods.
Many juveniles of these species feed mainly on small
crustaceans until they reach a certain body size, at
which their foraging abilities and nutrient requirements
change (Nakamura et al. 2003; Kamukuru and Mgaya
2004). The lethrinids and lutjanids utilize shallow sea-
grass/mangrove canopies as nurseries or feeding grounds
in many Indo-Pacific regions (Unsworth et al. 2008b, 2009;
Kimirei et al. 2011; Nakamura et al. 2010, 2012; Berkstrom
et al. 2013). We found their densities to increase at the
intertidal stations during flood tides, especially at W.
Previous researchers have found that some decapods
move into shallow areas during flood tides, and some

carnivorous fish may follow them at these times for for-
aging (Klumpp and Nichols 1983). However, the density of
small carnivores did not significantly differ between tides.
Some studies have shown that small fish may not move
long distances (Kneib and Wagner 1994). Many small car-
nivores are small sized and highly adapted to life in inter-
tidal waters. Small labrids such as H. trimaculatus and S.
strigiventer utilized various substrates as habitat and may
not need to move long distances over the tidal cycle.
Many herbivorous fish were also documented at in-
creased densities with depth, as well as during flood tides.
We found that all herbivores showed higher densities at
W and N, while most were almost absent at L. The reason
for this partitioning may not only be related to depth, but
also to food sources. Most herbivores fed mainly on fila-
mentous epiphytes, which were more abundant on sea-
grass leaves of W and N. We only observed two fish
species (L. vaigiensis and H. far) to feed on seagrass as
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their main food source at the Dongsha Island. Although
seagrasses are important primary producers in their name-
sake ecosystems, their cellulose-rich and low nutrient-
value tissues are considered a poor-quality food source for
grazers (Thayer et al. 1984; Heck and Valentine 2006).
Some parrotfish can directly feed on seagrass and are im-
portant grazers in certain tropical seagrass beds (Kirsch
et al. 2002; Unsworth et al. 2007b). L. vaigiensis is a com-
mon seagrass feeder in the Indo-Pacific (Unsworth et al.
2007b; Gullstrom et al. 2011), and they rely on high cover
seagrass beds for both shelter and food (Gullstrom et al.
2011). Juvenile L. vaigiensis (TL <6 cm), in contrast, fed
mainly on epiphytes, detritus, or small crustaceans. These
ontogenetic dietary changes may be related to the devel-
opment of digestive organs that may not have the ability
to digest cellulose until a certain age/size (Kramer and
Bryant 1995; Nakamura et al. 2003).

Most herbivorous fish were present in seagrass beds
during both tides. However, S. spinus and H. far showed
more transient usage patterns and were never present in
intertidal seagrass beds during ebb tides. A previous study
in Indonesia found that Siganus species were present at
higher densities in deeper meadows (Pogoreutz et al.
2012). The transient movement of H. far into seagrass
meadows was also observed in the Hoga Island, Indonesia
(Unsworth et al. 2007a). We pose herein that these two
species may need more space, since they usually feed in
groups, and these additional space requirements may par-
tially explain why their habitat usage patterns differed to
those of other herbivorous fish.

Most fish mentioned above decreased in density dur-
ing ebb tides at the intertidal stations (W and L). How-
ever, although the water depth at W also decreased
during ebb tides, as at L, some deeper tidal creeks or
burrows (depth, 0.3 to 1.0 m) in these meadows main-
tained sufficient water volume for some fish inhabitance.
Indeed, we did find many fish still residing within these
shallow areas at W as long as there is space for them to
move, while most of these fish were absent at L during
ebb tides. We postulate that these refuges may serve as
important temporary shelters for fish in intertidal zones
when neighboring areas are exposed to the air. These
fish may stay in these shallow water refuges during ebb
tides in order to avoid predators. The water columns
here may support sufficient volume for scarids, lethri-
nids, and lutjanids, but are too shallow for large pisci-
vores, such as lemon sharks, which are the main
predators of these fish; lemon sharks were absent in
intertidal zones during ebb tides. Similar shallow water
usage patterns were documented for L. fulviflamma in
tropical seagrass beds of the Indian Ocean (Dorenbosch
et al. 2004) across the tidal cycle. Moreover, for scarids,
staying in these shallow refuges not only allows them to
avoid predators but also permits them to forage on the
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more nutritionally-rich seagrass shoots that are found in
these shallow areas (Lee et al. in review).

A minority of fish (Figure 4, Group B) showed a prefer-
ence for shallower stations and ebb tides, including detrit-
ivorous mugilids, A. elymus, G. oyena, G. richardsonii, and
small S. barracuda. The mugilids and A. elymus were
found at high densities at L during ebb tides. Furthermore,
we found that these two species mostly stayed near the
water’s surface and seldom moved into seagrass meadows.
Their decreased presence during flood tides may also be
due to predator avoidance. As mentioned above, numer-
ous piscivores migrated into the shallows during flood
tides, and mugilids and A. elymus were important food
sources for these predators. These fish may thus change
their habitats during the early period of flood tides to
avoid predators. Other surface-dwelling fish such as
Fundulus heteroclitus in salt marshes (Kimball and Able
2012) and Amnableps anableps in mangroves (Brenner
and Krumme 2007) also alter their habitat during flood
tides. Moreover, the POM on which mugilids feed is
typically derived from primary producers (Blay 1995;
Lin et al. 2007). The nearshore water circulation at L
was relatively low in this study due to the distance of
the study station from the channel (Figure 1), and de-
tritus from seagrass and littoral plants readily accumu-
lated (Huang 2012), providing a significant food source
for these detritivorous mugilids. A. elymus and G. oyena
can also feed on detritus, suggesting that these fish may
have sufficient food sources in the lagoon. We also
found that A. elymus fed on some terrestrial insects,
meaning not all of their food comes from seagrass
meadows. The fact that these surface-dwelling fish do
not appear to interact with or reside within seagrass
meadows may explain why their behavior differed from
that of the seagrass inhabiting fish species.

G. richardsonii and small S. barracuda were the only
two predatory fish species that preferred intertidal sea-
grass beds of the Dongsha Island. These two species can
adapt to life in shallow seagrass meadows even during
ebb tides, possibly because of their slender bodies. They
may have more opportunities to forage in the shallowest
regions of these seagrass beds during times at which
others carnivores leave. Unlike large piscivores, small S.
barracuda remained in shallow seagrass beds of L and
W during ebb tides. We even found small S. barracuda
in the water column where depths were <5 cm at L. In
general, they became more active as they became larger.
Larger S. barracuda were instead considered to be
‘transient’ seagrass fish because they preferred deeper
stations during flood tides and so did not permanently
reside in shallow seagrass beds. G. richardsonii is an-
other carnivorous fish that preferred intertidal areas of
the Dongsha Island. Although there were no significant
density differences between tides for this species, we often
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found them foraging actively in intertidal areas during ebb
tides. They even had the ability to forage in exposed sea-
grass beds (authors’ personal observation). We therefore
consider this species to have special adaptations for life in
very shallow water of intertidal seagrass beds.

Conclusions

Our results documented differences in fish assemblage
and trophic structure between tides in tropical seagrass
beds. We consider that water depth may be responsible
for these complex assemblage dynamics. Different trophic
groups had distinct habitat usage patterns that were
dependent upon tide-driven changes in water depth. The
density of herbivores, large-sized carnivores, and pisci-
vores, but not small-sized carnivores, increased during
flood tides. In contrast, detritivores decreased in density
during flood tides. This study offers new information for
fish movements over tidal cycles in tropical seagrass beds
and provides important knowledge for better understand-
ing of seagrass ecosystems in the Indo-Pacific.
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