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Abstract

Connectivity between shallow coral reefs and adjacent deeper habitats may be crucial to reef ecosystem stability. However,
deeper habitats such as mesophotic coral ecosystems (MCEs) remain understudied. We investigated the depth structuring of
shore-fish assemblages in the central Philippines across shallow (10-30 m) and mesophotic (upper: 30-60 m, lower: 60—90 m)
depth zones. Baited video surveys in two coastal sites ~30 km apart showed strong declines with depth in fish species richness
and abundance including fishery target species. Corallivores, herbivores/detritivores, omnivores and planktivores showed the
strongest declines. Invertivores and generalist carnivores dominated abundance at mesophotic depths. Data from the coastal
sites were analysed with published data from an offshore island (Apo Island) < 25 km away to provide broader insights on
spatial variability of shore-fish depth structuring. The percentages of species that overlapped shallow and mesophotic depths
were much lower in coastal sites (9-13%, 9-11%) than the island (20-26%), suggesting higher potential vertical connectivity
in the latter. Mean assemblage similarities (Bray—Curtis) between shallow and mesophotic depth zones were found to be low
at all sites (0.3-19.6) and decreased with depth. Fish assemblages gradually differed across depth zones at coastal sites but
mesophotic assemblages at the island were more similar to the shallow coastal assemblages. Strong correlations between
fish assemblages and benthic habitat were detected, suggesting that higher cover of rocky substratum at mesophotic depths
facilitates vertical connectivity at the island. Our findings highlight benthic habitat as a driver of spatial variation in the
depth structuring and vertical connectivity of shore-fish assemblages.

Introduction

Shore-fish species constitute a dominant component of tropi-
cal shelf biodiversity, the most prominent subgroup of which
are fishes living in close association with shallow coral reefs
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severe human- and climate-induced threats to shallow reefs
(Baker et al. 2016; Loya et al. 2016).

The structuring of fish and benthic assemblages with
depth may provide indications of ecological connectivity
between shallow reefs and deeper habitats. In the past two
decades, a good number of studies used video- or diver-
based methods to describe fish assemblage structure from
shallow reefs (<30 m) to the lower-light environments of
the mesophotic zone (30 to 150 m deep) (Turner et al. 2017;
Whitmarsh et al. 2017). Much of this research focused on
mesophotic coral ecosystems (MCEs)—the deeper, hard-
bottom extensions of shallow reefs where some corals, algae
and sponges can still thrive, forming habitats for fish assem-
blages (Baker et al. 2016). Total fish species richness, abun-
dance or biomass are commonly reported to decline with
increasing depth from shallow reefs to MCEs or soft-bottom
mesophotic habitats (Brokovich et al. 2008; Andradi-Brown
et al. 2016; Asher et al. 2017a; Abesamis et al. 2018). Con-
trasting trends with depth among the trophic components
of fish assemblages have been documented but typically,
herbivores show declines in species richness, abundance
or biomass while carnivores (e.g. planktivores, piscivores,
invertivores) may increase (Thresher and Colin 1986; Bro-
kovich et al. 2010; Fukunaga et al. 2016; Lindfield et al.
2016). Fishery target species may exhibit greater abundance
at mesophotic depths, suggesting that deeper habitats serve
as a refuge from fishing for some species (Lindfield et al.
2016; Asher et al. 2017b). Shifts in fish assemblage compo-
sition occur with these observed trends but the depth distri-
butions of some species can overlap shallow and mesophotic
depths, suggesting vertical connectivity via dispersal of lar-
vae, juveniles or adults (Tenggardjaja et al. 2014; Lindfield
et al. 2016; Pyle et al. 2016). Multiple inter-related drivers
may influence the observed trends including benthic habitat
quality, food availability, relative predation risk, light, depth
and temperature (Brokovich et al. 2010; Fitzpatrick et al.
2012; Bridge et al. 2016; Lindfield et al. 2016). However,
studies of shore-fish assemblages that go beyond shallow
reefs are still lacking in the Indo-Pacific, particularly in the
Coral Triangle, despite increased research on mesophotic
communities in the past decade (Turner et al. 2017; Lesser
et al. 2019).

Global shore-fish diversity reaches its peak in the Phil-
ippines and the shallow coral reefs in this region are some
of the most threatened by human activities and climate
change within the Coral Triangle (Carpenter and Springer
2005; Nafiola et al. 2011; Burke et al. 2012). Fish and
benthic surveys have been conducted extensively on
Philippine reefs with the majority of these limited to the
upper 10 m (Nafiola et al. 2011; Licuanan et al. 2019).
In contrast, fish assemblages and their habitats in deeper
areas adjacent to shallow reefs remain understudied, not-
withstanding the fact that the first scientific collections
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of deeper shore fishes were conducted in the region more
than a century ago (Smith and Williams 1999). Further-
more, despite high fishing pressure on reefs in this region
(Lavides et al. 2010; Nafiola et al. 2011), the importance to
fisheries of deeper areas near shallow reefs remains poorly
understood and thus largely unconsidered in management
and conservation programs such as the establishment of
marine reserves (Pinheiro et al. 2019). Several studies that
used data from demersal trawl surveys detected significant
changes in fish assemblage structure from shallow (10 m)
to deeper (50-200 m) shelf areas in the Philippines (Fed-
erizon 1992; McManus 1997; Garces et al. 2006). How-
ever, these works offer few insights on potential verti-
cal connectivity involving shallow reefs because of the
sampling design and limitations of trawl surveys. A small
number of recent studies described changes in fish assem-
blage structure from shallow reefs to the mesophotic zone
in the Philippines using video- or diver-based methods
(Abesamis et al. 2018; Rocha et al. 2018; Quimpo et al.
2019; Pinheiro et al. 2019). However, it is still unclear
from these very few studies how the depth structuring of
shore-fish assemblages vary spatially in this highly com-
plex archipelago.

Here, we describe variations in shore-fish assemblage
structure from shallow reefs to the mesophotic zone within
a relatively small region of the central Philippines. We
aimed to elucidate how depth structuring and potential
vertical connectivity in fish assemblages vary spatially
across this region and explored how the variations are
associated with changes in benthic habitat. We examined
changes in fish assemblages and the benthos across sev-
eral depth zones that are commonly referred to in studies
that describe ecological patterns across shallow and mes-
ophotic depth gradients: shallow (<30 m), upper meso-
photic (30-60 m) and lower mesophotic (> 60 m) (Bon-
gaerts et al. 2010; Loya et al. 2016; Turner et al. 2017;
Lesser et al. 2019). These depth zones were sampled at
two coastal sites situated on the shelf of a major island
using baited remote underwater video (BRUV) systems
deployed on the seafloor from 10 to 90 m deep. Trends
with depth in the species richness and relative abundance
of fish assemblages, their component trophic groups, spe-
cies targeted by fisheries and benthic habitat were com-
pared between the two sites. Furthermore, we investigated
potential vertical connectivity at each site, fish assemblage
similarity across sites and depth zones, and probable rela-
tionships between the structuring of fish assemblages and
benthic habitat variables. To provide broader insights on
the spatial variation of depth structuring and potential ver-
tical connectivity in shore-fish assemblages in the study
region, the data analysis included published data from
Apo Island (Abesamis et al. 2018), a small offshore island
located < 25 km away from the two coastal sites.
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Methods
Study region

Surveys were conducted at two sites about 30 km apart on
the insular shelf of south-eastern Negros, a large island
in the Philippines (13,309 km?) mainly of volcanic ori-
gin (Fig. 1). The first site was situated off the coast of
Dumaguete City (hereinafter Dumaguete; 9.323030°N,
123.315117°E), while the second was located off the coast
of Zamboanguita municipality, near the village of Luto-
ban (hereinafter Lutoban; 9.068891°N, 123.158638°E).
The sites were about 2 km long and 0.6 km wide. The
insular shelf of south-eastern Negros is much narrower
compared to continental areas in Southeast Asia (Long-
hurst and Pauly 1987; Garces et al. 2006), reaching depths
of 100-250 m within 5-10 km from shore (Fig. 1). Coral
reef development in the shallows is patchier in Dumaguete
and more contiguous in Lutoban. Nearshore fishing off
south-eastern Negros is done mainly by small-scale fish-
ers using a wide variety of hook-and-lines, traps, nets and
hand instruments, targeting > 150 fish species (Green et al.
2004; Abesamis and Utzurrum unpublished data). The
combined impacts of fishing, pollution and siltation on
marine habitats appear to be more severe in Dumaguete

than in Lutoban due to much higher human population
density in the former. Dumaguete has two no-take marine
reserves while Lutoban has one (Fig. 1). The seaward
boundaries of these reserves are confined to relatively
shallow water (< 10 to 35 m deep). Dumaguete and Luto-
ban are about 25 and 12 km away from Apo Island, respec-
tively (Fig. 1). Apo Island (0.7 km?) is also volcanic in
origin. It is the only small island that occurs offshore from
south-eastern Negros, separated by a channel > 250 m
deep. The fisheries and depth structuring of fish assem-
blages at Apo Island have been described elsewhere (Abe-
samis et al. 2006, 2018). Two typhoons impacted Apo
Island in 2011 and 2012, which severely affected benthic
and fish assemblages at shallow and mesophotic depths
within the marine reserve situated on the eastern side of
the island but not the western side (Abesamis et al. 2018).
These typhoons did not cause severe damage to shallow
reefs in Dumaguete and Lutoban.

Baited remote underwater video (BRUV)

Fishes and benthic habitat were surveyed in Dumaguete and
Lutoban using single camera BRUVs. Each BRUV consists
of one high-definition compact video camera (SJCAM SJ6
Legend) mounted facing forward on a horizontal base bar
and protected by a steel frame (Supplementary Fig. 1).

Philippines
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Fig.1 The study area in the central Philippines (left panel, depth
contours in m) showing the locations of the two coastal study sites
(right panels: a Dumaguete and b Lutoban) and Apo Island. BRUV
sampling stations at each of the coastal sites are marked by let-

ters that indicate three depth zones (S: shallow, 10-30 m; U: upper
mesophotic, 30-60 m; L: lower mesophotic, 60-90 m). Broken yel-
low lines show the boundaries of no-take marine reserves. Map data:
Google, Maxar Technologies, Becker et al. (2009)
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Cameras were set to 1080p and 60 fps. Bait consisted of
about 0.7 kg of sardines (frozen fresh Sardinella spp. thawed
prior to use) contained in a wire mesh bag suspended 1.5 m
in front of each camera. BRUV is a widely used and cost-
efficient method for surveying fish assemblages at depths
beyond the reach of conventional diving (Whitmarsh et al.
2017; Langlois et al. 2020). The method may be biased
towards sampling fish species that are attracted to the bait
but it does not strongly select against non-carnivorous spe-
cies (Harvey et al. 2007). Benthic habitat composition can
be estimated at each BRUV sampling station, thus enabling
the investigation of fish-habitat associations (Langlois et al.
2020; see below). However, the use of BRUVs to survey
the benthos is subject to constraints such as the limited field
of view and forward-facing orientation of the stationary
cameras.

BRUYV sampling stations were chosen haphazardly at
each site with the aim of sampling three depth zones as
evenly as possible (shallow: 10-30 m; upper mesophotic:
30-60 m; lower mesophotic: 60—90 m). Sampling was con-
ducted between 08.00 and 17.00 h. Consecutive BRUV
deployments were at least 100 m apart and fieldwork was
conducted over several days at each site (Dumaguete: 16-18
September 2017 and 23-26 April 2018, Lutoban: 2-7 May
2018) to avoid bait plume interaction and reduce the likeli-
hood of fish moving between stations (Langlois et al. 2020).
The depth and geographic coordinates of each station were
recorded using a GPS echosounder. BRUVs were deployed
for up to 40-60 min per station but to standardise samples
and further minimise the likelihood of fish moving between
stations, only the first 30 min of the recorded video after the
system had settled on the seafloor was analysed. A total of
54 and 57 replicate stations were successfully sampled in
Dumaguete and Lutoban, respectively, with a slight under-
representation of the upper mesophotic zone in Dumaguete
(Fig. 1; Supplementary Table 1).

Video analysis

All visible fishes were identified to the species level when-
ever possible and counted using EventMeasure v.4.11 (www.
seagis.com.au). MaxN, the maximum number of individu-
als per species observed at any given frame throughout the
video sample, was used as a conservative measure of relative
abundance (Cappo et al. 2004). Fish species were catego-
rized into trophic groups (corallivore, herbivore/detritivore,
omnivore, planktivore, invertivore, generalist carnivore and
piscivore) based on available information on their diet (Fro-
ese and Pauly 2018) and into fishery targets or non-targets
according to their importance to local commercial (for food)
and subsistence fisheries (Abesamis et al. 2006; Muallil
et al. 2015; Froese and Pauly 2018).
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Benthic characteristics were measured by overlaying a
54 grid on a screen-captured image of each station and
determining the most dominant benthic component within
each grid cell that fully or partially overlays the benthos.
Grid cells overlaying open water were excluded. Classifica-
tion of the benthos followed the CATAMI scheme (Althaus
et al. 2013) simplified into the following categories: hard
(scleractinian) corals, soft corals, seagrass, macroalgae,
sponges, other sessile invertebrates (ascidians, bryozoans,
crinoids, etc.), rock, rubble and sand. The percent cover of
each benthic component was then estimated per station by
summing the number of grid cells dominated by each ben-
thic category, dividing the sum by the total number of grid
cells then multiplying by 100%.

Data from Apo Island

The data from Apo Island consisted of MaxN values of
253 fish species in 39 families/subfamilies (Supplementary
Table 2). These were recorded by BRUV surveys in Decem-
ber 2014 at 26 stations situated in areas that were damaged
and not damaged by typhoons (full methods in Abesamis
et al. 2018). Sampling depths ranged from 10 to 80 m with
the three depth zones sampled almost equally (Supplemen-
tary Table 1). Video analysis followed the same protocols
as the present study, except that rubble and sand were com-
bined into a single benthic category. In summary, the data
showed that regardless of typhoon damage, fish species rich-
ness and MaxN declined with depth in most trophic groups
(full results in Abesamis et al. 2018). Mean total species
richness declined steadily from the shallow zone to the lower
mesophotic zone while mean total MaxN remained high in
the shallow and upper mesophotic zones before declining in
the lower mesophotic zone (Supplementary Fig. 2). On the
eastern side of the island damaged by typhoons, rock domi-
nated benthic cover (58—-62% mean cover) from the shallow
to the lower mesophotic zone and hard corals were recorded
only in the shallow and upper mesophotic zones at very low
levels of cover (2—4%). On the opposite side not damaged
by typhoons, hard corals were limited to and dominated ben-
thic cover in the shallow zone (56% mean cover), rubble/
sand dominated benthic cover in the lower mesophotic zone
(59%) and rock cover was high to moderate from the upper
mesophotic (64%) to the lower mesophotic (32%) zone (full
results in Abesamis et al. 2018).

Data analysis

Mean species richness and MaxN of the overall fish assem-
blages, component trophic groups, fishery target and non-
target species in Dumaguete and Lutoban were calculated
per depth zone to evaluate general trends in taxonomic com-
position, abundance and importance to fisheries with depth.
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Variations in benthic habitat with depth in the two coastal
sites were evaluated by calculating the mean percent cover
of each benthic category per depth zone.

Variation in potential vertical connectivity across Dum-
aguete, Lutoban and Apo Island was investigated by calcu-
lating the proportion of the fish assemblage at each site that
overlapped shallow and mesophotic depths. An approach
similar to Rocha et al. (2018) was employed, which esti-
mated relative abundance at shallow versus mesophotic
depths to identify species that occurred exclusively in the
shallow zone (100% of total MaxN at 10-30 m) and those
that tend to be more abundant in the mesophotic zone. The
percentage of species in the fish assemblage that were not
classified into either of these two groups was considered
indicative of vertical connectivity. A range for this percent-
age was calculated using a minimum of 60% and 75% of total
MaxN at 30-90 m to identify species that tend to be more
abundant in the mesophotic zone. Results were checked by
repeating the calculations using data that excluded records
with a total MaxN of 1 and those that could not be identified
to the species level.

Fish assemblage similarity across all sites and depth
zones was quantified by generating a Bray—Curtis similar-
ity matrix of BRUV stations using species MaxN values
that were 4th root-transformed to down-weight the influ-
ence of highly abundant species. Mean similarity within and
between site-depth zone groupings was calculated from this
resemblance matrix to evaluate general patterns of similar-
ity. Non-metric multi-dimensional scaling (nMDS) plots
were generated from the matrix to visualise patterns of simi-
larity. Two-way crossed permutational analysis of variance
(PERMANOVA) was used to test for statistically-significant
differentiation in fish assemblages across sites (random fac-
tor) and depth zones (fixed factor). Canonical Analysis of
Principal Coordinates (CAP) was used to explore potential
associations between variations in fish assemblages and per-
cent cover of benthic habitat variables, with the latter log
(x+ 1) transformed to improve symmetry before analysis.
CAP is designed to find axes through the fish assemblage
data that have the strongest correlations (§) with the benthic
data. It performs canonical analysis on principal coordinates
(PCO) derived from the resemblance matrix but chooses
only a subset of PCO axes (m) to avoid overparameterisa-
tion that may produce spurious correlations (Anderson and
Willis 2003; Anderson et al. 2008). Analyses using nMDS,
PERMANOVA and CAP were conducted separately for data
that excluded or included Apo Island to examine variations
in the coastal sites more closely. Similarity percentage (SIM-
PER) analysis was used to identify the top five fish species
that contributed most significantly to the mean similarity
within site-depth zone groupings. All multivariate data anal-
yses were conducted in Primer-E v.7 with PERMANOVA+
(Anderson et al. 2008; Clarke et al. 2014).

Results

A total of 3,954 individual fish representing 326 taxa
(‘species’) in 48 families/subfamilies were recorded in
Dumaguete and Lutoban (Supplementary Table 2). About
6% of MaxN records were of fish that could be identified
to the family or genus level only. The two coastal sites
had similar species richness, with 219 and 217 species
respectively. However, only about 50% of the fish species
in one site also occurred in the other (110/219 species in
Dumaguete and 110/217 species in Lutoban). Inclusion of
Apo Island increased the total number of fish species of
the entire data set to 448. Thirty-two percent (71/219) of
the species in Dumaguete and 52% (113/217) of the spe-
cies in Lutoban were also recorded at Apo Island.

Species richness and abundance of the overall fish
assemblage declined strongly from the shallow zone to
the mesophotic zone in Dumaguete and Lutoban (Fig. 2a,
3a). The declines were most pronounced in the corallivores
(mostly Family Chaetodontidae), herbivores/detritivores
(mostly Labridae/Scarinae and Acanthuridae), omnivores
(mostly Pomacentridae) and planktivores (mostly Poma-
centridae) (Fig. 2b—e, 3b—e). These trophic groups were
generally more species-rich and abundant in the shallow
zone in Lutoban. Species richness of invertivores (mostly
Labridae and Mullidae) and generalist carnivores (mostly
Nemipteridae, Lethrinidae and Carangidae) declined more
gradually with depth at both sites (Fig. 2f, g). Abundance
of invertivores also declined with depth at both sites but
was generally higher in Dumaguete in all depth zones
(Fig. 3f). Trends in the abundance of generalist carnivores
were less consistent between sites with Dumaguete show-
ing a peak in the upper mesophotic zone (Fig. 3g). Inver-
tivores and generalist carnivores accounted for 77-90%
and 90-93% of mean total MaxN in the upper and lower
mesophotic zone, respectively, depending on the site (Sup-
plementary Table 3). Piscivores (Carangidae and Serrani-
dae/Epinephelinae) occurred in low numbers at both sites
and exhibited no clear trends with depth (Figs. 2h, 3h).

Almost 60% (191/326) of the fish species recorded in
Dumaguete and Lutoban are known to be important to
local commercial and/or subsistence fisheries (Supplemen-
tary Table 2). Target species declined strongly in species
richness and abundance with depth at both sites but were
more species-rich and abundant than non-target fishes in
all depth zones especially in the upper and lower meso-
photic zones (Fig. 4). Target species comprised 64—-84%
of mean total species richness and 74-87% of mean total
MaxN in the mesophotic zone depending on the site. Most
of the target fishes in the mesophotic zone at both sites
were invertivores and generalist carnivores (Supplemen-
tary Table 4).
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Fig.2 Mean species richness (a) Overall (e) Planktivores
per BRUYV station (+ SE) of the 25 - 5 -
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Most biotic components of the benthos appeared to
be limited to the shallow and upper mesophotic zones in
Dumaguete and Lutoban (Supplementary Fig. 3). Hard cor-
als were recorded only in the shallow zone in Dumaguete
(maximum 17.4 m) with low mean cover (10%). All records
of hard corals in Lutoban were within the shallow zone
(26% mean cover) except for one record in the upper mes-
ophotic zone at 58.8 m (<< 1% mean cover). Soft corals
extended to the upper mesophotic zone in Lutoban and lower
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mesophotic zone in Dumaguete with highest mean cover in
the upper mesophotic zone in the latter (22%). Seagrasses
were recorded only in the shallow zone in Dumaguete (18%
mean cover). Macroalgae were recorded in the shallow
and upper mesophotic zones at both sites with low mean
cover (5-9%). Mean cover of rock was very low at both
sites (4—5%) and appeared to be limited to the shallow zone
in Dumaguete but extended to the upper mesophotic zone
in Lutoban. Rubble extended to the lower mesophotic zone
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Fig.3 Mean MaxN per BRUV
station (= SE) of the overall 100
fish assemblage (a) and of

(a) Overall
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in Dumaguete (5% mean cover) and the upper mesophotic
zone in Lutoban (13% mean cover). Sand clearly dominated
benthic cover in the upper and lower mesophotic zones at
both sites (63—100% mean cover).

The percentages of the fish assemblages in Dumaguete
and Lutoban that overlapped shallow and mesophotic zones
(9-13% and 9-11%, respectively) were much lower than at
Apo Island (20-26%), indicating higher potential vertical
connectivity in the latter (Table 1; Supplementary Fig. 4).

Recalculating these percentages without records that had
a total MaxN of 1 and records that cannot be identified to
the species level suggested a similar pattern (Dumaguete:
16-20%; Lutoban: 13-16%; Apo Island: 30-38%). Closer
inspection showed that the familial composition of the
overlapping species were quite different across sites, with
families that are common on shallow reefs (e.g. Labridae,
Acanthuridae, Chaetodontidae, Pomacentridae, Labridae/
Scarinae) better represented at Apo Island (Fig. 5). Apart
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Fig.4 Mean species richness (a)

and MaxN per BRUV sta-

tion (upper and lower panels,
respectively) of target and
non-target fishes (shaded and
open bars, respectively) across
depth zones (shallow: 10-30 m;
upper mesophotic: 30-60 m;
lower mesophotic: 60—90 m)

in Dumaguete and Lutoban
(column a and b, respectively).
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Table 1 Number and percentage of fish species that occurred exclu-
sively in the shallow zone (shallow), overlapped the shallow and mes-
ophotic zones (overlapping) or had a tendency to be more abundant in
the mesophotic zone (mesophotic)

Dumaguete Lutoban Apo Island
Shallow 131 (60%) 132 (61%) 82 (32%)
Overlapping 20-29 (9-13%)  20-24 (9-11%)  50-65 (20-26%)
Mesophotic ~ 59-68 (27-31%) 61-65 (28-30%) 106-121
(42-48%)
Total 219 217 253

from the lower percentage of overlapping species at the
coastal sites, there was a high percentage of species that
occurred exclusively in the shallow zone, and a low percent-
age of species that tend to be more abundant in the meso-
photic zone, at these sites. This pattern was reversed at Apo
Island (Table 1). To further investigate how these opposing
trends may be associated with higher potential vertical con-
nectivity at Apo Island, we examined the depth distribution
at Apo Island of the shallow species in Dumaguete and Luto-
ban, 54 and 83 of which, respectively, also occurred at the
island (Supplementary Table 2). We found that only 30-38%
of these species occurred exclusively in the shallow zone at
Apo Island, depending on the site. The remaining species
overlapped shallow and mesophotic zones (23-26%) or were
more abundant in the mesophotic zone (39-42%), suggest-
ing that 36 and 52 of the shallow species in Dumaguete and
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Depth zone

Lutoban, respectively, had wider or deeper depth distribu-
tions at Apo Island (calculations based on a threshold of at
least 60% of total MaxN in the mesophotic zone).

Mean fish assemblage similarities between shallow
and mesophotic depth zones at each site were low (range:
0.3—19.6) and decreased with depth, thus fish assemblages
were least similar between shallow and lower mesophotic
zones (Table 2). However, mean fish assemblage similari-
ties within depth zones were also low (range: 10.1-34.7) but
almost always higher than similarities between depth zones
at each site (Table 2), indicating some degree of cohesive-
ness of the fish assemblages within depth zones. An nMDS
plot that only included Dumaguete and Lutoban showed
gradual differentiation of fish assemblages from the shal-
low zone to the lower mesophotic zone, with one outlier (a
lower mesophotic station in Lutoban) (Fig. 6a). Differentia-
tion between sites was more apparent in the shallow zone
than in the mesophotic zone. There was no indication of an
effect of sampling at different years (2017 versus 2018) or
times of day (Supplementary Fig. 5). An nMDS plot that
included all three sites showed that fish assemblages in the
upper and lower mesophotic zones at Apo Island were more
similar to most stations in the shallow zone than most sta-
tions in the mesophotic zone in the two coastal sites (Fig. 6b;
also Table 2). PERMANOVA detected a significant inter-
action between the factors site and depth zone regardless
of whether or not Apo Island was included in the analysis
(Supplementary Table 5). This significant interaction was
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Fig.5 Familial composition
of the species that overlapped
shallow and mesophotic zones
in Dumaguete (a), Lutoban

(b) and Apo Island (¢). Values Labridae
shown are the percent of the Chaetodontidae
total overlapping species in each Acanthuridae
site accounted for by different Pomacentridae |
famlhes..The totgl numbe'r of Serranidae/Epinephelinae N
overlapping species per site is Caesionidae |
shown in the lower right corner . b
. Pomacanthidae
of each graph, which was cal- - . 1
. Labridae/Scarinae
culated using a threshold of at Balistidae |
least 60% of total MaxN in the L at_ls |_dae 1
mesophotic zone to differenti- utanidae |

ate species that tend to be more

0% 10% 20% 30% 0% 10% 20% 30% 0%

Nemipteridae

abundant at mesophotic depths Caran.gi-dae
(see “Methods™ section) Lethrinidae
Mullidae

Monacanthidae
Pinguipedidae

(@) (b) (c)

Percent of overlapping species
10% 20% 30%

1

Blenniidae
Cirrhitidae |
Ostraciidae
Platycephalidae |
Tetraodontidae 20 20 ] 50
Table2 Mean similarity of Dumaguete Lutoban Apo Island
fish assemblages across BRUV
stations within (boldface) S U L S U L S U L
and between site-depth zone
combinations derived from a Dumaguete
Bray—Curtis similarity matrix S 16.3
of stations that us.ed 4th-root U 10.9 175
transformed species MaxN
values L 44 11.7 15.8
Lutoban

S 10.7 2.3 1.0 19.0

U 7.5 8.4 6.7 5.5 10.1

L 1.1 7.1 14.0 0.3 6.5 224

Apo Island

S 5.7 0.3 0.1 15.6 2.6 0.2 34.7

8] 6.3 2.0 0.5 13.7 4.6 0.5 19.6 19.3

L 4.1 3.1 2.0 6.7 4.5 1.3 7.6 11.6 14.2

Depth zones: S: shallow (10-30 m), U: upper mesophotic (30-60 m), L: lower mesophotic (60-90 m)

probably due to the changing magnitude and direction of the
effect of depth zone on assemblage similarity across sites
(Fig. 6a, b). Subsequent pair-wise comparisons indicated
statistically significant differentiation in fish assemblages
between all depth zones within each site (Table 3). SIM-
PER indicated contrasting sets of the top five fish species
that contributed most significantly to assemblage similarity
within depth zones at each site (Supplementary Table 6).
CAP of the two coastal sites showed strong correlations
between variations in fish assemblages and benthic habitat
using the first two canonical axes (5, =0.85; §,=0.62) with
an m of 10 (out of 110 PCO axes) that explained 60% of the

variability in the resemblance matrix (Fig. 7a; Supplemen-
tary Table 7). Most shallow stations in Lutoban and some
shallow stations in Dumaguete were associated with higher
hard coral cover (and rock cover to a lesser extent) while
most stations in the lower mesophotic zone at both sites were
associated with higher sand cover (Fig. 7a). The remaining
stations, which were mostly shallow stations in Dumaguete
and upper mesophotic stations at the two sites, showed a gra-
dient ranging from associations with a higher cover of biotic
components other than hard coral (most strongly with mac-
roalgal cover) to associations with higher sand cover. CAP of
the three sites showed very strong correlations between fish
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Fig.6 Two-dimensional nMDS plots of fish assemblage similarity
for a Dumaguete (Dgt) and Lutoban (Lut) only and b Dumaguete,
Lutoban and Apo Island (Apo) across three depth zones (shallow,
10-30 m; upper mesophotic, 30-60 m; lower mesophotic, 60-90 m).
The outlier in plot a is not shown in plot b for clarity

assemblages and benthic habitat (6, =0.90; 6,=0.86; m=35
out of 136 PCO axes that explained 90% of the resemblance
matrix) and patterns of fish-benthos associations in Dum-
aguete and Lutoban that were broadly similar to the previ-
ous CAP (Fig. 7b; Supplementary Table 7). The shallow
stations in Apo Island clearly reflected the effects of the
typhoons at that site, showing a gradient of fish assemblages
that were associated with the higher hard coral cover on
one side (not affected by typhoons) to those associated with
higher rock cover on the other (damaged by typhoons). Most
fish assemblages in the upper and lower mesophotic zones
in Apo Island were associated with higher rock cover (and
sponge cover to a lesser extent), contrasting with mesophotic
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Table 3 Results of pair-wise tests between levels of the factor ‘depth
zone’ within each level of the factor ‘site’ that were conducted after
PERMANOVA detected significant statistical interaction between the
two factors in models that included (a) coastal sites only and (b) all

three sites

Groups t P (perm) Unique
permuta-
tions

a. Dumaguete
Svs. U 1.8138 0.0002 9892
Svs.L 2.5197 0.0001 9898
Uvs.L 1.6239 0.0065 9910
Lutoban
Svs. U 2.1912 0.0001 9877
Svs.L 3.3061 0.0001 9897
Uvs. L 2.2842 0.0001 9915
b. Dumaguete
Svs. U 1.8138 0.0002 9891
Svs. L 2.5197 0.0001 9890
Uvs. L 1.6239 0.0067 9927
Lutoban
Svs. U 2.1912 0.0001 9887
Svs. L 3.3061 0.0001 9892
Uvs. L 2.2842 0.0001 9916
Apo Island
Svs. U 1.6206 0.0003 8080
Svs. L 2.1806 0.0001 8129
Uvs.L 1.4377 0.0066 8136

Depth zones: S: shallow, 10-30 m; U: upper mesophotic, 30-60 m, L:
lower mesophotic, 60-90 m

fish assemblages at the coastal sites, which were associated
with higher sand cover.

Discussion

This study is the first to describe spatial variation in the
structuring of shore-fish assemblages in the Philippines from
shallow reefs to adjacent mesophotic habitats within a mod-
erate geographic scale (tens of km). Fish assemblages in two
coastal sites at Negros Island showed marked changes in
species richness, abundance, trophic structure and impor-
tance to local fisheries with depth, which were fairly con-
cordant between the sites. Fish assemblage structure (species
composition weighted by abundance) at both sites gradu-
ally differed with depth, showing low levels of assemblage
similarity within depth zones but even less similarity among
depth zones. The depth structuring of these assemblages
had strong associations with variations in benthic habitat,
transitioning from assemblages in areas with a higher cover
of biota (hard corals, seagrass, macroalgae, soft corals) in
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Fig.7 CAP exploring probable associations between variations in
fish assemblage structure and benthic habitat in a Dumaguete (Dgt)
and Lutoban (Lut) only and b Dumaguete, Lutoban and Apo Island
(Apo) across three depth zones (shallow: 10-30 m; upper meso-
photic: 30-60 m; lower mesophotic: 60—90 m). Benthic habitat cat-
egories: HC hard coral, SC soft coral, SG seagrass, MA macroalgae,
SP sponge, OT other sessile invertebrates (ascidians, bryozoans, cri-
noids, etc.); RK rock, RU rubble, SA sand

the shallow and upper mesophotic zones to assemblages in
areas dominated by sand in the upper and lower mesophotic
zones. Potential vertical connectivity was estimated to be
lower in the coastal sites compared to Apo Island, with fish
assemblages in the upper and lower mesophotic zones of the
latter showing similarities with shallow coastal assemblages.
Most mesophotic assemblages at Apo Island were associ-
ated with higher cover of rocky substratum, contrasting
with mesophotic coastal assemblages that were associated
with sand-dominated bottoms, and suggesting that benthic
habitat quality at mesophotic depths influences the extent

of vertical connectivity. These results highlight variation in
benthic habitat as an important driver of spatial variation in
the depth structuring and potential vertical connectivity of
shore-fish assemblages from shallow to mesophotic depths.

The declines in overall fish species richness and abun-
dance with depth in the coastal sites at Negros Island were
not unexpected. Previous studies have documented general
declines in the same parameters across shallow to meso-
photic depth gradients in other tropical localities (Thresher
and Colin 1986; Fitzpatrick et al. 2012; Asher et al. 2017a),
including Apo Island (Abesamis et al. 2018). In fact,
declines in species richness in all trophic groups except pis-
civores occurred at both Negros and Apo islands, with coral-
livores, herbivores/detritivores and omnivores consistently
exhibiting the steepest declines with depth (Abesamis et al.
2018). However, in terms of abundance, only corallivores,
herbivores/detritivores, omnivores and invertivores consist-
ently showed declines with depth at both islands while trends
in planktivores, generalist carnivores and piscivores were
variable, suggesting that the latter groups are less strongly
limited by changing conditions with increasing depth.

Spatial variation in how the species richness or abun-
dance of fish assemblages and their trophic groups change
with depth may be strongly influenced by variations in the
availability of shelter and food resources in the benthic
habitat (Brokovich et al. 2010; Fitzpatrick et al. 2012). For
instance, Lindfield et al. (2016) showed that the species rich-
ness and abundance of herbivores and detritivores remained
largely unchanged from shallow to mesophotic depths in the
Marianas due to continued availability of structurally-com-
plex reef habitat and algal resources down to 60 m or more,
which strongly contrasts with the present study. In Hawaii,
Asher et al. (2017a) showed contrasting trends between
more structurally-complex hard-bottom sites and less com-
plex soft-bottom sites in the abundance of different trophic
groups from shallow to mesophotic depths. Additionally,
and consistent with the present study, they found that mobile
invertivores and generalist macropiscivores were character-
istic of deeper (53—100 m) sand-dominated areas where the
prey items of these groups are presumably abundant. The
only other study of spatial variation in the depth structuring
of shore-fish assemblages in the Philippines also demon-
strated the probable influence of benthic habitat but across
a larger geographic scale and narrower depth range than the
present study. Quimpo et al. (2019) showed that differentia-
tion of fish assemblages across three sites in northern Philip-
pines (100-300 km apart) may be largely explained by vari-
ations in the relative cover of biotic (hard corals, soft corals,
algal assemblages) and abiotic (sand, silt) components of the
benthos, with the site that showed the strongest declines in
species richness and abundance from shallow (10-20 m) to
mesophotic depths (35-40 m) having a much higher cover
of hard corals in the shallows than the other sites.
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The spatial variation in potential vertical connectivity
documented by this study may be explained by broad dif-
ferences in the availability of hard and more structurally-
complex substratum in the mesophotic zone. Benthic data
in the two coastal sites at Negros Island suggested that hard
corals were virtually limited to the shallow zone and rock
cover was minimal (4-5% mean cover) in the shallow and
upper mesophotic zones (Supplementary Fig. 3). In contrast,
at Apo Island, rock cover was much higher (32-62%) in
the upper and lower mesophotic zones with relatively high
structural complexity (Abesamis et al. 2018). Furthermore,
unlike the coastal sites, hard corals were recorded at Apo
Island in the upper mesophotic zone (down to 40 m on the
eastern side; Abesamis et al. 2018) although the cover was
very low (2%) probably due to typhoon damage. These dif-
ferences between the two islands may be indicative of con-
trasting conditions over thousands of years that promoted
or hindered the development of MCEs, such as differences
in shelf geomorphology, water turbidity and siltation levels
(Montaggioni 2005; Baker et al. 2016). The higher avail-
ability of more complex hard substratum in the mesophotic
zone at Apo Island may have made it possible for reef fishes
to have wider or deeper local depth distributions, which is
consistent with the observation that a significant number
(36-52) of shallow species in the coastal sites occurred in
the mesophotic zone at Apo Island. For the more mobile of
these species (e.g., Labridae, Chaetodontidae, Acanthuridae,
Labridae/Scarinae, Caesionidae), a wider depth distribution
may be due in part to greater vertical connectivity between
shallow and mesophotic depths via adult movements within
individual home ranges, but this can only be verified through
tagging studies (e.g., acoustic telemetry).

For the more site-attached species (e.g. Pomacentridae),
a wider or deeper depth distribution at Apo Island could
be due mainly to the greater availability of complex hard
substratum facilitating recruitment and establishment of ter-
ritories in the mesophotic zone. More generally speaking,
however, this suggests that greater availability of suitable
benthic habitat in the mesophotic zone can enhance the ver-
tical component of larval connectivity for species that can
recruit and breed at mesophotic depths, allowing mesophotic
populations to seed nearby or distant shallow populations, or
vice-versa (Tenggardjaja et al. 2014; Vaz et al. 2016). This
mode of vertical connectivity has far more potential than
adult vertical connectivity in subsidising fish populations on
shallow reefs provided that mesophotic habitats are largely
spared by disturbances that impact shallow reefs. However,
recent studies have questioned the potential of mesophotic
communities to significantly provide larval recruitment on
shallow reefs and the immunity of mesophotic communi-
ties from man-made and natural disturbances (Bongaerts
et al. 2017; Abesamis et al. 2018; Rocha et al. 2018). If
connectivity between the mesophotic and shallow zones is
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relatively low, and if shallow coral reef habitats are degraded
by disturbances, shallow reef fish assemblages are likely to
shift in species composition, relative abundance and trophic
structure driven by fish species that tend to become more
abundant under degraded reef conditions (Lowe et al. 2019;
Russ et al. 2020). Some of these fish species may still thrive
deeper (e.g., Labridae, see Fig. 5) and drive much of the
relatively low levels of recruitment that could originate from
the mesophotic zone.

Several caveats apply to our interpretation of the influ-
ence of benthic habitat on the depth structuring of shore-fish
assemblages in the study region. First, we acknowledge that
Apo Island may not be an ideal site to compare with the
coastal sites due to the damage it incurred from typhoons.
The relatively high cover of structurally-complex, rocky sub-
stratum at mesophotic depths at that site probably resulted
from typhoon damage (Abesamis et al. 2018) and could thus
be atypical of mesophotic fore-reef slopes in the region.
Another concern is that Apo Island was sampled several
years earlier than the two coastal sites (2014 vs. 2017/2018),
thus temporal variation may have been a confounding fac-
tor to some extent. Future work in this region should aim
to expand sampling to other sites that may better represent
geographic variation in benthic habitat quality from shallow
to mesophotic depths, taking care to control for potential
inter-annual or seasonal variation. Site selection should take
into account island geomorphology as this is likely to have
significant associations with benthic habitat and, therefore,
the depth structuring of fish assemblages.

Second, BRUV may not be the best method to describe
the benthic habitat because of the way the cameras are ori-
ented relative to the seafloor. Estimates of relative benthic
cover from BRUV would inevitably be subject to parallax
error, raising doubts about their accuracy and precision.
However, it seems unlikely that the relatively large number
of BRUYV stations per site would not be able to capture the
strongest trends in the benthic habitat even with forward-
facing cameras (Bennett et al. 2016). Parallax would also
be less of a problem in areas with low relief (e.g. sand flats),
which were prevalent in the sites. But perhaps a bigger con-
cern with BRUV is that it can only provide a limited field of
view of the benthos and may, therefore, miss some habitat
features. For instance, local informants have reported the
occurrence of reef-like structures (potential MCEs) between
45 and 80 m deep in Lutoban, some of which have been
explored by technical divers, but the BRUV surveys at that
site detected such structures (scored as ‘rock’) in only one
station at 45 m deep. Sonar and remotely-operated vehicles
may be far better than BRUVs in describing the benthic
habitat but these tools were not available to us for this study.

Third, the high density of sampling stations at each site
(Fig. 1) could have inflated the estimates of relative fish
abundance at some stations and in turn affected the reported
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fish-benthic habitat associations because of potential fish
movement between stations. This high density of stations
resulted from the desire to sample the seafloor as much as
possible given the limited field of view of BRUVs while
trying to maintain sampling independence between stations.
Although the effective area of bait attraction around each
BRUV is very difficult to estimate (Harvey et al. 2007), the
high density of sampling stations may not be too great a
concern given that about 90% of all inter-station distances
at each site were relatively large (> 200 m) and the duration
of video analysed per station (30 min) was relatively short
(see Whitmarsh et al. 2017 and Langlois et al. 2020 for com-
parison with other BRUV sampling protocols).

Few studies have reported trends in the availability of
fishery target species from shallow reefs to adjacent meso-
photic habitats in the Philippines. We found no evidence
consistent with the mesophotic zone serving as a refuge
for fishery target species probably because of the lack of
extensive structurally-complex habitats at mesophotic depths
in the two coastal sites (Lindfield et al. 2016). Instead, we
documented declines in target fish species richness and
abundance with depth, reinforcing the importance of shal-
low reefs as sources of food fish for local fisheries in the
region. However, because the local fisheries exploit such a
wide range of shore-fish species, target fishes still accounted
for high proportions of fish species richness and abundance
at mesophotic depths. This directs attention to the need to
explicitly include mesophotic habitats near shallow reefs in
fisheries management interventions, which is an issue that is
currently under-emphasised in local management regimes.
For instance, marine reserves are regarded as a cornerstone
of fisheries management throughout the Philippines but
reserve establishment by local communities has tradition-
ally focused on protecting only the shallow areas where coral
reefs occur (Weeks et al. 2010). This was the case in the two
coastal sites (Fig. 1) and the same situation is prevalent in
the region.

This study represents a small but novel contribution to
the limited basic knowledge on the ecology of shore fishes
beyond shallow coral reefs in the Philippines. The ecologi-
cal patterns we reported here provide a reference point for
further studies that aim to resolve the nature, strength and
variability of probable ecological linkages between shallow
reefs and mesophotic habitats. We appeal for more research
on shore-fish assemblages and their depth structuring in this
region, their vulnerability to the suite of threats that imperil
shallow habitats, and their variability in relation to the com-
plex island geomorphology that underlies the rich biological
heritage of the Philippine archipelago.
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