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Shallow coral reef ecosystems worldwide are affected by local and global anthropogenic
stressors. Exploring fish assemblages on deeper reefs is therefore important to examine
their connectivity, and to help understand the biodiversity, ecology, distinctiveness,
evolutionary history and threats in this sparsely studied environment. Conducting
visual surveys on the Bermuda slope and a nearby seamount at depths from 15
to 300 m, we document decreasing fish biomass and diversity with increasing
depth. Fish assemblages were primarily depth-stratified, with distinct suites of species
inhabiting shallow (<30 m depth) and upper (60 m) and lower (90 m) mesophotic
coral ecosystems, and confirming the presence of a distinct rariphotic (∼150–300 m)
assemblage. We also report evidence of anthropogenic pressures throughout our
surveyed depths. Our results highlight the novelty of deeper reef fish faunas, therefore
suggesting limited applicability of the deep reef refuge hypothesis, and showcase the
vulnerability of deep reefs to targeted fishing pressure and invasive species.

Keywords: mesophotic coral ecosystem, fish assemblage structure, reef connectivity, deep reef refuge
hypothesis, Bermuda

INTRODUCTION

Around 6,300 fish species are known to occur in coral reef ecosystems worldwide (Parravicini
et al., 2013), many of which are commercially exploited. However, because of the limitations
of conventional SCUBA gear, most of our current knowledge of reef fish assemblages focuses
on depths <30 m, despite coral reefs and their associated communities extending much deeper
(∼150 m) (Baker and Harris, 2016). Nevertheless, the global decline of shallow coral reefs (Hughes
et al., 2018) has made deeper but light-dependent coral habitats, known as mesophotic coral
ecosystems (MCEs, typically situated between 30 and 150 m) (Hinderstein et al., 2010), the focus
of numerous surveys during the last decade (Baker and Harris, 2016). Many of these surveys
have sought to establish if MCEs could buffer biodiversity loss by providing refuge to depth
generalist taxa that form part of shallow assemblages of corals and fish (e.g., Bongaerts et al., 2010;
Lindfield et al., 2016).

Aided by advances in technical diving technology, recent biodiversity assessments of MCEs
demonstrated that the upper MCEs (∼30–60 m) harbor biologically unique fish faunas with varying
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degrees of taxonomic overlap with shallower reef assemblages
(Bejarano et al., 2014; Kane and Tissot, 2017; Semmler et al.,
2017; Rocha et al., 2018). The magnitude of taxonomic overlap
and the cut-off depth at which faunal breaks occur vary by
location and are likely determined by a combination of local and
regional, contemporary and historic environmental drivers and
anthropogenic activities (Laverick et al., 2017). Similarly, several
studies have found that lower MCEs (∼60–150 m) also support
fish assemblages distinct from upper MCEs and shallower
habitats (Kahng et al., 2017; Semmler et al., 2017; Sih et al., 2017),
suggesting even greater partitioning than previously thought.
These assemblages are typified by the increased occurrence of
endemic or undescribed species with increasing depth (Kane
et al., 2014; Fukunaga et al., 2017; Kosaki et al., 2017) and
thus warrant sustainable management and conservation in
themselves. With a few exceptions (Colin, 1976; Thresher and
Colin, 1986; Love et al., 2009; Starr et al., 2012; Sih et al., 2017),
less is known about assemblages in deeper habitats (>150 m)
from tropical and sub-tropical locations. Recent research from
this deeper reef zone, defined as “rariphotic” (∼150–300 m,
sensu Baldwin et al., 2018), provided evidence of distinct fish
assemblages that have little overlap with those of MCEs but
which are nevertheless dominated by deep-living representatives
of taxonomic groups (i.e., families) usually found in shallow water
as opposed to the deep sea (Sih et al., 2017; Baldwin et al., 2018).

There is an increasing trend of fisheries targeting deeper reefs
(Sadovy de Mitcheson et al., 2013; Newman et al., 2016). This
exploitation has been accelerated by the availability of improved
technology (Pitcher and Lam, 2015), but in some cases it has
been also driven by the overexploitation of shallow-water reef
populations (e.g., pot-fishing in Bermuda, Luckhurst and Ward,
1996). Several studies have identified the opportunity to use
spatial conservation measures to protect areas of deeper reef
subject to fishing, especially spawning grounds and migration
corridors for species of conservation concern such as deep-water
snappers (Lutjanidae), groupers (Epinephelidae) and emperors
(Lethrinidae) (Sadovy de Mitcheson et al., 2013; Newman et al.,
2016). However, management of these fisheries is, at present,
complicated by a lack of data on fish assemblages and species
biology at deeper depths. In the face of rising exploitation
and environmental change, there is a clear and urgent need
to evaluate these deeper reef ecosystems and their associated
fish assemblages.

With the above in mind, we investigated reef fish assemblages
in Bermuda, an isolated group of islands in the Sargasso Sea
(western central Atlantic) (Figure 1). Bermuda is an interesting
area to study patterns of marine biodiversity because of its unique
biogeographic characteristics (e.g., remote, small, isolated, high
latitude area with warm waters and tropical species). While
the shallow-water reef fish fauna of Bermuda is well-known
(Smith et al., 2013), to date, only one study has systematically
documented reef fish assemblages from upper and lower MCEs
(Pinheiro et al., 2016), and none from deeper reefs. At present,
the only available information on the diversity of these deeper
assemblages comes from historical museum specimens collected
by fishers and scientists using traps at depth, along with earlier
casual observations with submersibles (Smith-Vaniz et al., 1999).

Utilizing the latest underwater technology (technical divers with
closed-circuit rebreathers, and submersibles), we investigated
reef habitats across a bathymetric gradient from 15 to 305 m
at three locations on the Bermuda slope and one location
on the flank of a neighboring seamount (Plantagenet Bank).
This allowed us to investigate changes in reef fish assemblage
structure (abundance, biomass, diversity, trophic composition)
with depth, and assess assemblage overlap between different
reef faunal zones. We also estimated benthic characteristics
(community composition and substrate type) and measured
environmental parameters (conductivity, temperature, salinity,
nutrients) in order to identify potential drivers of reef fish
assemblage structure.

MATERIALS AND METHODS

Experimental Design
We examined fish assemblages between 15 and 305 m depth at
three sites: North Northeast, Spittal, and Tiger, along the north
east, south east and southern slopes of the Bermuda platform,
respectively, and on one adjacent seamount (Plantagenet Bank)
(Figure 1 and Supplementary Table S1). All transect surveys
were conducted during 17 July and 14 August 2016 aboard the
R/V Baseline Explorer. Research permits for Bermuda were issued
by the Department of Environment and Natural Resources,
Bermuda (Ship Approval No. 87/2016).

Data from shallowest depths (15–94 m) were gathered by
a team of nine technical divers (Global Underwater Explorers;
GUE) equipped with closed-circuit rebreathers [JJ-CCR CE
Edition (JJ-CCR ApS, Copenhagen DE)] modified to GUE
Configuration (GUE, High Springs, FL – see1) and diver
propulsion vehicles. Transects were filmed using a diver-operated
stereo-video system (DOV; SeaGIS, Melbourne, Australia)
consisting of two cameras (GoPro Hero 4 Camera in custom-
built SeaGIS DOV housing), pointed at an angle of 3◦ and spaced
80 cm apart. The transects followed a 50 m survey tape laid along
the depth contour, with the cameras facing forward, about 0.5 m
off the seafloor. The same survey tapes were also used to guide
video transects that recorded the substratum type / composition
and the diversity and density of life on the seafloor (benthos),
using the camera and light system oriented perpendicular to the
seabed. In total, 37 transects were conducted by technical divers
at∼15 m (6 transects), 30 m (9), 60 m (12) and 90 m (10).

Videos of the deeper transects (136–305 m) were collected
using the Nemo and Nomad Triton 1000-2 class submersibles
(Triton submersibles, Vero Beach, FL, United States). The Nemo
submersible primarily carried out video surveys, whilst Nomad
was employed for water and biological sampling, and for high-
resolution filming of operations and marine life. Nemo was
equipped with four forward facing Deep-Sea Matrix-1 LED
Lights to illuminate the water column and the seafloor, a
submersible-operated stereo-video system (SOV) comprising two
cameras (GoPro Hero 4 Camera in Scout Pro Go Benthic 2

1https://www.divegue.tv/programs/gue-rebreather-diver-jj-ccr-overview?
autoplay=true
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FIGURE 1 | Map of study sites around Bermuda. Data overlay GEBCO_2014 Grid which provides 30 arc-second global grid of elevations. Depth contours in meters.
NNE, North Northeast; PL, Plantagenet Bank; SP, Spittal; TIG, Tiger.

1000 m depth-rated housing; Group Binc, Jensen Beach, FL,
United States) mounted on the lower starboard nacelle along
an aluminum bar, pointed at an angle of 8◦ and spaced 80 cm
apart, and a downward-pointing camera with Teledyne-Bowtech
Ocean Lasers (Green) spaced at 25 cm. Submersible position and
depth was measured via a TrackLink 1500 USBL acoustic tracking
system (LinkQuest Inc., San Diego, CA, United States), which was
calibrated with PneumoCal Pneumo Gauges. The submersible
pilot aimed to maintain a consistent distance from the substrate
during surveys, but this was not always possible as terrain was of
varying steepness and topography. Transects consisted of 20 min
of filming and covered an estimated distance of 100 m at a speed
of 0.2 knots. A 5-min gap, during which the submersible traversed
the seabed, was used to separate replicate transects at a given

depth. In total, 42 transects were conducted by submersibles at
∼150 m (7 transects), 200 m (11), 250 m (12), and 300 m (12).
Detailed characteristics of each transect survey can be found in
Supplementary Table S1.

Conductivity, temperature and salinity (CTD) were measured
down to depths of 94 m by the technical divers using a YSI
EXO1 Multiparameter Sonde (YSI Incorporated, Yellow Springs,
OH, United States). The submersible Nomad was fitted with a
SBE 49 FastCAT CTD Sensor (SeaBird Electronics Inc., Bellevue,
WA, United States) to measure the same parameters between
136 and 305 m. At depths down to 93 m, divers collected water
samples using Niskin bottles in order to estimate macronutrient
levels (nitrate-nitrite and phosphate). Each water sample was
subsampled immediately after return on the vessel and kept
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frozen into a plastic centrifuge container until later laboratory
analysis using a SEAL Analytical QuAAtro AutoAnalyzer.

Fish Data
Retrieved stereo-video system footage was calibrated using a
3D calibration cube and CAL software v3.01 (SeaGIS Pty Ltd.,
Australia). The calibrated and synchronized transect footage was
analyzed using the software EventMeasure v3.51 (SeaGIS Pty
Ltd., Australia), providing the total length of each fish. Center
points of each individual fish encountered were resolved into
distances on a three-dimensional coordinate system, allowing
us to exclude fish further than 2.5 m on either side of the
camera center (transect width = 5 m), and 5 m from the front
of the camera system. Side distance restriction maintained a
consistent belt along the transect, while front distance restriction
prevented variation in visibility (e.g., turbidity, light intensity)
from influencing data. It is worth noting, however, that visual
surveys tend to be biased toward large, conspicuous fish,
thus underestimating the densities of small, benthic, cryptically
colored fish (Galland et al., 2017). In the present survey, the
minimum fish length that could reliably be detected from the
obtained stereo-video footage was ∼2 cm, hence, fish smaller
than that have been overlooked.

Where possible, all annotated specimens were identified
to species-level using Smith-Vaniz et al. (1999), Smith-Vaniz
and Collette (2013), Robertson and van Tassel (2015), and
following the taxonomic nomenclature of the World Register
of Marine Species2. The lionfishes Pterois miles and P. volitans,
were recorded as P. miles/volitans since positive identification
requires DNA sequencing (Freshwater et al., 2009). Similarly,
the acanthurids Acanthurus chirurgus and A. bahianus were
recorded as A. chirurgus/bahianus as it was not always possible
to separate them reliably because of low light levels, and the
chubs Kyphosus incisor and K. sectatrix as K. incisor/sectatrix
since positive identification requires physical examination of
specimens. Furthermore, fish characteristics (biogeographic
affinity, known depth range, conservation status and feeding
guild) were assigned to each fish species following FishBase
(Smith-Vaniz et al., 1999; Humann et al., 2002; Smith-Vaniz and
Collette, 2013; Robertson and van Tassel, 2015; Froese and Pauly,
2017). The six trophic groups were: herbivores, invertivores,
omnivores, piscivores, (zoo) planktivores, and finally carnivores,
for fish species that feed both on other fish and invertebrates.

Benthic Data
To determine the composition of benthic assemblages and the
underlying substrate, still images (JPEGS) were extracted at a
rate of one frame per 10 s (DOV data) or per 30 s (SOV data)
using Adobe Photoshop CC 2015, and subsequently processed
in ImageJ. For each image we measured the surface area of
reef building zooxanthellate Scleractinia, hereafter referred to
as hard corals, and macroalgae (both fleshy and turf algae),
as both parameters influence reef fish assemblages (Garcia-
Sais, 2010). Hard coral and macroalgal cover were then
expressed as the mean percentage cover per transect. Macroalgal

2http://www.marinespecies.org

cover measurements excluded heavily branched taxa such as
Sporochnus bolleanus, which often obscured large parts of the
stills despite actually covering only a small proportion of the
seafloor, thus rendering accurate cover measurements for this
species impossible. In each annotated image, the substratum
was classified into the following types: (i) sediment (including
mud, sand and rock fragments <25 cm); (ii) boulders (defined
as rocks ≥25 cm); (iii) rhodolith beds (defined as unattached
accretions of non-geniculate coralline algae); and (iv) bedrock
(including sediment veneer, which applies to bedrock beneath
a thin sediment layer as indicated by the presence of sessile
biota). Area coverage of each substratum type was visually
estimated and given a ranking of 1–5 [modified from Polunin
and Roberts (1993)], representing 1–10%, 11–40%, 41–60%,
61–90%, or 91–100% of the seafloor, respectively. Visual estimates
of habitat complexity or percentage cover of benthos and
substratum, although semi-quantitative, have been shown to
produce results that are comparable to quantitative techniques
(Wilson et al., 2007). Substratum cover per type was expressed
as a mean per transect. Finally, in order to provide a measure of
anthropogenic activity on the studied habitats, we counted the
occurrence of benthic debris (i.e., plastic trash, fishing gear, etc.)
at each transect.

Statistical Analysis
Fish length measurements were converted into biomass using
equation (1):

W = aLb (1)

where L represents the fish length in centimeters, W the weight in
grams, and a and b are species-specific conversion constants from
FishBase (Froese and Pauly, 2017). Fish abundance, biomass and
species richness were standardized per 500 m2.

Changes in fish abundance, biomass and species richness
with depth and site were compared using a Kruskal-Wallis test
on raw data since they all followed a non-normal distribution
(Shapiro-Wilk, p > 0.05) even after transformations, followed by
Mann-Whitney’s pairwise comparisons applied with a Bonferroni
correction. Site comparisons only were performed on the
following three depth subsets (i) 15–30 m, (ii) 60–90 m, and
(iii) 150–300 m transects. We chose to do so as the number of
conducted transects per depth at a given site was occasionally
<3 (e.g., two transects were conducted in NNE at 15 m depth –
see Supplementary Table S1), which did not allow statistical
comparisons to take place.

Changes in fish assemblage composition were visualized
using principal coordinates (PCO) analyses on Bray-Curtis
similarity matrices among transects, calculated from log(x+1)-
transformed abundance and biomass data to reduce the effect
of common taxa (square-root and fourth-root transformations
produced identical results). This transformation was followed by
permutational analysis of variance (PERMANOVA) (two factors:
depth and site) to identify significant differences between species
assemblages. All PERMANOVAs in this study were run for
9999 permutations selecting Type III (partial) sums of squares
and unrestricted permutation of the similarity matrix. Vector
overlays of selected correlated species with one of the two PCO

Frontiers in Marine Science | www.frontiersin.org 4 June 2019 | Volume 6 | Article 307

http://www.marinespecies.org
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00307 June 12, 2019 Time: 20:15 # 5

Stefanoudis et al. Vertical Zonation Patterns of Reef Fish

axes (Pearson’s correlation coefficient, ρ ≥ |0.5|) were used to
help determine the main species driving fish assemblage pattern
differences. Again, comparisons between sites were performed
separately for 15–30 and 60–90 and 150–300 m. In order to
further visualize changes in community composition between the
seamount Plantagenet Bank and the three sites on the Bermuda
slope (North Northeast, Spittal and Tiger), we plotted species
abundance rankings, determined from the average abundance of
a species across all transects at 60 m and deeper. We omitted
the shallow transects (15–30 m) from this analysis, because the
summit of Plantagenet Bank lies at∼45 m.

For each trophic group, we tested whether the relative
proportion of biomass (i.e., proportion of the overall fish
assemblage biomass at each transect) varied with depth using
a Kruskal-Wallis test, followed by Mann-Whitney’s pairwise
comparisons applied with a Bonferroni correction.

Trends in benthic community composition and substrate type
with depth were tested using a Kruskal-Wallis test. In order
to investigate whether benthic community and substratum
structure influence fish assemblages, we used a distance-based
linear model (DISTLM) on a reduced dataset of 70 transects
[Bray-Curtis similarity matrix on log(x+1)-transformed data] for
which substratum data were available. We report the results of
the best models only (i.e., those with the highest explanatory
power identified using the BEST routine and Akaike’s criterion).
Seawater chemistry data (CTD and macronutrients) were not
included in the model since they were not consistently available
across all depths. Finally, trends of environmental parameters
with depth were explored with Pearson’s correlation coefficient;
because of the limited number of available nutrient data
for our studied transects, we took into account all available
measurements taken throughout the expedition, which included
measurements from all depths.

Kruskal-Wallis and Mann-Whitney post hoc tests were
performed in SPSS v24 (IBM Corp., Armonk, NY), while
multivariate statistical analyses (PCO, PERMANOVA, DISTLM)
were carried out in PRIMER 7 (Clarke, 2015) and the add-on
package PERMANOVA+ (Anderson et al., 2008).

RESULTS

Fish Assemblage Characteristics
We recorded 1348 fishes, comprising 51 species and 19
families, from 79 transects at the four sites around Bermuda
(Figure 1; see Supplementary Table S1 for detailed study site
characteristics). Raw species abundance and biomass data per
surveyed transect and depth can be found in Supplementary
Data S1. Biogeographic affinities and threat status of each
recorded species can be found in Supplementary Table S2. Our
observations increased the known depth ranges of 10 species
(Supplementary Table S2).

The majority of species recorded (n = 46) are known to
occur in Bermudian waters, including species of conservation
concern such as Mustelus canis (subs. insularis) classified as near-
threatened by the IUCN, and the endemic Chromis bermudae,
while one invasive taxon was recorded (Pterois miles/volitans,

lionfish). A further four taxa represented putative new records
for Bermuda: Gephyroberyx darwinii, Ostichthys trachypoma,
Prognathodes cf. guyanensis and Squalus cubensis. Finally, we also
report several casual observations (i.e., outside of the surveyed
transects) of moray eels (Gymnothorax spp.) between 150 and
300 m, including G. maderensis and G. polygonius.

In general, depth-specialists (observed at one or two depths,
n = 33) were more prevalent than depth-generalists (observed at
three or more depths, n = 18), but Pterois miles/volitans (lionfish)
was found at seven out of eight depths (Figure 2).

Fish abundance changed with depth (Kruskal-Wallis,
p = 0.045, Figure 3A), although none of the post hoc pairwise
comparisons showed a significant difference (p > 0.05). Further,
overall fish abundance was not affected by site (Kruskal-Wallis,
p > 0.05). Fish biomass was significantly affected by depth
(Kruskal-Wallis, p < 0.001, Figure 3B) but not site (Kruskal-
Wallis, p > 0.05). Pairwise comparisons revealed significantly
higher biomass at 15–90 m compared to the deepest transects
at 300 m (Mann Whitney, p < 0.001 to 0.012). Finally, species
richness changed with depth (Kruskal-Wallis, p < 0.001),
peaking at 30 m, after which it decreased steadily down to 300 m
(Figure 3C). Pairwise tests showed significantly higher species
richness at 30 m compared to all other depths ≥150 m (Mann
Whitney, p < 0.001 to 0.04), and at 15 m compared to 300 m
(Mann Whitney, p = 0.001). Similar to biomass and abundance,
richness did not vary with site (Kruskal Wallis, p > 0.05).

Two PCOs were used to display patterns of fish assemblage
structure using abundance and biomass data, respectively
(Figures 3D,E). Using abundance data (Figure 3D) three visually
distinct fish assemblages are seen at 15–30 m, 60–90 m, and
150–300 m. This structuring was not as clear with biomass data,
but the shallow vs. deep division was still observed (Figure 3E).

In total, ten species were highly correlated with the PCO
axes (Pearson’s correlation coefficient, ρ ≥ |0.5|), Figures 3D,E).
Of these, the presence and high densities of A. chirurgus/
bahianus, Scarus taeniopterus, Sparisoma aurofrenatum and
Sparisoma viride typified shallow assemblages (15–30 m),
Cephalopholis fulva and Chaetodon sedentarius characterized
depth to 90 m, Paranthias furcifer and P. miles/volitans
were mostly associated with the 60–90 m depth range, and
Protonogrammus cf. martinicensis and Serranus phoebe were
correlated with 150–300 m. The positioning of some deep
(>150 m) Plantagenet transects at the center of both PCO plots
resulted from the presence of unique species (e.g., S. cubensis),
the presence of some typically shallower-occurring species (e.g.,
Holocanthus bermudensis), and the lower abundance of the
common deeper species (e.g., P. martinicensis). The other cluster
of deep samples on the bottom right of the plot can be explained
by the presence of lionfish that typify assemblages at 60–90 m.

PERMANOVA indicated that depth and site were significant
in shaping fish assemblage structure, irrespective of the type
of dataset used (abundance or biomass data, Table 1). Further
pairwise depth comparisons revealed four distinct assemblages
at (i) 15–30 m, (ii) 60 m, (iii) 90 m, and (iv) 150–300 m, while
tests across site found different assemblages at 60–90 m between
Plantagenet Bank and North Northeast and between North
Northeast and Spittal, and distinct assemblages at Plantagenet
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FIGURE 2 | Depth distributions of the 51 fish species recorded between 15 and 305 m off Bermuda. Boxes indicate the 25th and 75th quantiles, whiskers are 1.5
the interquartile, circles are outliers, and asterisks extreme outliers.

Bank compared to the rest of the sites at 150–300 m depths. In
fact, five species were only encountered on Plantagenet Bank:
the invertivores Xanthichthys ringens, and Cookeolus japonicus,
the omnivorous Cantherhines macrocerus, the carnivorous
S. cubensis, and the piscivorous C. lugubris. In addition, species
abundance rankings were also different on Plantagenet Bank
compared to similar depths at the sites on the Bermuda
slope (Figure 4).

Fish Trophic Group Structuring
The abundance and biomass data generated differing pictures
of trophic composition, although the relative contribution
of herbivores was comparable across both types of data.
Numerically, planktivorous fish were the dominant feeding
group at depths ≥150 m, largely attributable to Protonogrammus
cf. martinicensis, which accounted for 85% of all fish found
between 150 and 300 m. However, planktivores contributed only
30% of biomass since most individuals were small (Figure 5).
Conversely, omnivores and piscivores were only a minor part of
the assemblage based on counts but were more dominant in terms
of biomass, because of the large size of individuals belonging to
these trophic groups.

Considering trophic group biomass as a percentage of
the total biomass recorded per transect at each depth, we
found that the biomass of some groups changed with depth,
but that of carnivores, invertivores and piscivores did not.

The relative contribution of herbivore biomass declined with
depth, with herbivores disappearing below 60 m. Conversely,
omnivore biomass peaked between 60 and 90 m, while
planktivore biomass was greatest at 150–300 m (Table 2).
Pearson’s correlations of trophic group with benthic community
and substratum composition indicated that only herbivorous
fish and hard coral cover were positively correlated to a
considerable degree (p = 0.71), with all the rest being weakly
correlated (maximum ρ = |0.36|).

Benthic and Environmental
Characteristics
Representative examples of reef environments assessed during
the present survey are shown in Figures 6A–H. Analyses
of benthos revealed significant differences in hard coral and
macroalgal cover with depth (Kruskal-Wallis, p < 0.05 in both
cases). Hard coral coverage declined with depth, becoming
negligible below 30 m (Figure 6I). Conversely, macroalgae
cover was found to increase with depth as far as 60 m,
after which it declined, dropping to zero below 150 m
(Figure 6I). The macroalgal cover estimates for 60–90 m
are likely an underestimate, because of the omission of the
brown algae S. bolleanus (see Benthic Data in Materials and
Methods) that occasionally formed dense meadows in these
depths (Figure 6D). Percentage coverage for all substrate
types except for boulders differed with depth (Kruskal-Wallis,

Frontiers in Marine Science | www.frontiersin.org 6 June 2019 | Volume 6 | Article 307

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00307 June 12, 2019 Time: 20:15 # 7

Stefanoudis et al. Vertical Zonation Patterns of Reef Fish

FIGURE 3 | Selected changes in fish assemblages with depth and location, as identified by Kruskal-Wallis (A–C) and Principal Component Analysis (D,E).
(A) Abundance against depth, (B) biomass against depth, (C) species richness against depth. Plots (A–C) indicate median and standards errors. Columns sharing
the same letter indicate statistically significant differences (p < 0.05) based on Mann-Whitney pairwise tests. Boxes indicate the 25th and 75th quantiles, whiskers
are 1.5 the interquartile. (D,E) Principal coordinates analysis ordination on log(x+1)-transformed fish abundance (D) and biomass (E) data at different depths using
Bray-Curtis similarity resemblance matrix. Axes describe percentage variation in terms of total fish assemblage structure. Superimposed are vectors of species highly
correlated with the two PCO axes (Pearson’s correlation coefficient, p ≥ |0.5|). The length and direction of the vectors represent the strength and direction of the
relationship. NNE, North Northeast; PL, Plantagenet Bank; SP, Spittal; TIG, Tiger; ACA, Acanthurus chirurgus/bahianus; CEF, Cephalopolis fulva; CHS, Chaetodon
sedentarius; PAF, Paranthias furcifer; PRM, Protonogrammus cf. martinicensis; PTE, Pterois miles/volitans; SCT, Scarus taeniopterus; SEP, Serranus phoebe; SPA,
Sparisoma aurofrenatum; SPV, Sparisoma viride.

p < 0.05 in all cases). Bedrock was the main substrate
type across all depths (Figure 6J). We also detected signs of
anthropogenic activity across all studied depths (Figure 7),
with fishing debris and other litter items (e.g., aluminum cans,

glass bottles) more commonly found in 150–300 m transects
(27.9% occurrence across all studied transects in that zone),
followed by 60 m (16.7%), 15–30 m (12.5%), and 90 m (10%)
transects, respectively.
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TABLE 1 | Changes of fish community structure in relation to depth and site using
PERMANOVA on Bray-Curtis similarity matrices of log(x+1)-transformed
abundance and biomass-weighed data.

Abundance Biomass

Unique Unique

Pseudo-F P(perm) perms Pseudo-F P(perm) perms

Depth 7.5922 0.0001 9858 7.5922 0.0001 9858

Site 2.0686 0.008 9896 2.0686 0.008 9896

Depth∗Site 1.6228 0.0006 9821 1.6228 0.0006 9821

Pairwise

tests against Unique Unique

depth (m) t P(perm) perms t P(perm) perms

15, 60 2.131 < 0.001 9947 2.0514 < 0.001 9945

15, 90 1.9601 < 0.001 9933 1.982 < 0.001 9923

15, 150 2.6991 < 0.001 9936 2.2861 < 0.001 9924

15, 200 3.3425 < 0.001 9935 2.8023 < 0.001 9934

15, 250 3.2702 < 0.001 9929 2.7666 < 0.001 9944

15, 300 3.1706 < 0.001 9926 2.6769 < 0.001 9908

30, 60 2.3392 < 0.001 9923 2.3283 < 0.001 9935

30, 90 2.2366 < 0.001 9947 2.2516 < 0.001 9926

30, 150 3.4931 < 0.001 9942 2.9377 < 0.001 9940

30, 200 3.9733 < 0.001 9933 3.3234 < 0.001 9935

30, 250 3.9556 < 0.001 9936 3.33 < 0.001 9941

30, 300 3.755 < 0.001 9939 3.2528 < 0.001 9931

60, 90 1.7596 0.001 9940 1.6462 0.003 9911

60, 150 3.1235 < 0.001 9944 2.3858 < 0.001 9942

60, 200 3.8483 < 0.001 9935 3.0437 < 0.001 9921

60, 250 4.283 < 0.001 9929 3.4242 < 0.001 9939

60, 300 3.4566 < 0.001 9940 2.9153 < 0.001 9926

90, 150 2.2587 < 0.001 9942 1.9664 < 0.001 9936

90, 200 3.0024 < 0.001 9925 2.5233 < 0.001 9928

90, 250 3.4226 < 0.001 9938 2.8528 < 0.001 9934

90, 300 2.7 < 0.001 9935 2.3336 < 0.001 9920

Pairwise tests
against site
(60–90 m
subset)

PL, NNE 2.1805 < 0.001 9471 1.9454 0.001 9497

NNE, SP 1.5413 0.048 104

Pairwise tests
against site
(150–300 m
subset)

PL, NNE 1.8184 0.014 9946 1.8321 0.001 9922

PL, SP 1.8206 0.02 9953 1.7053 0.005 9942

PL, TIG 1.6612 0.036 9944 1.5258 0.019 9946

Only significant pairwise comparisons (p ≤ 0.05) are shown.

Conductivity, temperature and salinity exhibited a significant
negative correlation with depth (Pearson correlation, ρ =−0.838,
p < 0.01; ρ = −0.825, p < 0.01; ρ = −0.835, p < 0.01,
respectively) while the opposite was found for the macronutrients
(Pearson correlation, nitrate-nitrite: ρ = 0.538, p < 0.01;
phosphate: ρ = 0.487, p < 0.01). All benthic community
composition, substratum type and seawater chemistry data (CTD,
macronutrients) are available at Supplementary Data S2.

Drivers of Fish Assemblage Composition
DISTLM analysis indicated significant relationships between
the reef fish assemblage structure and all variables apart from
boulders (Table 3), irrespective of the type of data (abundance,
biomass) used. In both cases, depth accounted for the largest
proportion of variance in fish assemblage structure, followed by
hard coral cover, macroalgae cover, sediment, bedrock, rhodoliths
and boulders. The best models included depth, hard coral cover,
macroalgae cover and rhodoliths, which explained 39% and 30%
of fish assemblage structure, based on abundance and biomass
data, respectively.

DISCUSSION

Trends in Fish Abundance, Biomass
and Richness With Depth
This study combined diver and submersible surveys of the
Bermuda slope and the flank of Plantagenet Bank to investigate
fish assemblages covering a depth range from 15 to 305 m by
incorporating both abundance and biomass data, the latter of
which are rarely collected from underwater video surveys. As has
been found in other studies from shallow and mesophotic reefs
(e.g., Fukunaga et al., 2016; Lindfield et al., 2016; Kane and Tissot,
2017; Rocha et al., 2018), the fish assemblages of Bermuda and
Plantagenet Bank showed strong depth-dependent structuring.

Fish abundance changed with depth but without a clear
directional pattern, with surveys from deeper depths exhibiting a
greater amount of variability. Previous findings from Caribbean
(Bejarano et al., 2014; Pinheiro et al., 2016), and Pacific reefs
(Thresher and Colin, 1986; Fukunaga et al., 2016; Asher et al.,
2017; Sih et al., 2017), largely support a decline in fish abundance
with depth, although a recent survey, also from Bermuda,
recorded a depth-related increase in fish abundance within
45 m and 80 m (Pinheiro et al., 2016). Interestingly, the depths
examined for that study overlap with the 60 m depth band
in our study, which exhibited the greatest variability in fish
abundance between surveys. In contrast, we report a gradual,
depth-related decline in biomass of conspicuous fish, with
shallow and mesophotic habitats supporting significantly greater
biomass compared to the deepest surveyed transects (300 m). Our
biomass findings agree with previous studies from the Caribbean
(Andradi-Brown et al., 2016; Gress et al., 2018), likely reflecting
the decrease of primary productivity with depth as indicated
by the decline of zooxanthellate hard corals and macroalgae at
deeper depths (Figure 6I). Again, a previous study in Bermuda
(Pinheiro et al., 2016) found an increase in fish biomass with
depth at depths that overlap with our 60 m depth band, where we
observed the greatest variability in fish biomass between surveys.

We report significantly more speciose assemblages in
shallower waters, with a peak in richness at 30 m. Results from
other studies are variable, with some reporting similar richness
peaks at 25–30 m (Brokovich et al., 2008; Garcia-Sais, 2010) or
a bit deeper at 52–92 m (Parker and Ross, 1986), while others
reported depth-related declines (Andradi-Brown et al., 2016;
Gress et al., 2018) or no trends at all (Bejarano et al., 2014).
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FIGURE 4 | Rank orders based on average species abundances on Plantagenet Bank and the sites from the Bermuda slope (North Northeast, Spittal, and Tiger).
Lines connect the rank orders of a given species at the two localities. Species listed in regular rather than bold type were absent from the respective locality. Only
transects between 60 and 300 m were considered since the summit of Plantagenet Bank lies at ∼45 m.

FIGURE 5 | Comparison of changes in relative contribution (percentage of total fish assemblage) of trophic groups with depth using (A) abundance and (B) biomass
data, respectively. Percentage abundance and biomass for each trophic group was calculated by summing all fish on all transects at all sites in a depth band.

Peaks in species richness may be related to larger-scale patterns
in fish assemblage structure, such as the overlap of two distinct
assemblages at boundary depths (e.g., shallow reefs and upper
MCEs, in our case), or may reflect more direct environmental
drivers such as habitat complexity or variation.

The variation reported in depth-dependent patterns of fish
assemblage characteristics between this and other studies may
be because of differences in survey design, location-specific

characteristics and natural variability. For example, stereo
video surveys such as the present one have been shown to
eliminate diver bias inherent in other underwater visual census
techniques (Harvey et al., 2004) that are commonly applied
in reef fish surveys (e.g., Bejarano et al., 2014; Garcia-Sais,
2010). Even the type of stereo video survey (e.g., DOV vs.
baited-remote underwater video) has been shown to produce
different results (Watson et al., 2010). In addition, transect
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TABLE 2 | Comparison of relative fish trophic group biomass against depth using
Kruskal-Wallis followed by Mann-Whitney pairwise comparisons.

Trophic Pairwise comparisons with

Group Chi-squared df p(perm) depth (m)

Carnivores 11.048 7 0.137

Herbivores 62.497 7 ≤ 0.001 15, 30 > 90, 150, 200, 250, 300

Invertivores 11.193 7 0.13

Omnivores 36.282 7 ≤ 0.001 60 > 200, 250, 300

0.024 90 > 250

Piscivores 3.82 7 0.8

Planktivores 31.236 7 < 0.001 200 > 30, 60, 90

300 > 60,90

Each trophic group biomass was considered as a percentage of the total biomass
recorded per transect at each depth. Only significant pairwise comparisons are
shown (p ≤ 0.05).

dimension (width, length) or sampling time (diver speed) have
been repeatedly reported as sources of bias in quantitative reef
fish surveys (reviewed in Usseglio, 2015). The above could
explain the contrasting fish assemblage characteristics reported
in another fish survey from Bermudian MCEs by Pinheiro et al.
(2016) compared to ours. Sampling method (DOV here vs. diver
visual censuses in Pinheiro et al., 2016), transect dimensions

(width = 5 m vs. 2 m, length = 50 m vs. 30 m) and sampling
time (6 min vs. not given) were all different between the two
studies. It is clear that adoption of protocols for standardizing
the collection of data is key for the inter-comparability of
future reef studies (Woodall et al., 2018). In addition, site-
specific characteristics such as structural habitat complexity
(i.e., continuity of reef habitat, topography, availability of hard
substratum) have been shown to affect fish community patterns
(Brokovich et al., 2008; Garcia-Sais, 2010; Asher et al., 2017)
(see also Table 3). Notably, we found benthic community and
substratum composition to be most variable between depths
of 60–200 m (Figures 6I,J), which overlaps with the studied
depths (45–80 m) of the previous survey in Bermuda (Pinheiro
et al., 2016). However, since measures of habitat complexity
were not incorporated in Pinheiro et al. (2016) cross-study
comparisons are difficult to interpret. Finally, natural variability
of reef fish community characteristics, especially from 30–90 m
(Figures 3A,B; see also Figures 5C,D in Pinheiro et al., 2016)
could also be important in explaining differences between studies.

Fish Assemblage Structure
Across a Depth Gradient
There was a gradual shift in assemblage composition with
increasing depth. Distinct assemblages occupied 15–30, 60, 90,

FIGURE 6 | Representative reef environments assessed in Bermuda (A–H) and changes in benthic composition with depth (I,J). (A,B) Shallow reefs dominated by
reef-building scleractinians creating complex three-dimensional habitat structures (15–30 m), (C) Rhodolith bed on reef slope (60 m), (D) Macroalgal fields (60 m),
(E) Mosaic of sand and bedrock (90 m), (F) Reef wall (150 m), (G) Flat, sedimented habitat (250 m), (H) Hard bottom habitat with patches of sand and gravel (300 m).
(I) Change in percentage cover of hard coral and macroalgae with depth. The bars indicate the mean and 95% confidence intervals. (J) Change in substratum type
(bedrock, boulders, rhododiths, sediment) with depth. Boxes indicate the 25th and 75th quantiles, whiskers are 1.5 the interquartile, circles are outliers, and asterisks
extreme outliers. Abundance scores relate to estimated percentage coverage (1: 1–10%, 2: 11–40%, 3: 41–60%, 4: 61–90%, 5: 91–100% – see section “Benthic
Data in Materials and Methods”). Image credits (A–H): PV Stefanoudis, Nekton Foundation.
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FIGURE 7 | Examples of benthic debris observed on Bermuda’s reefs. (A) Fishing gear (Spittal, 30 m), (B) Glass bottle (Tiger, 93 m), (C) Aluminum can (Tiger, 200 m),
(D) Glass bottle (Tiger, 100 m), (E) Fishing gear (Plantagenet Bank, 250 m), (F) Fishing gear (Plantagenet Bank, 187 m). Image credits (A–F): PV Stefanoudis and M
Rivers, Nekton Foundation.

and 150–300 m, defined here as shallow, upper mesophotic,
lower mesophotic and rariphotic depths, respectively (Table 1
and Figures 3D,E). Concordant changes in biotic and abiotic
parameters help explain those patterns. For example, significant
loss of hard coral habitat at depths >30 m (Figure 6I; see
also Fricke and Meischner, 1985) that are usually associated
with mesophotic reef fish, is likely in part responsible for the
faunal break between shallow and mesophotic reefs. Changes
in zooplankton and micronekton abundance with depth could
also have affected fish community structure. Although we
did not directly measure this, the enhanced abundance and
relative biomass of planktivorous fishes below shallow waters
(discussed in the following section), supports this conclusion.
Going deeper, discrete environmental conditions at rariphotic
depths including lower temperatures and dissolved oxygen levels

(see measurements made in the neighboring Bermuda Atlantic
Time-series Station – BATS – during the same period as our
survey was undertaken; Supplementary Figure S1), both known
to influence reef fish structure with depth (Quattrini et al.,
2017a), are likely responsible for the distinct fish assemblages
present in that zone.

Distinct vertical zonation in reef fish assemblages has
previously been reported from St. Peter and St. Paul’s Archipelago
(mid-Atlantic Ridge, Brazil) (Rosa et al., 2016), Bermuda and
Curaçao (Pinheiro et al., 2016), Puerto Rico (Bejarano et al.,
2014), and Southern California Bight (Love et al., 2009). The
present survey highlights that mesophotic reef fish faunas are
biologically distinct from those of shallow reefs, limiting the
applicability of the deep reef refuge hypothesis to fishes in
Bermuda. Our results are in agreement with those from a
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TABLE 3 | Percentage of variation explained by benthic cover and substratum composition in a distance-based multilinear model for reef fish communities using subsets
of abundance and biomass data.

%Variation

Dependent variable Explanatory variable Pseudo-F P explained

Fish abundance Depth 25.532 < 0.001 27.23

Hard coral cover 11.164 < 0.001 14.1

Macroalgae cover 9.5879 < 0.001 12.36

Sediment 3.4975 0.005 4.89

Bedrock 3.317 0.007 4.65

Rhodoliths 2.1761 0.04 3.1

Boulders 0.6762 0.696 0.98

BEST model Depth + Hard coral cover +
Macroalgae cover + Rhodoliths

39.12

Fish biomass Depth 18.159 < 0.001 21.07

Hard coral cover 9.3395 < 0.001 12.08

Macroalgae cover 6.9673 < 0.001 9.29

Sediment 3.339 0.003 4.68

Bedrock 3.1461 0.003 4.42

Rhodoliths 2.1947 0.024 3.13

Boulders 0.8536 0.678 1.24

BEST model Depth + Hard coral cover +
Rhodoliths

30.27

recent study looking at connectivity between fish communities
on shallow and mesophotic reefs in the western Atlantic and
the Pacific (Rocha et al., 2018). Previous studies suggesting
greater overlap between fish communities across the two zones
typically used species depth ranges to draw comparisons, with
some records dating back years to decades, and without taking
into account species abundance and biomass, or changing
environmental conditions over time (for a recent review see
Laverick et al., 2018).

The presence of a faunal break between 90 and 150 m
depth, also corresponds to a change in our survey design (from
DOV to SOV). However, it is comparable to the ∼120–130 m
break reported from Hawaii, Marshall Islands, Gulf of Mexico
and Curaçao (Thresher and Colin, 1986; Pyle et al., 2016;
Semmler et al., 2017; Baldwin et al., 2018), and the 105–168 m
reported from Southern California Bight (Love et al., 2009). In
addition, the fact that some of the common species reported
here were also found in the study from Curaçao (e.g., Chromis
spp., P. martinicensis, S. phoebe) (Baldwin et al., 2018), where
rariphotic assemblages were first described, gives us further
confidence of a distinct rariphotic fish assemblage in Bermuda.
We did not, however, find the additional ∼190–200 m faunal
break identified in the studies from the Gulf of Mexico and
the Caribbean (Semmler et al., 2017; Baldwin et al., 2018).
Consequently, our data do not support the further sub-division
of the rariphotic into upper and lower. It is likely that factors
other than depth, such as habitat heterogeneity or substratum
composition, could be responsible for the observed discrepancies
between ours and the other studies, because these tend to be
highly variable and location-specific, and are known to influence
fish assemblage structure (Lindfield et al., 2016) (see also Table 3).
Similar reef fish surveys from the Caribbean and elsewhere are
needed to determine the depth of the faunal breaks between the

mesophotic and the rariphotic zones. Finally, whether or not a
distinct rariphotic zone is recognizable in the zonation of benthic
assemblages is currently unknown. However, our present benthic
analysis indicated change in substratum composition below
200 m (decline in rhodoliths, increase in sediment; Figure 6J),
which hints toward the presence of a distinct rariphotic benthic
fauna, albeit located a bit deeper compared to what we found
for fish. More detailed studies of the biological components of
the benthos at the same depths would be required to confirm if
that is the case.

Fish Trophic Structure
Across a Depth Gradient
In terms of trophic group structuring, we found a stark decrease
in the abundance and biomass of herbivores below 30 m, in
contrast to a prior study in Bermuda (Pinheiro et al., 2016).
The decline of herbivores outside of the shallow waters is a
well-established trend documented in MCEs throughout the
Caribbean (Garcia-Sais, 2010; Bejarano et al., 2014; Andradi-
Brown et al., 2016) and elsewhere (Thresher and Colin, 1986;
Fukunaga et al., 2016; Pyle et al., 2016; Asher et al., 2017).
Given prior results (Pinheiro et al., 2016), the exact reasons
for herbivore decline with depth in this study are not clear,
and could be related to different sampling methods, site-specific
characteristics and natural variability (see discussion in previous
section). Because food was readily available for herbivorous
fishes (peak of macroalgae cover in the mesophotic zone,
presence of rhodoliths >30 m, Figures 6I,J), the most likely
contributing factor to their decline would appear to be the almost
complete absence of light-dependent scleractinians below 30 m
(Figure 6I). In fact, of all trophic groups, herbivores were the
only ones found to be positively correlated with hard coral
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cover, similar to what has been reported from western Australia
reefs (Vergés et al., 2011). Reef-building genera such as Diploria,
Montastraea, Orbicella and Pseudodiploria that dominate shallow
reefs in Bermuda (Logan, 1998), increase structural complexity,
thus providing shelter from predators and/or greater resource
availability for fish, including herbivores (Rogers et al., 2018).

The invasive lionfish, which is a voracious mesopredator
(Eddy et al., 2016), peaked in abundance and biomass at
mesophotic depths, being a characteristic species of this zone
(Figures 3D,E; also Pinheiro et al., 2016). This peak in lionfish
abundance could also partly explain the decline of herbivores on
MCEs and the concurrent enhanced macroalgae cover discussed
earlier, although its effect is likely to have been limited as
herbivorous fishes were not found to be prominent in Bermuda
lionfish diets (Eddy et al., 2016). Lionfish have been widely
reported from MCEs in the western Atlantic, including Bermuda
(Andradi-Brown et al., 2017b). Although shallow reef culling
has been shown to structure lionfish populations across depth
(Andradi-Brown et al., 2017a), it seems that, for our study area
at least, water temperature might have been a more important
driver (Goodbody-Gringley et al., 2019). In Bermuda, shallow
inshore reefs experience lower winter temperatures (14–15 ◦C)
compared to the deeper offshore reefs (Coates et al., 2013), and
crucially, these lower inshore winter temperatures fall below
the thermal threshold (16.1 ◦C) under which lionfish have
been experimentally shown to cease feeding (Kimball et al.,
2004). Consequently, temperature seasonality is likely to be at
least partially responsible for the larger lionfish populations on
Bermuda’s MCEs compared to shallow reefs.

Abundance and relative biomass of planktivores gradually
increased with depth (Figure 5). Our finding is concordant
with that of other studies which reported enhanced planktivore
abundance with depth (Thresher and Colin, 1986; Pinheiro
et al., 2016). The increased nutrient availability at mesophotic
depths reported here, which could be sustained by internal
waves or upwelling (Lesser, 2006), likely promoted enhanced
plankton production providing food to deep reef planktivorous
fish (see also peak of primary production at ∼100 m in BATS;
Supplementary Figure S1). The dominant species on deep reefs
(150–300 m) was P. martinicensis, which occurred in shoals
of mixed sizes particularly associated with cryptic habitat. This
species was almost always accompanied by S. phoebe which was
observed hunting and feeding on the former in the lights of the
submersible. Similar widespread occurrences of P. martinicensis
and Serranus spp. in these depths have been reported from the
wider Caribbean region (Quattrini et al., 2017b; Baldwin et al.,
2018). It is likely that P. martinicensis provides a main prey item
of other large piscivores and carnivores on deep reefs. This may
indicate that this species is important in bentho-pelagic coupling
at this depth horizon. A similar ecological role is played by species
such as Anthias anthias, Capros aper, Centracanthus cirrus and
Macroramphosus spp. on Seine Seamount in the sub-tropical NE
Atlantic (Hirch and Christiansen, 2010).

Plantagenet Bank vs. Bermuda Slope
Distinct fish assemblages were encountered on the seamount
Plantagenet Bank compared to the three sites on the Bermuda

slope. Specifically, assemblage structure on Plantagenet Bank was
consistently different to all the rest of the Bermuda slope sites
at the deepest depths (150–300 m), and to North Northeast
and Spittal at 60–90 m (Table 1). This was partly a result
of a reversal in the rank order of species present in both
habitats (Figure 4), indicating that some species were common
on the seamount and rare at similar depths on the slope
(e.g., Bodianus rufus, C. fulva) and vice versa (e.g., Chromis
enchrysura, S. phoebe). Similar findings have also been previously
reported for benthic megafaunal communities of a NE Pacific
seamount and the nearby slope (McClain et al., 2009). In
addition, we noted that species such as Kyphosus incisor/sectatrix
that preferentially inhabited shallow depths on the island
slope, occupied mesophotic coral habitats in Plantagenet Bank
(Supplementary Data S1) where shallow reef habitat was not
available (summit of seamount at ∼45 m). Another contributing
factor is the greater presence of large predatory fish such
as C. lugubris, S. cubensis and S. rivoliana on Plantagenet
Bank, which corroborates the wider seamount literature whereby
seamounts provide foraging grounds for large visual predators
(Pitcher et al., 2007; Kvile et al., 2014). Such animals may take
advantage of the trapping of zooplankton and micronekton,
which are part of the deep-scattering layer and migrate into the
shallow waters of the ocean at night. They may be advected over
the summit and flanks of the seamount and at dawn are trapped
near the surface in an increasing light field and predated on by
resident seamount fishes (Genin and Dower, 2007). For example,
juveniles and adults of several pelagic species (e.g., Carangidae,
Scombridae) commonly aggregate on the banks of Bermuda
in the summer months (Faiella, 2003). Other mechanisms that
concentrate food may also operate in the vicinity of seamounts,
associated with interactions between current and topography,
coupled with the behavior of pelagic organisms (Genin and
Dower, 2007). Large zooplanktivores, notably manta rays (Manta
birostris) were also only observed in the vicinity of Plantagenet
Bank during the survey (Rogers AD pers. obs.).

Current Status of Mesophotic and
Deeper Reef Fish Diversity in Bermuda
The fish fauna of Bermuda has been well described from the
efforts of scientists, naturalists and interested fishers to collect
and preserve diverse specimens from shallow reefs, MCEs and
greater depths on the slopes of Bermuda and the offshore
Challenger and Plantagenet banks. These records, including
submersible observations in 1983 and 1997 by B. Luckhurst, were
meticulously compiled by Smith-Vaniz et al. (1999), and Smith-
Vaniz and Collette (2013). We extracted these records and located
more recent museum records and report all known species
observed between 30 and 300 m to provide a context for our
results (Supplementary Data S3). The records were aggregated
by general locations around Bermuda and the two banks. To date,
a total of 133 species have been collected or observed in 30–300 m
depth, and the two offshore banks (Plantagenet and Challenger)
appear to support more diverse fish faunas. It is significant that
despite this long history of collection and observation in Bermuda
we can report four putative new fish records.
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CONCLUSION

We report that fish biomass and species richness decline with
depth, although richness first peaked at 30 m, the boundary depth
at which shallow and upper mesophotic coral reef fish faunas
meet. Below that depth we noted a steep decline of herbivorous
fish, which appeared to be linked to the lack of complex habitat
structure (i.e., absence of reef-building scleractinian corals).
Most importantly, we provided evidence that depth is a strong
predictor of fish assemblage structure with different suites of
species occupying shallow, upper and lower mesophotic, and
rariphotic coral reef habitats, respectively. These strong vertical
zonation patterns highlight the biologically unique nature of
mesophotic and rariphotic coral reef habitats and suggest that
the deep reef refuge effect is likely to be minor for fish faunas
in Bermuda. This distinctiveness of the deeper reef fish faunas
combined with observed signs of stressors such as the occurrence
of invasive species (e.g., lionfish) and/or the presence of benthic
debris (e.g., fishing gear) in those depths, highlight the inherent
vulnerability of the deeper fish assemblages to anthropogenic
pressures. This is perhaps best illustrated by the collapse of the
deep water snapper fishery (Etelis oculatus; Lutjanus vivanus,
Pristipomoides macrophthalmus) in Bermuda, only 2 years after
it started in 1990, at depths between 220 and 350 m that roughly
correspond to the rariphotic zone (Luckhurst and Ward, 1996;
Luckhurst et al., 2003). Thus, we advocate that deeper mesophotic
and rariphotic coral reefs should be more explicitly managed
in terms of targeted fisheries and for conservation purposes.
Furthermore, this study also provides evidence of the distinct
nature of seamounts compared to adjacent slope habitats. Finally,
this additional documented occurrence of distinct communities
in the rariphotic zone suggests this is a widespread community in
the Caribbean and potentially elsewhere.
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