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Abstract
Hydrodynamic processes are important in all marine environments and on coral reefs drive patterns of

habitat zonation, community structure, and biodiversity. Abrupt geomorphological features like pinnacles and
seamounts often possess distinct localized currents and these habitats are also often characterized by high abun-
dance and biomass of fishes. However, differences in fish community structure between pinnacles and emergent
reefs, and their key drivers are poorly understood. In this study, we compared fish communities among
emergent fringing and offshore coral reefs, and submerged pinnacle reefs in Papua New Guinea. Submerged pin-
nacles possessed higher fish biomass, abundance, and species richness than both fringing and offshore emergent
reefs. We collected in-situ current speed and temperature data over a full year at each reef and used random for-
est analysis to investigate the relative influence of hydrodynamics compared to other well-established drivers of
reef fish biodiversity, including habitat and biogeographic factors. Environmental variables explained 70%,
52%, and 5% of variability in models for species richness, abundance and biomass respectively. In all models,
average current speed, current speed variability, and reef area were consistently among the most influential vari-
ables. Models examining relationships between fish biodiversity metrics and current speed did not yield conclu-
sive results but did highlight the association of distinct hydrodynamic regimes on pinnacles with high fish
richness, abundance, and biomass. Our study highlights the strong influence of reef-scale hydrodynamics on
fish biodiversity and demonstrates the ecological value of small, submerged coral reefs, which are globally
numerous yet remain understudied in coral reef ecology.

Hydrodynamic processes are a fundamental component of
the environmental conditions on coral reefs, with movement
of water closely linked to the physico-chemical gradients that
drive the structure of reefs and their associated ecological com-
munities (Monismith 2007; Lowe and Falter 2015). The

hydrodynamic mechanisms that influence coral reef communi-
ties include wave energy gradients (Williams et al. 2013),
upwelling (Radice et al. 2019), internal waves (Wyatt
et al. 2020), lagoonal flushing (Green et al. 2018), and thermo-
regulatory currents (Storlazzi et al. 2020). The nature, magni-
tude and effect of these processes varies considerably within
and between reef habitats. For example, classical patterns of
coral reef zonation are primarily driven by a gradient of surface
wave energy that dissipates from the windward reef crest into
the sheltered lagoon (Done 1983) and shelf position generates
gradients in exposure between inshore and offshore locations
(McClure et al. 2019; Robitzch and Berumen 2020). For coral
reef fishes, hydrodynamics have been shown to affect commu-
nity structure (Jouffray et al. 2019; Samoilys et al. 2019), larval
dispersal, and recruitment patterns (Sponaugle et al. 2002; Bode
et al. 2019) and physiological and behavioral adaptations
(Liao 2007; Binning and Roche 2015).

Depth, in conjunction with differences in reef geomorphol-
ogy can also generate distinct hydrodynamic conditions
(White et al. 2007; Leitner et al. 2021). However, as for the
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majority of ecological studies on coral reefs, most hydrody-
namic studies are conducted on shallow, emergent (crest
depth < 10 m), contiguous reefs and, predominantly focus on
surface driven processes. Yet globally, there are significant
areas of coral reef habitat on submerged bathymetric features
(crest depth > 10–20 m; Bridge et al. 2012; Harris et al. 2013).
This includes large banks, shoals and distinct detached patch
habitats like seamounts and smaller but similar structures; pin-
nacles, “bommies” and knolls (Abbey and Webster 2011).
Many of these submerged reef habitats are sites of enhanced
productivity, generated by strong currents interacting with
abrupt isolated topographies (Dower et al. 1992; Mohn
et al. 2021). In turn, these habitats are often associated with
abundant and diverse ecological communities, including coral
reef fishes (Moore et al. 2017; Richert et al. 2017).

Numerous habitat and spatial variables are known to be
important determinants of reef fish community composition,
especially when investigating ecological drivers on different reef
morphologies (Bennett et al. 2018; Samoilys et al. 2019). In eval-
uating the role of hydrodynamics, it is therefore important to
account for other well-established drivers of reef fish biodiversity.
Hard coral cover, habitat structural complexity, and habitat area
are explicitly positively linked to reef fish diversity (Bell and Gal-
zin 1984; Gratwicke and Speight 2005), and declines in these
habitat variables generate concurrent declines in the abundance
reef fishes (Jones et al. 2004; Wilson et al. 2006; Munday
et al. 2008). However, the effects of habitat and reef structure on
reef fish communities can vary among reef types, with remote
and deeper reefs like pinnacles and seamounts often suggested
to act as refuges from the effects of habitat loss and other distur-
bance (Lindfield et al. 2016; Letessier et al. 2019). Even if there is
habitat loss on seamounts for example, high biomass and diver-
sity of fishes may be sustained by enhanced biological productiv-
ity driven by strong biophysical-coupling in these habitats
(Genin 2004; White et al. 2007).

Aspects of biogeography theory are also particularly perti-
nent to community structure on small, isolated patch habi-
tats like pinnacles, with isolation often associated with lower
diversity and/or more distinct community structures (Hobbs
et al. 2012; Hachich et al. 2015; Pinheiro et al. 2017). How-
ever, although less isolated coastal fringing reefs represent
well-connected contiguous habitats, they are also closer to
terrestrial disturbances (e.g., pollution and fishing pressure;
DeMartini et al. 2008; Brewer et al. 2012). Proximity to main-
land therefore is also a factor that needs to be considered
when assessing the drivers of reef fish community structure
on pinnacles (Mora et al. 2003; Sandin et al. 2008; Williams
et al. 2011). While hydrodynamics can remediate some of
the effects of isolation form larvae supply at offshore reefs
(Paris and Cowen 2004; Simpson et al. 2014) and the nega-
tive impacts of land-based run-off on inshore reefs
(Fabricius 2011), these effects again vary depending on reef
location and morphology (Jones 1997; Brodie et al. 2011).
Given the potentially contrasting effects, it is important to

partition out the relative effects of hydrodynamics, habitat
structure, and biogeographic factors in shaping communities
on different reef formations.

The aim of this study was to establish the relative impor-
tance of hydrodynamics in shaping fish communities on mor-
phologically distinct coral reef types, including nearshore and
offshore emergent reefs and offshore submerged pinnacles. The
study took place in Kimbe Bay, Papua New Guinea (5�300S,
150�050E), where these are the typical reef types and can be
found in relatively close proximity (Fig. 1). In a recent study,
we found that these pinnacles support distinct communities of
fishes, with a significantly greater abundance and species rich-
ness compared to emergent reefs in both nearshore and off-
shore locations (Galbraith et al. 2021). In that study, both
emergent and submerged reef morphologies were surveyed at
the same depth (20–30 m) and we found that established
habitat-based drivers of reef fish species richness, abundance,
diversity and biomass (e.g., hard coral cover and benthic diver-
sity) did not explain much of the variation in fish communities.
This suggests that at the depths surveyed, other environmental
factors are more influential in driving fish community structure.
Following on from that work, this study investigated aspects of
hydrodynamics as key drivers of fish biodiversity on emergent
and submerged reefs below 20 m. We hypothesized that the dis-
tinct hydrodynamics found on submerged pinnacle coral reefs
in Kimbe Bay support higher biodiversity than would be
expected at small, isolated patch reefs. The specific objectives
were: (1) To build on previous surveys of the same reefs to
quantify fish biodiversity (species richness, abundance and bio-
mass) and compare these metrics between the three distinct reef
types. (2) Establish the relative influence of a combination of
habitat, hydrodynamic and biogeographical variables on reef
fish communities below 20 m. (3) Examine the nature of the
relationship between fish communities and hydrodynamic vari-
ables and test for differences in these relationships between reef
types. Current speeds and associated temperature regimes differ
between emergent reefs and submerged pinnacle reefs in Kimbe
Bay (Galbraith et al. 2022). We therefore expect that changes in
magnitude of important hydrodynamic variables may result
in different associations with fish species richness, abundance,
diversity, and biomass.

Methods
Study area and sampling design

Kimbe Bay is a large tropical bay on the island of New
Britain in the Bismarck Sea (5�300S, 150�050E, Fig. 1). The bay
possesses a rich seascape including nearshore emergent fring-
ing coral reefs, offshore emergent atolls and guyots as well as
numerous submerged coral pinnacles (Green et al. 2007).
Twelve reef sites were chosen for this study: four nearshore
emergent reefs, four offshore emergent reefs, and four offshore
submerged pinnacles. All emergent reefs had crests at depths
above 10 m whereas submerged pinnacle crests were all deeper
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than 15 m. All nearshore reefs were within 5 km from main-
land coastline and all offshore reefs between 9 and 25 m from
the nearest main landmass (Supporting Information Table S1).

Data collection
Fish and benthic surveys

To establish measures of fish and benthic community
diversity at each reef, surveys were conducted on SCUBA in

October–November 2018 and April–May 2019. At each site,
five replicate 30 m (length) by 5 m (width) belt transects were
conducted along the horizontal contour of the reef within a
depth band of 20–30 m. Fish communities were surveyed
using diver-operated stereo-video (DOV) based on protocols
described in Goetze et al. 2019. Briefly, the first diver swam a
stereo-video system (SeaGIS Pty, Australia) housing two GoPro
Hero 4 cameras pointing forwards at 0.5 m above the reef at a
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Fig. 1. (A) Kimbe Bay and survey reefs; four offshore submerged pinnacles (green), four offshore emergent reefs (blue), and four nearshore emergent
reefs (yellow). (B) Location of study site (outlined by black box) relative to mainland Papua New Guinea and Australia. (C) Schematic illustrating differ-
ences in morphology and crest depth between the three reef types.
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steady speed (approx. 20 m/min). A second diver followed
behind with a tape and signaled to the first diver when to end
the transect. Both divers then returned along the transect,
using another GoPro Hero 4 camera to conduct a video ben-
thic point-intercept transect (Supplementary Fig. S1). The tape
was marked with two random points every meter and the ben-
thos directly under the tape filmed. Surveys were not con-
ducted on steep slopes or walls. Near-horizontal ridges and
low gradient slopes were selected at each reef to account for
the effects of reef slope aspect which is a known driver of coral
reef community differences (Jankowski et al. 2015).

Video analysis
Fish survey videos were analyzed in the software

EventMeasure Stereo (SeaGIS). Cameras used to conduct
stereo-video surveys were calibrated before and after the sur-
veys using a 3D calibration cube and CAL software (SeaGis
Pty, Australia). This allows for lengths of fish to be estimated
within a known field-of-view (2.5 m either side of transect).
For each transect every individual that entered the lower two-
thirds of the screen was identified to species. Length estimates
were made in EventMeasure using fork-length. If an individual
could not be measured (e.g., too close to one camera) an aver-
age length for that species was applied. Visual surveys tend to
underestimate counts of small, benthic-dwelling, or cryptic
fish (Galland et al. 2017); therefore, these groups are not well
represented in this present study.

Benthic video point intercept transects were played back at
a slow frame rate and the benthic substrate directly beneath
each point identified. The substrate was classified as one of
47 types based on taxonomic group and morphology
(Supplementary Table S2). From this data, we then calculated
benthic diversity (Simpson’s D), total hard coral cover (per-
centage), complex hard coral cover (percentage), and richness
(number of substrate types) for each transect.

Hydrodynamic data
To characterize current flow and thermal regimes at each

site, Marotte HS Drag Tilt Current Meters (Marine Geophysics
Laboratory, Australia) were installed at a fixed depth between
20 and 30 m depth during May–July 2018 (Supplementary
Table S1). Current meters were installed on northerly sides of
each reef at horizontal areas of reef where there were no sur-
rounding obstacles to prevent free movement of the instru-
ment. The current meters recorded temperature (�C), current
direction (degree from north) and current speed (cm s�1)
every 10 s during deployments. Current meters were recov-
ered in September–October 2019, data downloaded and
processed using the software MarotteHSConfig (http://www.
marinegeophysics.com.au/software/). One current meter
deployed at an offshore emergent site (Kimbe Island) was not
successfully recovered during the study and consequently
this site was removed from all further analysis.

Selection of environmental variables
To compare the relative influence of hydrodynamic vari-

ables with other important environmental drivers of reef fish
assemblage structure, we calculated 6 hydrodynamic variables
using the data collected from current meters for the full study
period (1 year). These were an annual daily mean, standard
deviation, and maximum for both temperature and current
speed at each site (Supplementary Table S3). We also derived
seven other environmental variables relevant to reef fish ecol-
ogy and the scale of our study; two biogeographical and five
habitat-related. Distance to nearest neighboring reef (km) and
distance to nearest mainland (km) were selected as biogeo-
graphical variables, measured in the GIS software QGIS (QGIS
Development Team 2022, QGIS Geographic Information Sys-
tem, Open Source Geospatial Foundation Project; http://qgis.
osgeo.org/). Average benthic diversity, benthic richness, total
hard coral cover (%), and complex hard coral cover (%) were
chosen as habitat variables and derived from the benthic
video surveys at each site. The final habitat variable, reef area
(km2), was calculated by conducting in-situ measurements of
the submerged pinnacles and GIS spatial analysis QGIS for
emergent reef area calculations. Further descriptions of all
environmental variables and references pertaining to rational
for variable selection are presented in Table 1.

Data analysis
All data analysis was conducted in R Studio (R Core Devel-

opment Team 2023).

Fish community structure metrics
Using counts and length measurements obtained from

stereo–video analysis we calculated three metrics of fish com-
munity diversity for each transect: fish species richness
(S 150 m�2), abundance (total individuals 150 m�2), and bio-
mass (kg 150 m�2). Biomass was calculated using the length-
weight equation:

W ¼ aLb

where L represents fish fork length (cm), W is weight in grams
and a and b are species specific constants obtained from
FishBase (Froese et al. 2013) using the R package “rfishbase”
(Boettiger et al. 2012).

We compared mean fish community structure metrics
between reef types with Generalized Linear Mixed Effects
Models (GLMMs) using the package “glmmTMB” (Brooks
et al. 2017) with data pooled from both survey years. Models
for fish species richness and abundance were fitted with a neg-
ative binomial error distribution and log link and models for
fish diversity and (log10) biomass were fitted with Gaussian
error distribution and identity link. For all models, site was
fitted as a random effect. Standard model diagnostics were per-
formed for normality, homogeneity of variance and linearity
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using the “DHARMa” package (Hartig 2020). For each model,
coefficient estimates and 95% confidence intervals (CI) were
extracted and plotted including pairwise comparisons between
estimates made using “emmeans” (Lenth 2020). Standardized
partial effects are presented as ratio estimates where there is
evidence to suggest a significant effect if the CI does not
contain one.

Relative influence of environmental variables on fish
communities

Random forest (RF) models were used to assess the relative
influence of 13 environmental variables on three univariate
fish community metrics: species richness, abundance, and bio-
mass. RF is a machine learning technique well suited to inher-
ent issues of non-linearity and multicorrelation characteristic
of ecological data (Breiman 2001). Additionally, RF is an effec-
tive approach when the numbers of observations are compara-
tively low compared to the number of predictors (Svetnik
et al. 2003). Briefly, RF constructs an ensemble of multiple
decision trees using bootstrapped random samples of the origi-
nal data. The results are aggregated and the relative impor-
tance of each predictor on the response is scored based on its
effect on mean squared error (MSE) i.e., factors with the
greatest effect on MSE have the largest influence on
the response (Breiman 2001). RF models were implemented in
R using “RandomForestSRC” (Ishwaran and Kogalur 2022)
with the default setting of 2/3 available data used to grow
each tree and 1/3 data used for internal model validation
(Liaw and Wiener 2002). RF model parameters ntree (the num-
ber of trees to grow) and mtry (the number of variables to con-
sider at a given split) and node size were optimized for each
model using the function “tune” within RandomForestSRC.
An overall R2 value for each model generated and variable
importance plots were generated based on percentage
increased MSE. For each RF model, partial dependency plots
for the effect on the response when all other variables are held
constant were produced for the top four environmental pre-
dictors in each model.

Relationships between fish community structure metrics
and important hydrodynamic variables

Although partial plots from RF models are excellent visuali-
zations of the general trends assessed in the model, they do
not allow for detailed exploration of these relationships, par-
ticularly when trying to examine differences in a response
between different groups.

We therefore used GLMMs to examine the relationships
between the most important hydrodynamic variables identi-
fied by the RF analysis and fish community structure metrics.
In each RF model, mean current speed was the most influen-
tial hydrodynamic variable. For each fish metric (richness,
abundance and biomass) we constructed GLMMs using the
package glmmTMB (Brooks et al. 2017). Each model contained
an interaction effect between continuous fixed effects and the

categorical fixed effect “reef type” (three levels: “nearshore,”
“offshore,” and “pinnacle”). “Site” was included in all models
to account for potential differences between individual reef
sites. The GLMMs for fish richness and abundance were fitted
with a negative binomial error family and a log link. The
GLMM for fish biomass fitted log10 biomass with a gaussian
error family and identity link. The range of mean current
speed recorded differed substantially between the three reef
types, therefore for all GLMMs current speed was centered
individually for each reef type to fit the model and then back
transformed for final interpretation. Model fit was assessed
using standard diagnostic techniques for normality, homoge-
neity of variance and linearity using the “performance”
(Lüdecke et al. 2020) and “DHARMa” (Hartig, 2020) packages.
For each model, coefficient estimates and 95% CIs were
extracted and plotted including pairwise comparisons between
estimates made using the functions emmeans and emtrends
from the package “emmeans” (Lenth 2020). Slope coefficients
are presented as estimates om the response scale where the
evidence suggests a significant effect if the CI does not contain
zero. r.squaredGLMM from the “MuMin” package
(Barto�n 2019) was used to calculate a pseudo-R-Square esti-
mate (Nakagawa et al. 2017) which produces a marginal R2

(m) (an approximation variance explained by fixed effects)
and a conditional R2 (c) (an approximation of variance
explained by the entire model including fixed and random
effects). All plots for GLMMs were created using “ggplot2”
(Wickham 2016). All hydrodynamic and fish abundance,
diversity, biomass and richness data are available at https://
doi.org/10.6084/m9.figshare.23972610.v1 (Galbraith 2023).

Results
Fish biodiversity

A total of 13,122 individuals representing 191 fish species
were identified from the combined survey data. Pinnacle
reefs had highest mean species richness (S = 36.19, 95% CI
[33.72–42.63]), which was 2.3 times that of offshore reefs
(95% CI [1.69–3.14]) and 2.8 times the mean richness of near-
shore reefs (95% CI [2.11–3.78]) (Fig. 2A). The pinnacles also
had highest total fish abundance of 379.66 individuals per
150 m�2 (95% CI [257.52–559.72]) (Fig. 2B) and highest total
biomass of 50.13 kg 150 m�2 (95% CI [21.33–78.94]) (Fig. 2C).
These results are consistent with a previous study conducted
at the same reef sites (Galbraith et al. 2021).

Relative influence of hydrodynamics and other
environmental variables

Environmental variables differed considerably among reef
types. Pinnacles are all smaller than other reef sites and were
characterized by higher average current speeds, higher
variability in current speed and lower temperatures
(Supplementary Tables S1, S3). Offshore reefs experienced
highest mean temperatures annually and are larger in area
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than other reef types. Nearshore reefs were closest to other
neighboring reefs, mainland, and had the lowest range in cur-
rent speed, but the highest range in temperature. The other
habitat-related variables did not differ substantially between
reef sites or morphologies, but complex coral cover was gener-
ally higher at pinnacle reefs (8.2%, SEM = 2.9%) compared to
offshore (1.2%, SEM = 0.5%) and nearshore (3.6%,
SEM = 1.3%) sites (Supplementary Table S5).

The RF model for fish species richness ranked reef area,
mean current speed, and current speed variability as the most
influential factors (Fig. 3A, R2 = 0.70). Surprisingly, all other
habitat related variables were among the least influential. Par-
tial plots of the four most influential variables show that rich-
ness was lowest on reefs with larger areas (Fig. 3A.i) and
higher on reefs with greater average current speeds (Fig. 3A.ii).
There was an increasing trend in fish richness with annual
current variability (Fig. 3A.iii) and increasing distance from
nearest mainland (Fig. 3A.iv).

The RF model for fish abundance ranked mean current
speed, current variability, reef area and distance to nearest
mainland as the top four most important variables (Fig. 3D,
R2 = 0.53). Increasing mean annual current speed (Fig. 3D.i)
and mean annual current variability (Fig. 3D.ii) resulted in

increasing fish abundance whereas reef area demonstrated the
same relationship as the richness RF model; smaller reefs had
more fish (Fig. 3D.iii). Between 5 and 10 km from nearest
mainland, abundance of fish increased sharply and peaked at
around 15 km (Fig. 3D.iv).

Hydrodynamic and habitat variables were most important in
the final RF model for fish biomass (Fig. 3B) but the model
explained relatively little variability in the data (R2 = 0.05). As
for richness and abundance, mean current speed was the most
influential variable, which showed a showed a sudden increase
in biomass at current speeds over 8 cm s�1 and peak response at
a flow of around 8.5 cm s�1 (Fig. 3A.ii,B.i). Reef area was the sec-
ond most influential variable, showing the same trend as rich-
ness and diversity; smaller reefs had greater fish biomass
(Fig. 3C.iii). Current variability was the third most influential
variable for biomass which showed a similar response to species
richness; increasing annual current variability led to increased
biomass (Fig. 3C.ii). Distance to nearest neighboring reef was the
fourth most influential variable which showed a peak response
in biomass at around 10 km which remained generally high
with increasing distance (Fig. 3C.i). Model summaries and results
from all RF models are presented in Supplementary Table S6.

Effect of current speed on fish community structure
metrics

The GLMM for fish species richness found no significant
evidence of a significant effect of increasing current speed on
pinnacles (slope estimate = 2.64, 95% CI [�7.50–12.78]) or
offshore reefs (slope estimate = �1.84, 95% CI [�4.09–0.38]),
but nearshore reefs showed a small positive trend (slope
estimate = 3.09, 95% CI [0.70–0.55]). The overall model had
an R2m = 0.73 and R2c = 0.76 (Fig. 4A, Supplementary
Table S7). Pairwise tests of slopes confirmed that only near-
shore and offshore reefs differed in the nature of response in
fish richness to increasing current speed variability (offshore-
nearshore slope contrast = �4.94, 95% CI [�8.22 � �1.67],
Fig. 4A).

Mean annual current speed explained 63% of variability in
the abundance GLMM (R2m = 0.63, R2c = 0.78, Fig. 4B, Sup-
plementary Table S7). At mean annual current speed at each
reef type, pinnacles had 2.87 times the number of fish com-
pared to offshore reefs (95% CI [1.11–7.17]) and 8.42 times
the number of fish compared to nearshore reefs (95% CI
[3.59–19.75]). However, we found no evidence to suggest that
increasing mean annual current speed increased fish abun-
dance on any of the three reef types.

The final model for fish biomass explained 59% of variabil-
ity in biomass data (R2m = 0.59, R2c = 0.74, Fig. 4C,
Supplementary Table S7). At an average level of annual
current speed variability, pinnacle reefs had 28.94 times the
estimated biomass of fish compared to nearshore reefs (95%
CI [7.05–118.84]) and 8.14 times that on offshore reefs (95%
CI [1.77–37.42]). Offshore reefs also had 3.56 times estimated
biomass than nearshore reefs (95% CI [0.77–16.35]). We
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found no evidence for contrasting slopes between any of the
three reef types (Fig. 4). Full model summaries and pairwise
comparisons for all GLMMs of fish responses and current
speed are reported in Supplementary Table S7.

Discussion
Our study strongly suggests that the higher richness, abun-

dance, and biomass of fishes on submerged pinnacles is largely
driven by hydrodynamic processes. We found that mean cur-
rent speed and the variability in these speeds explained a large
amount of variation in fish diversity and biomass between the
three different reef habitat types. Reef area was the only habi-
tat variable to consistently rank highly in RF models and the
nature of the relationship with fish metrics was always nega-
tive, i.e., the smallest reefs supported greatest fish biodiversity.
Although hard coral was among the top five most influential
variables for fish abundance and biomass, all other benthic
habitat variables were constantly ranked as the least important
in RF models. Of the biogeographic variables, distance to
nearest mainland was in the top five most influential variables
in all RF models, but did not represent a large proportion of
the overall variable importance in any model (0.08% – 14.39%
MSE). Distance to next neighboring reef did not rank highly
in any model. There was no significant relationship between
fish abundance and biomass with current speed, but there
were contrasting responses between reef types for fish species
richness. Overall, this suggests that the habitat-specific envi-
ronmental conditions driving diversity patterns are them-
selves generated by the different reef morphologies at the
depths studied.

These results contribute to growing evidence that pinnacles
in tropical seas act as patches of ecologically important coral reef
habitat, capable of supporting high species richness, abundance,
biomass despite being smaller in size compared to larger, shallow
coral reefs (Moore et al. 2017; Wagner et al. 2020; Leitner
et al. 2021). This inverse relationship between all fish metrics
and reef area is surprising, as ecological theory predicts that the
smallest and most isolated reefs in our study (the pinnacles)
should support the fewest species and individuals due to lower
colonization rates. However, the direct effects of habitat area,
isolation and spatial arrangement on species richness and abun-
dance are difficult to disentangle as they usually co-vary and as
such, the nature of these relationships can vary considerably
(Ewers and Didham 2006; Bonin et al. 2011).

One potential explanation for the link between the hydro-
dynamic drivers and fish metrics in our study, is that
site-specific hydrodynamic conditions increase resource avail-
ability within a small habitat area. The effect of this is

increased species richness and abundance through the provi-
sion of energy (Wright 1983; Carrara and V�azquez 2010). We
suggest that these mechanisms are like the enhanced
biophysical-coupling and energetic focusing found to occur
on seamounts (White et al. 2007; Lavelle and Mohn 2010).
The pinnacles in our study have been shown to possess dis-
tinct hydrodynamic regimes, characterized by markedly
higher current speeds compared to the nearshore and offshore
emergent reefs (Galbraith et al. 2022). Through localized
hydrodynamics generated at submerged and steep-side reef
morphologies, we propose that the habitat quality is
enhanced for reef fishes on pinnacle coral reefs, despite small
overall area, greater depths and relative isolation in offshore
positions.

This explanation is reflected by the presence of abundant
schools of large-bodied planktivores and predatory fishes driv-
ing the high abundance and biomass of fishes at the pinna-
cles. Planktivores derive direct energetic benefits from
increased pelagic inputs and in turn, reefs with higher pelagic
subsidies support higher trophic levels (Skinner et al. 2021).
The pinnacle sites in this study also support highly abundant
and species rich predator fish communities compared to the
emergent reef types in Kimbe Bay, which are composed of
both site-attached meso-predators (e.g., Cephalopholis spp, Epi-
nephelus spp.) and larger, mobile species (e.g., Sphyraena spp,
Caranx spp) (Cresswell et al. 2023). Predation is an important
structuring mechanism in reef fish communities (Hixon and
Jones 2005) and smaller, site-attached predators on the pinna-
cles undoubtedly must directly capture prey from the sur-
rounding habitat, influencing patterns in local abundance of
prey species (Stewart and Jones 2001; Stier et al. 2017). How-
ever, in the case of highly mobile predators, the resources
derived from the pinnacles may be less direct and again, may
be related to the distinct hydrodynamic conditions. High flow
environments may provide opportunities for resting (Barreiros
et al. 2002), the formation of breeding or spawning aggrega-
tions (Fisher et al. 2018) and thermoregulation (Watanabe
et al. 2021). Further, if transient predators are moving to feed
in pelagic, or other reef environments, their presence on the
pinnacles may further enhance energetic subsidies through
feces deposited on the reef and consumed by other species
(Robertson 1982; Rempel et al. 2022). Elucidating the role of
predation in shaping fish communities on isolated submerged
reefs is challenging outside of experimental and mathematical
studies but presents a stimulating avenue for further investiga-
tion in our study system.

While average daily current speed was overwhelmingly the
most important environmental variable in the RF model for

(Figure legend continued from previous page.)
Fig. 3. Relative importance of biogeographic, habitat and hydrodynamic variables in (A) fish richness, (B) total fish abundance, and (C) total fish bio-
mass RF models for fish communities in Kimbe Bay. Factors with highest values of percent increase in mean square error indicate more important vari-
ables in the RF model. Partial plots for the top four most influential variables are denoted by numerals i–iv for each model.
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fish biomass, the model explained very little of the total vari-
ability in biomass (R2 = 0.05). This was markedly less than
both richness (R2 = 0.70) and abundance (R2 = 0.53) models.
Similarly, the GLMMs testing the direct relationship between
current speed and fish biomass did not yield conclusive

results. This analysis did, however, highlight the very different
range in current speeds experienced by the different reef types
over the study period and the association of strong currents
on the pinnacles with high fish species richness, abundance
and biomass. The likely combined effects of current speed and
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habitat variables already discussed, together with the range of
ecological benefits strong currents confer to different species,
individuals and populations may partly explain the large vari-
ability in the models and the lack of clear general trends. More
complex modeling approaches may be required to better
understand these relationships which could include fish spe-
cies or family specific responses and co-variance with impor-
tant habitat metrics.

Despite the low ranking of most habitat variables in our
results, the ability of currents to boost fish biodiversity on
coral reefs should be considered in conjunction with habitat
complexity. While high current flow can provide benefits to
fishes on coral reefs it also presents increased energetic costs
to individual organisms (Fulton et al. 2013; Nadler
et al. 2018). In order to take advantage of high-flow condi-
tions, morphological and behavioral adaptations have devel-
oped in some species to enhance swimming performance and
reduce energetic costs (Liao 2007). However, many adapta-
tions depend on the availability of sufficient complex habitat
which not only provides important refuge from predation but
is also used to shelter from strong currents (Johansen
et al. 2008; Eggertsen et al. 2016). We observed weak negative
trends in species richness and abundance at offshore sites with
increasing annual current speed in contrast to nearshore and
pinnacles sites. Supplementary analysis in this study and pre-
vious work conducted at the same sites found that offshore
reefs had the lowest percentage cover (1.2%) of complex hard
coral compared to nearshore (3.6%) and pinnacle reefs (8.2%)
(Supplementary Table S5). This suggests that while currents
may increase niche space and resources for some species,
strong flows restrict the distribution of others. Therefore, only
when combined with sufficiently high habitat complexity can
the greatest number of species access the additional resources
provided by high current speed environments.

Distance to nearest mainland was ranked in the top five
variables in all RF models. However, this effect was relatively
small, and fish diversity and biomass at offshore emergent
reefs is similar to nearshore emergent reefs, despite being just
as isolated as the pinnacles. Distance to mainland is often
used as a proxy for fishing pressure on coral reefs as nearshore
habitats are closer and therefore more accessible to human
population centers (DeMartini et al. 2008; Williams
et al. 2011). We controlled for this covariate by selecting near-
shore sites which are part of a well-established locally man-
aged marine area (Green et al. 2009). The submerged nature of
the pinnacles could make these reefs harder for fishers to
access, although these sites are well known among local com-
munities and are also frequently visited by local dive and
game-fishing tourism operators. Isolation from other coral reef
habitats is another key determinant of reef fish community
structure that did not rank highly in our analyses. The effect
of isolation however, varies considerably with scale. Small-
scale isolation in patchy habitats can promote abundance and
species richness (Belmaker et al. 2005; Jones et al. 2020), but

extreme large-scale isolation is sometimes associated with low
species diversity (Sandin et al. 2008; Luiz et al. 2015). The pin-
nacles in our study and the seascape of Kimbe Bay arguably
represent a mesoscale level of isolation from other reefs. At
this intermediate level, important ecological processes may
operate at optimal levels. For example, mesoscale isolation
may result in optimal foraging distances to other larger reefs
for mobile predators, while retaining the benefits of residency
in the high current environments of the pinnacles. In terms
of recruitment, current strength, variability, and relative cur-
rent direction can increase larval recruitment at isolated reefs
(Jones 1997; Simpson et al. 2014) and also generate biophysi-
cal retention mechanisms that promote self-recruitment (Paris
and Cowen 2004; Beldade et al. 2016). High current speeds
could therefore enhance recruitment on small, submerged
pinnacle reefs, despite their relative isolation from other larval
sources. Overall, we suggest that the additional resources and
other ecological benefits derived from high current speeds for
individuals and populations likely explain the greatest biodi-
versity recorded on the pinnacles and the prominence of
hydrodynamic variables in our results.

Temperature variables were somewhat important for fish
species richness and abundance but were some of the least
influential variables for fish biomass. Although average annual
temperatures on the pinnacles are slightly cooler than emer-
gent reefs in Kimbe Bay (Galbraith et al. 2022), the magnitude
of this difference is small and seasonal patterns are remarkably
low here (Srinivasan and Jones 2006). Our previous investiga-
tion of hydrodynamic regimes and thermal profiles on the
pinnacles in Kimbe Bay hints at potential thermoregulatory
processes at these sites but this has not been empirically
shown. Direct temperature related effects on coral reef com-
munities initially affect scleractinian corals and responses in
fish communities to rising or variable temperature regimes are
often not immediately apparent (Graham et al. 2007; Munday
et al. 2008). It seems likely that the influence of water temper-
ature on fish communities in our study co-varies with current
speed and extending this study over a longer timeframe may
reveal stronger temporal relationships. This would be impor-
tant to determine both the effects of predicted future warming
on submerged pinnacles and to test whether site-specific
hydrodynamic conditions confer resilience to thermal stress
in coral reef communities.

Teasing out the relative importance of well-established
environmental variables as drivers of diversity is a source of
constant challenge and debate in ecology. We found that site-
specific hydrodynamic variables at morphologically distinct
reefs and at greater depths, override the importance of
established drivers of reef fish community structure including
habitat size, complexity, hard coral cover or isolation. Tropical
coral reefs on submerged bathymetric features, such as the
pinnacles in this study, are ubiquitous across coastal shelves
supporting productive ecological communities, yet remain
understudied compared to emergent reefs. Established
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ecological paradigms for seamounts suggest that biophysical-
coupling by strong and distinct hydrodynamics are drivers of
biodiversity on these structures and our results provide some
evidence that these processes may operate in a similar way on
pinnacle coral reefs. We suggest that these mechanisms
enhance reef habitat quality and explain how these patch
habitats can support higher numbers of species and individ-
uals than might be expected for the small area. Specific inves-
tigation of these biophysical mechanisms are therefore
warranted to understand the pathways through which physi-
cal properties of submerged reef habitats generate ecological
responses. For example, trophic studies utilizing isotope chem-
istry could determine how energetic pathways between pelagic
and reef habitats are facilitated by local mixing, advection
and/or retention of food sources. Similarly, genetic connectiv-
ity studies in conjunction with biophysical modeling may elu-
cidate the extent of larval retention by current in small,
submerged reef habitats.

The global coral reef seascape is changing, coral cover and
habitat complexity continue to decline globally. Identifying
reef-scale environmental conditions like hydrodynamics that
enhance or maintain habitat quality will be essential to under-
stand the future of coral reef fishes. These variables should be
more regularly incorporated into reef-scale studies to better
understand patterns of coral reef biodiversity and ecological
responses to disturbance alongside other key drivers. Morpho-
logically distinct, deeper and diverse submerged reefs repre-
sent highly productive and potentially resilient coral habitats.
These hotspots of diversity warrant further investigation in
other seascapes and their ecological value should be more fre-
quently considered in marine management and conservation.

Data availability statement
All hydrodynamic and fish abundance, diversity, biomass,

and richness data are available at https://doi.org/10.6084/m9.
figshare.23972610.v1.
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