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Abstract Cryptobenthic fishes are abundant on coral reefs,
and their larvae dominate the ichthyoplankton in near reef
waters. However, we have a limited understanding of how
pelagic and on-reef processes are linked, especially how
late-stage cryptobenthic fish larvae use near reef waters.
We therefore used depth-stratified light trap sampling from
2 to 27 m at Lizard Island, Great Barrier Reef. This revealed
clear depth variation in late-stage larval fish assemblages.
Gobiidae larvae characterised mid-depth (13 m) samples. By
contrast, larval Apogonidae were only abundant in shallow
samples. Deep samples were typified by (non-target) adult
apogonids. Contrary to expectations that poor-swimming
cryptobenthic larvae would be flow-sheltering in deeper
water, our results suggest that late-stage cryptobenthic lar-
vae use large portions of the water column, although their
preferred positions may be taxon-specific.
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Introduction

Small, cryptobenthic fishes dominate fish communities on
coral reefs (Brandl et al. 2018), making up at least 40% of
species and up to 50% of all individuals (Ackerman and
Bellwood 2000). In addition to their sheer abundance,
cryptobenthic fishes can play a pivotal role in reef tropho-
dynamics. Indeed, they may account for over 60% of the
consumed fish biomass on coral reefs (Brandl et al. 2019). It
has been posited that the mass turnover of these cryptoben-
thic fishes is critical to the productivity of coral reefs, with
the success of this ‘crypto pump’ depending on the constant
influx of late-stage pelagic larvae (Brandl et al. 2019; Goat-
ley et al. 2021). However, despite the critical importance of
late-stage larvae in linking pelagic and on-reef processes
(reviewed in Cowen 2002), our understanding of vertical
distributions of late-stage larval cryptobenthic fishes in near
reef waters is currently limited.

Despite exceptionally high mortality rates and limited
reproductive outputs, the larvae of cryptobenthic fishes
vastly outnumber those of larger reef fishes in near-reef
(<10 km) pelagic waters (Brandl et al. 2019). This could be
the result of: (a) year-round reproduction and larval survival,
which maintains larval abundances regardless of the sam-
pling time (Lefevre et al. 2016) and/or (b) larvae concen-
trated in the vicinity of reefs due to limited dispersal, reflect-
ing morphological constraints and poor swimming abilities
(Majoris et al. 2019; Goatley et al. 2021; but see Burgess
et al. 2022), stronger natal homing or retention (e.g. Bottesch
et al. 2016; Mouritsen et al. 2013; Paris et al. 2013; Ger-
lach et al. 2007) and/or early orientation behaviour (Majoris
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et al. 2021; Staaterman et al. 2012). A clue to the relative
merits of these alternate explanations may lie in how crypto-
benthic larvae use near reef waters, especially in relation
to their relatively poor swimming abilities (Stobutzki and
Bellwood 1997; Fisher 2005; Majoris et al. 2019). If poor
swimming ability is a key factor in retaining larvae in the
vicinity of reefs, we may expect them to be most abundant
in deeper waters, away from stronger currents (cf. Johansen
2014; Armsworth 2001), as seen in subtropical cryptoben-
thic fishes (Goatley 2021). Indeed, it is well known that late-
stage larval fishes may be able to influence their dispersal
patterns via behaviour (e.g. Kingsford et al. 2002; Fisher
and Bellwood 2003; Bottesch et al. 2016). However, there
is a substantial knowledge gap regarding the vertical distri-
bution of cryptobenthic larvae. A knowledge of their depth
distributions is key if we are to understand their behaviour.

Previous studies of nearshore larval distributions have
recorded variation in vertical distributions using ichthyo-
plankton tows (Irrison et al. 2010; Leis 1986, 1991) or light
traps (Hendriks et al. 2001). Fisher and Bellwood (2002)
developed a modified light trap for collecting late-stage lar-
vae from specific depth strata. They found that cryptobenthic
taxa (unlike most other taxa) were primarily recovered from
the deepest traps, suggesting that settlement-stage crypto-
benthic larvae may preferentially occupy or approach reefs
in deeper waters, possibly to avoid advection. However, in
this previous study the maximum deployment depth was just
16 m and all deployments were on the leeward side of Lizard
Island, Great Barrier Reef (GBR). Therefore, there is cur-
rently little quantitative data on cryptobenthic larvae below
16 m (Brandl et al. 2018). The goal of this study, therefore,
was to use stratified light-trap sampling to investigate the
depth distributions of late-stage cryptobenthic reef fish lar-
vae on the deeper, windward, side of Lizard Island.

Materials and methods
Light trap design and deployment

We used modified light traps following Fisher and Bell-
wood (2002) to sample specific depths in the water column
for late-stage (post-flexion, pre-settlement) larval fishes
(Fig. 1). Light traps were illuminated using an LED strip
light powered by a 15,000 mAh battery bank in a 2 L glass
jar (Korken, Ikea), and a Princeton Tec Torrent dive torch;
light from the strips and torch lasted for approximately 6 and
8 h, respectively. Three traps were arranged along a single
anchor line to sample at 2 m, 13 m, and 27 m and were
deployed in water 28-30 m deep (Fig. 1). Sampling was
conducted in January/February 2020 at two sites (5 d per
site with one light trap array deployment per day),~ 100 m
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Fig. 1 Conceptual diagram of the depth stratified light traps
deployed at Lizard Island. a position of complete sampling array in
the water column, b external view of light trap design, and c inter-
nal view of light trap. Light trap details follow Fisher and Bellwood
(2002)

Light strip

Benthos

off the southeastern (windward) reef crest of Lizard Island,
a mid-shelf reef on the northern GBR, Australia (Fig. S1).

Light traps were deployed shortly before sunset~5:30 pm
and collected the following morning ~7:00 am. Non-focal
organisms (e.g. pelagic elongate fishes, crustacea) were
returned to the sea as soon as possible. Abundant species
of interest (e.g. caesionids) were identified, counted, and
returned to the sea as soon as possible; a subset was retained,
along with all remaining fish larvae, and fixed in buffered
10% seawater formalin for later identification. Retained
material was sorted, identified to family and photographed
with a scale. The total lengths of fishes were measured using
ImagelJ, to the nearest 0.1 mm. In species with > 30 individu-
als per sample, a random subsample (20-30) was selected
for measurement.

Statistical analyses

Initially, we undertook multivariate analysis on the full fish
assemblage dataset using a permutational multivariate analy-
sis of variance (PERMANOVA) and a canonical analysis
of principal coordinates (CAP) ordination to visualise the
results (details in Text S1). Based on this initial analysis, the
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two cryptobenthic fish families most strongly correlated with
the multivariate space were the Gobiidae and Apogonidae,
warranting a more specific examination. The abundance of
each of these two families was treated as the response vari-
able in separate generalised linear mixed effects models. In
both cases, depth and site were treated as categorical fixed
effects, while the day of deployment was incorporated as a
random effect to account for temporal non-independence.
Full models with an interaction term were initially fitted, and
the most parsimonious model was subsequently identified
using the corrected Akaike information criterion (Table S1).
The model for Gobiidae was based on a zero-inflated Pois-
son distribution with a log link, while the Apogonidae
model was based on a negative binomial distribution with a
log link. Model fits and assumptions were evaluated using
simulation-based residual model checking, which were sat-
isfactory in all cases. Pairwise comparisons with Tukey’s
adjustment were used to examine within-factor differences.
Statistical analyses were conducted in the software R Ver-
sion 4.0.3 (R Core Team 2020) using the glmmTMB package
(Brooks et al. 2017).

Results and discussion

There was clear variation in community composition of
fishes in light traps across depth gradients (Table S2). The
fish assemblage at the mid-depth was distinct, with separa-
tion driven by a relatively high abundance of gobies and
monacanthids (Fig. 2). By contrast, the shallow and deep
depths were characterised by relatively high apogonid abun-
dance (Fig. 2). Deep samples were also characterised by
Caesionidae and Centriscidae and shallow samples were
characterised by Pomacentridae and Siganidae (Fig. 2).
When considering the cryptobenthic taxa specifically, there
was a clear difference in the relative abundance of gobies
with depth (Fig. 3a). Indeed, 73.5% of all gobies (2.5 +0.97
individuals per sample on average [+ SE]) were collected
in mid-depth samples; they were less abundant (23.5%;
0.8 £0.33) in shallow samples and rare (<3%; 0.1+0.1) in
deep samples (Fig. 3a; GLMM p < 0.05; Tables S3-S6). By
contrast, apogonids were largely collected from the shal-
low (13.1% of individuals; 21 +28.93) and deep (86.2%;
138.6 +£350.22) light traps, with less than 1% (1.2 +1.87)
collected in the mid-depth (Fig. 3b; GLMM p <0.05; Tables
S3-S6). Therefore, the community composition of fishes in
light traps varied considerably across depths with crypto-
benthic taxa inhabiting most sections of the water column.

Vertical stratification of reef fish larvae in light traps
was first demonstrated by Fisher and Bellwood (2002),
who showed family-level preferences in the upper
16 m on the leeward side of Lizard Island. Both Fisher
and Bellwood (2002) and Leis (1991), the latter using
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Fig. 2 Community composition of fishes caught in depth strati-
fied light trap samples at Lizard Island. a Multivariate ordination of
light trap samples (coloured dots) constrained by depth and based on
a Bray—Curtis dissimilarity matrix. b Vectors show how fish families
(cryptobenthic families in bold) are correlated with each other and
relate to the samples in the ordination space. Vectors that were not
strongly correlated with the ordination space are not shown

ichthyoplankton tows, found increasing apogonid lar-
val abundance with depth, which contrasts with the low
abundance of apogonids in mid-depth samples herein.
Leis (1991) also recorded increasing gobiid larvae with
depth, again contrasting with our peak gobiid abundance
at mid-depths. These differences may be explained by the
different study locations, depth ranges, and capture meth-
ods; notably Leis (1991) also collected during the day.
Our results extend this previous work and increase the
potential range of separation to include depth strata down
to 27 m. For our focal groups, the cryptobenthic fishes,
there is evidence that all sections of the water column
were used but that different families exhibit strong prefer-
ences. As noted by Leis (1991), empirical knowledge of
the vertical position of larvae is invaluable in terms of
understanding the relationships between larval fishes and
the environment in which they survive. Vertical distribu-
tions can shape everything from potential prey and feeding
success to advection and the probability of returning to
reefs (Cowen et al. 2002).

@ Springer



510

Coral Reefs (2023) 42:507-512

a Gobiidae

Abundance
(ind. sample™)
e

Shallow Mid Deep
Depth

b Apogonidae

©
it

Abundance
(ind. sample™)
[e]
<

0+ o
Shallow Mid
Depth

¢ Apogonidae size

0.24 Shallow

0.1

Relative frequency

Deep

0.0

10 20 30 40 50
Total length (mm)

Fig. 3 The abundance of a goby and b apogonid individuals in depth
stratified light trap samples from Lizard Island. The coloured points
and range indicate the mean predicted value and 95% confidence
intervals from generalised linear mixed effects models. ¢ Relative fre-
quency distribution of apogonid sizes in shallow and deep light trap
samples

Although the vertical distribution of fish larvae has
received limited attention in the literature, taxon-specific
variation across a depth gradient may be expected for sev-
eral reasons. Stratification may be partly attributed to avail-
able light at a given depth due to larval fishes feeding using
visual cues (Job and Bellwood 2000), which are likely to be
restricted to the upper 15 m at night, even for late-stage lar-
vae (Job 1999). Depth stratification due to swimming abili-
ties may also be expected, although the patterns observed
herein are not consistent with our expectations based on the
swimming abilities of cryptobenthic fishes. Indeed, both
apogonids (Stobutzki and Bellwood 1997; Fisher 2005)
and gobies (Majoris et al. 2019) are relatively poor swim-
mers and would therefore be expected to avoid currents. For
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example, Stobutzki & Bellwood (1997) estimated that most
apogonids are exhausted after about 20 h at 13.5 cm s~
In the deployment locations, there are moderate to strong
currents running along the reef (on average ~8 cm s~! and
up to~23 cm s~ ! across the three depths sampled; Text S2;
Fig. S2; Table S7). Few apogonids would have been able
to maintain their position against these currents for more
than a day or two, and any position holding would likely
have significant energetic consequences. Moreover, Majoris
et al. (2019) found that two species of goby larvae had aver-
age swimming speeds of 7.2 and 8.6 cm s~!. Given that the
average current speed in our location was~8 cm s~ at all
depths, this suggests that the gobies recorded in our study
would have to swim consistently at their average speeds to
just keep pace with currents. The presence of gobies in the
mid-depth samples is thus unexpected, as is their absence in
deep samples, where we expected them to be flow refuging
(if this does occur it is probably at a finer scale than exam-
ined herein). Their apparent ability to select, use and persist
in a range of water depths could be an important factor sus-
taining their exceptional abundances as both larvae and reef
fishes (Brandl et al. 2019; Goatley et al. 2021).

Interestingly, the distribution of apogonids could also
hold the key to the rarity of gobies in deep samples. All
apogonids in the shallow samples were late-stage larvae
(Finn and Kingsford 1996) <20 mm total length, with the
vast majority ~ 10 mm (Fig. 3c). By contrast, apogonids from
deep samples were up to 56.4 mm, with 56% of measured
individuals > 20 mm (Fig. 3c). These are reflective of post-
settlement adult apogonids (Ishihara and Tachihara 2011).
Adult apogonids roam over open off-reef locations at night
(Marnane and Bellwood 2002) and may have been attracted
to light traps due to either the light or to prey attracted to
the light. In this respect, the high abundance of adult apo-
gonids could have also affected the distribution of larval
fishes in deep light traps, as apogonids are known to prey
on ichthyoplankton (Marnane and Bellwood 2002). There-
fore, the rarity of gobies in deep samples could be because:
(a) gobies were abundant in deep samples but were preyed
on by apogonids and were therefore undetected (Fig. 3a) or
(b) gobies actively avoided deep areas (possibly because of
potential predation by apogonids). Although, it would be
surprising if option (b) explained the rarity of gobies in deep
samples because deeper areas are closer to the benthos and
the topographic complexity it provides. Such complexity can
be utilised by fishes to shelter from strong currents, as has
previously been found for temperate and sub-tropical crypto-
benthic taxa (Goatley et al. 2021). Clearly, future studies that
tease apart the trade-offs cryptobenthic larval fishes make
between factors such as predation and sheltering from cur-
rents, is warranted across depth strata.

Overall, the larvae of cryptobenthic fishes exhibited an
unexpected capacity to occupy moderate-high flow locations
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(on average ~8 cm s~!) in the water column off the exposed
face of a mid-shelf coral reef. Their weak swimming abilities
may belie a remarkable capacity to use the water column.
Whether this reflects feeding movement (which would be
permitted based on the visual acuity of these species [Job
and Bellwood 2000]) or enhanced swimming movement
prior to settlement (cf. Fisher and Bellwood 2002) remains
to be determined. Regardless, cryptobenthic fishes continue
to reveal their exceptional capabilities, especially during
their highly successful larval phase.
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