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Abstract

Predators on coral reefs play an important ecological role structuring reef fish communities and are important fishery tar-
gets. It is thought that reef predator assemblages increase in density and diversity from inner lagoonal to outer edge reefs.
Oceanic atolls may differ though, as nutrients are available throughout. Reef predator populations are declining, but there is
little known about how their distributions may vary across oceanic atolls. Using a combination of underwater visual census
and baited remote underwater video, this study aimed to compare reef predator populations between inner and outer reefs
of North Malé Atoll (Maldives) and determine which reef metrics may drive any differences in assemblage structure. We
found that predator assemblages were significantly different between inner and outer atoll. Body sizes of several predator
families were consistently larger in the outer atoll, however, abundance, biomass and species richness were similar between
outer edge reefs and inner lagoonal reefs suggesting atoll lagoons may be undervalued habitats. Depth and complexity were
consistently important predictors of the predator assemblage. Inner atoll lagoonal habitat is equally as important for reef
predator assemblages as outer reef slopes, although the dominant species differ. This study provides important information
on reef predator populations in the Maldives, where detailed assessments of the reef predator assemblage are lacking but
the reef fishery is thriving and annual catch will continue to increase.

Introduction

Coral reef predators play an important role in structuring
reef fish communities (Clark et al. 2009; Roff et al. 2016).
They regulate the composition and dynamics of prey assem-
blages, directly through predation and indirectly through
the modification of prey behaviour (Ceccarelli and Ayling
2010; Roff et al. 2016). Locally abundant teleosts such as
snappers, emperors and groupers are an important part of
the reef predator assemblage, making regular movements
between hard and adjacent soft bottom habitats (Berkstrom
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et al. 2012; Green et al. 2015). They also substantially con-
tribute to coral reef fishery yields, providing livelihoods to
millions of people globally. Currently, populations of sharks
and other reef fishes are experiencing worldwide decline
(Graham et al. 2010; Roff et al. 2016), but their removal can
result in community-wide impacts which may destabilise the
food web (Bascompte et al. 2005).

In both terrestrial and marine systems, predators show a
preference for edge habitats (Phillips et al. 2004; Heithaus
et al. 2006), such as forest grassland edges (Svobodova et al.
2011), forereef ledges (Papastamatiou et al. 2009) and outer
shelf areas (Cappo et al. 2007). Consequently, reef predators
may increase in density and diversity from shallow, lagoonal
habitats to outer reef slopes (Friedlander et al. 2010; Dale
et al. 2011). Outer reef habitats may provide a greater avail-
ability of resources, for example they host aggregations of
planktivorous fishes (Hamner et al. 1988, 2007) that take
advantage of increased plankton prey abundance (Wyatt
et al. 2013) and sustain reef predators (Frisch et al. 2014;
Matley et al. 2018).

In the Maldives, atolls are characterised by an oceanic
outer reef slope with deep channels separating inner shal-
low, lagoonal reefs from the adjacent open ocean. A range
of hydrodynamic processes such as equatorial currents and
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local upwelling facilitate water mixing within the Maldivian
archipelago (Sasamal 2007), enhancing biological produc-
tivity. Consequently, unlike more closed systems, nutritional
resources are available throughout the atolls and into the
lagoons due to the extensive water circulation (Radice et al.
2019). Furthermore, tourist resort islands, often located
inside atoll lagoons, act as refuges for reef fish communi-
ties, because fishing is often prohibited there. As such, resort
islands support a higher diversity of commercial fish species,
such as groupers, than other permanently inhabited islands
(Moritz et al. 2017). Inner lagoonal reef habitats may thus
be equally as important to reef predator assemblages as outer
edge reefs (Skinner et al. 2019).

Fisheries in the Maldives traditionally focused on tuna,
but the annual reef fishery catch has increased (Sattar et al.
2014) due to a growing demand for reef fish from tourists
(Ministry of Tourism 2018). Moreover, the 2009-2013
Maldives Strategic Action Plan identified expansion and
diversification of the fisheries sector as a national priority
(Adam and Sinan 2013), signifying further development and
exploitation of the reef fish fishery. Although the Maldives
was classified as one of the most underexploited fisheries in
the Indian Ocean (Newton et al. 2007; MacNeil et al. 2015),
there are no unfished or historically “pristine” coral reef eco-
systems in the region (McClanahan 2011). In addition, cur-
rent estimates suggest that the reef fishery is approaching the
limit of its maximum sustainable yield (Sattar et al. 2014)
and prior to 1998 sharks were intensively fished (Ushan et al.
2012). There is thus an urgent need to assess abundance and
distribution of reef predator populations to determine which
atoll habitats are important.

All survey methods for assessing abundances of fishes
have their strengths and weaknesses, so, to accurately assess
predator populations, multiple methods are desired that take
into account inherent interspecific differences in body size,
habitat association, aggregative or schooling behaviour,
mobility (particularly in the case of elasmobranchs), or the
response to the presence of divers or various types of equip-
ment (Kulbicki 1988; Willis and Babcock 2000; White et al.
2013). Underwater visual census (UVC) allows a compre-
hensive sampling of smaller, resident species that are harder
to detect, however time underwater is limited and high rep-
lication is required to detect rarer (or more mobile) species
(Dulvy et al. 2003). Conversely, baited remote underwater
video (BRUYV) offers a non-invasive and non-destructive
technique that can cover a wide geographic area, depth
range and number of habitats (Harvey et al. 2013). BRUV
is particularly useful in assessing occurrences of larger,
more mobile species (Willis and Babcock 2000; Cappo
et al. 2003; Harvey et al. 2012; White et al. 2013). However,
it can be difficult and time consuming to identify species
from the video footage and there is a potential bias aris-
ing from attracting species to the bait (Willis and Babcock
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2000; Cappo et al. 2003; Harvey et al. 2012; Espinoza et al.
2014). By combining these two survey methodologies, a
more comprehensive estimate of reef predator abundances
and distributions can be achieved.

This study aimed to assess coral reef predator assem-
blages across an oceanic atoll using both BRUV and UVC.
We sought to determine if there were: (1) differences in the
abundance, size, biomass, and diversity of predators between
the inner and outer atoll, and (2) what habitat characteristics
help explain the differences?

Materials and methods
Study site

The Maldives is an archipelago of 16 atolls and is the histori-
cal archetype of a coral reef province (Naseer and Hatcher
2004). The coral reef area is 8920 km? (Spalding et al.
2001), while the EEZ covers almost 1 million km? (FAO
2006). The north—south extent cuts across the equator and
is subject to equatorial currents transporting high concentra-
tions of nutrients (Sasamal 2007). Fieldwork was conducted
in North Malé Atoll (4°18'34.5 N, 73°25'26.4 E) from Janu-
ary to April 2017. North Malé Atoll is located in the centre
of the double chain of the Maldivian archipelago, on the
eastern side. It has an atoll perimeter of 161 km, 117.9 km
of which is shallow edge reef while 43.1 km is deeper chan-
nels (Beetham and Kench 2014), promoting water exchange
between the adjacent open ocean and the atoll lagoon. The
atoll has 189 reef platforms, covering 22.3% of its surface
area (Naseer and Hatcher 2004). The atoll was divided into
two areas: (1) inner: enclosed lagoonal reef platform sites,
and (2) outer: outer reef slope sites.

Underwater visual census (UV(C)

UVC was carried out at 40 sites, 20 in the inner atoll
and 20 in the outer atoll (Fig. 1). A total of 200 transects
were surveyed, 100 within each area. At each site, five
50 x5 m transects were laid parallel to the forereef habitat
at 2.5-15 m depth. A minimum of 5 m was left between
transects. Abundance and size to the nearest centimetre
of all reef predator species were recorded (here predators
at assumed trophic levels 3.5 and above, species list in
Appendix Table S1). Predators were characterised as either
mobile and highly visible or cryptic and site attached based
on their behaviour (Brock 1982). Two observers recorded
the predatory fish assemblage. The first observer laid the
transect while recording all mobile, highly visible preda-
tors, and the second searched the benthos for cryptic, site-
attached predators. Percent cover of branching, massive and
table coral, and algae was estimated for each transect in the
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Fig.1 Underwater visual census (UVC) and baited remote under-
water video (BRUV) survey locations. a Maldives location in the

north Indian Ocean (3.2028° N, 73.2207° E), b North Malé Atoll in

the central Maldives archipelago (4.4167° N, 73.5000° E), and c the
UVC and BRUYV inner and outer survey locations in North Malé Atoll
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following categories: 0% = absent, >0 and < 25% =low, > 25
and < 50% = fair, > 50 and < 75% = good, > 75% = excellent
(Chou et al. 1994). Reef habitat structural complexity was
visually assessed on a 6-point scale from 0 to 5, where 0=no
vertical relief, 1 =low and sparse relief, 2=1ow but wide-
spread relief, 3 =moderately complex, 4 = very complex
and 5 =exceptionally complex (Polunin and Roberts 1993).
Abundance of crown of thorns (Acanthaster planci) and pin
cushion starfish (Culcita novaguineae) starfish were also
recorded by the second observer. The same observers were
used throughout the surveys to prevent observer bias (Willis
and Babcock 2000). A training period was carried out prior
to data collection to ensure accurate species identification
and size estimates (Wilson et al. 2007).

Baited remote underwater video (BRUV)

Overall, 205 BRUVs were deployed, 102 in the inner atoll
and 103 in the outer atoll (Fig. 1). BRUV deployments were
restricted to depths of 2.5-15 m to sample the same habi-
tat as the UVC surveys and set >600 m apart (Cappo et al.
2003). For each BRUYV, a single GoPro Hero 4 camera with
a red filter was attached to a stainless steel frame with a
detachable bait arm holding a bait bag. Bait bags were made
out of 12 mm wire mesh encased in 15 mm plastic mesh.
These were attached to 160 cm lengths of 22 mm plastic
PVC pipe using cable ties and a metal pin. Bait consisted
of ~ 1 kg of guts and discards from a range of oily fish spe-
cies: bonito (Sarda orientalis), rainbow runner (Elagatis
bipinnulata) and great barracuda (Sphyraena barracuda).
BRUVs were deployed with 6 mm polypropylene ropes
and surface marker buoys and set manually on coral rubble
or sand. For each BRUYV, the time deployed and the depth
were recorded. Cameras were only deployed during daylight
hours (09:00-17:00) to avoid bias from changes in feeding
behaviour (Willis and Babcock 2000) and left to record for
approximately 70 min to ensure there was 60 min of analys-
able footage.

During video processing, 25 deployments were excluded
from analysis as (1) the field of view was blocked by upright
substrate or (2) the camera angle had moved and was fac-
ing straight up or straight down (Asher et al. 2017). Conse-
quently, only 180 deployments were included, 90 from each
atoll area. Habitat was classified into one of nine categories:
(1) aggregate reef, (2) dead boulder coral/rock, (3) entirely
reef rubble, (4) rubble/reef, (5) rubble/sand, (6) sand flat,
(7) sand with reef in view, (8) sand with scattered coral/
rock and (9) spur and groove, the first habitat type being the
most dominant of the two identified (Asher et al. 2017). Reef
habitat structural complexity was visually assessed using
the same 6-point scale of vertical relief as for the UVC sur-
veys (see above) (Polunin and Roberts 1993). Analysis of
footage was focused solely on fish predators, i.e. all sharks,
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Aulostomidae, Carangidae, Fistulariidae, Scombridae and
Serranidae species and larger bodied, more mobile Lutja-
nidae and Lethrinidae species (see Table S1 for full spe-
cies list). Predators were identified to the lowest taxonomic
level of species in most cases, but where species could not
be identified, individuals were pooled at the genus level
(Espinoza et al. 2014). For each species, the maximum
number seen at any one time on the whole video (MaxN)
was recorded (Harvey et al. 2012). Video analysis began
after a settlement period (min 02:00—max 08:00 min) had
elapsed (Kiggins et al. 2018). The settlement period was
characterised as over when all sand or sediment had settled
and visibility returned to normal and at least a minute had
passed since the BRUV was moved or repositioned.

Data analysis

The following statistical procedures were carried out for
both UVC and BRUYV data using PRIMER 6 (v. 6.1.15)
with the add-on PERMANOVA+ (v. 1.0.5) (Anderson et al.
2008) and R version 3.5.2 (R Core Team 2017) linked with
R Studio version 1.1.463 (RStudio Team 2012).

Species richness for each dataset was determined using
the species accumulation curve in the vegan R package
(Oksanen et al. 2018). Curves were generated using 100 per-
mutations and the “exact” method, which finds the expected
mean species richness. 95% confidence intervals were calcu-
lated from standard deviations. Only individuals identified
to species level were included.

Spatial variation in predator populations

UVC assemblage data were analysed at the transect level
and BRUV assemblage data at the BRUV level. Where
BRUYV sites were repeat sampled on different days, each
deployment was counted as an independent sample. Predator
abundance data were square root transformed and a resem-
blance matrix was created based on Bray—Curtis similarity
measures. Using the R vegan package (Oksanen et al. 2018),
data were graphically compared using non-metric multidi-
mensional scaling (nMDS) with a Kruskal fit scheme set to
3 and a minimum stress level of 0.01. If there were clear out-
liers that were entirely distinct from the other points, these
were removed and an additional nMDS plot was carried out
on a subset of the data (see supplemental material for all
MBDS plots, Fig S1 and S2). Significantly correlated species
were extracted and overlaid on the nMDS plots as vectors.
Differences in the predator assemblage occurring between
atoll areas and among sites were investigated using a nested
model in PERMANOVA+ (Type III sum of squares, under a
reduced model with 9999 permutations), where site (UVC:
40 levels and BRUV: 39 levels) was a random factor nested
within the fixed factor area (two levels). Species contributing
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to between-area dissimilarity and within-area similarity were
identified using the SIMPER function (Clarke and Warwick
2001).

UVC predator biomass data were calculated using
length—weight relationships available on FishBase (https
://fishbase.org) with the exception of Aethaloperca rogaa
where length—weight relationships were taken from Maples-
ton et al. (2009). Spatial differences in UVC predator bio-
mass were investigated using a generalized linear model
(GLM) with transect level biomass as the response variable
and site nested within area as the predictor variable. Model
normality and homogeneity assumptions were assessed by
plotting predicted values against residuals, predicted values
against standardised residuals, and g—q plots of standard-
ised residuals. Biomass data were log;, transformed to sat-
isfy model assumptions. An analysis of variance (ANOVA)
was applied to determine whether effects were significant
(p<0.05). A second GLM was run with the same parameters
but without the nurse shark, Nebrius ferrugineus, as three
large (1.9-2.5 m) individuals were recorded on only one
transect in the inner atoll.

Variation in predator body size between atoll areas was
investigated for each predator family individually using a
linear mixed effects model with the R package Ime4 (Bates
et al. 2015). Body size (cm) was the response variable, area
was a fixed effect and species was a random effect. Model
assumptions were checked as above and data were log trans-
formed to meet assumptions when necessary. When the
predator family only had one recorded species (Aulostomi-
dae, Carcharhinidae, Scorpaenidae), an ANOVA with body
size (cm) as the response variable and area as the predictor
variable was used. Size data were checked for normality and
homogeneity of variances using a Shapiro-Wilk’s test and
a Levene’s test, respectively. When data did not conform to
these parameters, a non-parametric Kruskal-Wallis test was
used. Although two species of Carangidae were recorded,
Caranx ignobilis was only observed once in the inner atoll.
This observation was removed from analysis and an ANOVA
was used. Fistulariidae and Ginglymostomatidae were only
recorded in the inner atoll so no size-based comparisons
were made.

Correlation with environmental variables

Using PRIMER, environmental data were normalised. For
each entry of a variable, the mean of the variable is sub-
tracted and the value is divided by the standard deviation
for that variable (Clarke and Gorley 2006). UVC environ-
mental variables consisted of depth, complexity (Comp),
branching coral cover (BC), massive coral cover (MC), table
coral cover (TC), algal cover (AC), abundance of crown of
thorns starfish (COTS) and abundance of pin cushion star-
fish (PIN), while BRUV environmental variables consisted

of depth, complexity and habitat type. Data were compared
using principal coordinate analysis (PCO) based on Euclid-
ean distance similarity measures with overlaid vectors of
Pearson’s correlated environmental variables. Differences in
environmental variables between inner and outer atoll were
investigated using a nested model in PERMANOVA+ (Type
IIT sum of squares, under a reduced model with 9999 permu-
tations), where site (UVC: 40 levels and BRUV: 39 levels)
was a random factor nested within the fixed factor area (two
levels).

To investigate the relationships between the predator
assemblage and the respective environmental variables
(Table S2), the RELATE function in PRIMER 6 (v. 6.1.15)
with a Spearman’s rank correlation coefficient and 9999 per-
mutations (Clarke and Warwick 2001) was used. These cor-
relations were further tested using a distance-based multiple
linear regression model (DISTLM) in PERMANOVA+ (v.
1.0.5) (Anderson et al. 2008), which models the relationship
between a multivariate distance-based dataset, as described
by a resemblance matrix, and the variables (Anderson et al.
2008) using distance-based redundancy analysis (dIbRDA)
(Legendre and Anderson 1999). Relationships were first ana-
lysed using marginal tests. No starting terms were specified
for the model. The Best selection procedure was used as
it incorporates and examines the selection criterion for all
possible combinations of predictor variables, with an AICc
selection criterion and 9999 permutations of the raw data
to obtain p values for each individual predictor variable
(Anderson et al. 2008). AICc values indicate the goodness
of a model fit to the data and the model with the lowest AICc
value was considered the most parsimonious (Symonds and
Moussalli 2011).

Results

A total of 6524 predators of 47 species and ten families were
recorded from the 200 transects that surveyed 50,000 m?
of reef (Fig. 2a) and the 10,800 min of examined footage
from 180 BRUVs (90 in each area) (Fig. 2b). Species accu-
mulation plots showed similar patterns and indicated that
the sampling effort of each method was sufficient to record
most of the predators occurring in the area surveyed (Fig. 3).
However, both methods showed higher predator species rich-
ness in the inner atoll compared to the outer atoll, and this
difference was greatest for the BRUVs.

Spatial variation in predator populations
Similar numbers of species were recorded in each atoll area
(Table 1), although five species were only recorded in the

inner atoll (Carcharhinus falciformis, Elagatis bipinnulata,
Epinephelus ongus, Lethrinus harak and Lethrinus microdon),
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Fig.3 Species accumulation curves derived from the cumulative
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while seven species were only recorded in the outer atoll
(Carcharhinus amblyrhynchos, Epinephelus malabaricus,
Epinephelus tauvina, Lutjanus decussatus, Lutjanus fulvus,
Macolor macularis and Negaprion acutidens; Table S1).

Total recorded predator biomass was 0.29 t ha™! in the
inner atoll and 0.25 t ha™! in the outer atoll. The biomass of
Carcharhinidae, Lethrinidae, Lutjanidae and Serranidae was
greater in the outer atoll, while biomasses of Aulostomidae,
Carangidae and Scombridae were greater in the inner atoll
(Fig. 4). There was no significant difference in total predator
biomass between areas (ANOVA, p <0.05), but there was a
highly significant difference in biomass among sites within
areas (ANOVA, F (1,39)=2.08, p<0.001). When Nebrius
ferrugineus was removed from biomass calculations, total
predator biomass was significantly greater in the outer atoll
(ANOVA, F (1)=4.51, p<0.05) and there were still signifi-
cant differences among sites within each area (ANOVA, F
(1,39)=1.82, p<0.05).

The size of Aulostomidae (ANOVA, p > 0.05), Carcharin-
idae (ANOVA, p>0.05) and Scorpaenidae (Kruskal-Wallis,
p>0.05) did not differ between atoll areas, but Carangidae
were larger in the outer atoll (mean inner: 28.56 cm; outer:
39.75 cm; ANOVA, F (1,11)=12.68, p<0.001). Linear
mixed effects models suggested no difference in mean size
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of Scombridae between atoll areas (mean inner: 49.67 cm;
outer: 49.00 cm), but Lethrinidae (mean inner 21.79 cm;
outer: 24.74 cm), Lutjanidae (mean inner: 23.04 cm; outer:

30.46 cm), and Serranidae (mean inner: 18

Table 1 Summary of recorded predator data

.81 cm; outer:

18.99 cm) were all significantly larger in the outer atoll
(Table 2; Fig. 5).

The nMDS plot of the UVC predator data revealed
relatively distinct inner and outer atoll predator assem-
blages, while that of the BRUV data suggested greater

Inner Outer

uvc BRUV Both uvc BRUV Both
Individuals (mean + sd) 9.56+6.01 16.97+24.72 13.07+17.90 10.81+4.04 9.69+10.42 10.28 £7.75
Species 33 34 39 33 31 41
Species unique to method 5 10
Families 10 8 10 8 10

Summary of collected reef predator data in inner and outer atoll areas by underwater visual census (UVC) and baited remote underwater video

(BRUV)

Fig.4 Biomass (kg) of predator
families recorded by underwater
visual census (UVC). Values are
on a log; scale

Aulostomidae

Carangidae

Carcharhinidae

Fistulariidae

2 Ginglymostomatidae —EI:’— Area
E E Inner
w Lethrinidae $ —v 1o ¢ B3 outer
Lutjanidae . _F
Scombridae E_
Scorpaenidae _F_
Serranidae . ° 3
107 107 10° 10 10°
Logyo biomass (kg)
Table 2 Lipear mixe‘? effects Formula: size —area+ (1 |species) daf t p value
model of differences in predator
body sizes between areas Estimate SE
Lethrinidae
Intercept 21.87 1.32 1.51 16.56 0.01 *
Area 2.96 0.78 174.66 3.79 0.00 HkE
Lutjanidae
Intercept 25.69 2.61 4.43 9.83 0.00 ok
Area 6.39 1.59 129.76 4.01 0.00 HkE
Scombridae
Intercept 45.76 12.48 1.08 3.67 0.16
Area -2.62 4.51 4.00 -0.58 0.59
Serranidae
Intercept 20.28 1.72 11.98 11.77 0.00 HkE
Area 2.30 0.28 1631.84 8.13 0.00 Hkk

Separate models were run on each individual family with body size as the response variable, area as a fixed
factor and species as a random factor
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Fig.5 Total length (cm) of predators belonging to four families where there were significant differences between inner and outer atoll, as indi-
cated by ANOVA and linear mixed effects models. Vertical bars represent the median

overlap between areas (Fig. 6). There were highly sig-
nificant differences in the predator assemblage between
atoll areas (Nested PERMANOVA, UVC=F(1)=17.57,
p<0.001; BRUV=F(1)=4.07, p<0.001) and among sites
(Nested PERMANOVA, UVC=F(38)=2.21, p<0.001;
BRUV =F(37)=1.40, p<0.001). SIMPER analysis
revealed a high level of dissimilarity in biota between atoll
areas (SIMPER UVC =63.94%, driven by Cephalopholis
leopardus, C. argus, and Anyperodon leucogrammicus,
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BRUV =74.11%, driven by Caranx melampygus and C.
argus; Table 3). Within areas, similarity of predator assem-
blages recorded using UVC was moderate (SIMPER, inner:
41.10%, driven by C. argus, A. leucogrammicus, and Mono-
taxis grandoculis; outer: 49.12%, driven by C. argus and C.
leopardus), while similarity of those recorded using BRUV
was low (SIMPER, inner: 29.07%, driven by Aethaloperca
rogaa, Lutjanus bohar, and C. argus; outer: 33.37%, driven
by C. argus, A. rogaa, and L. bohar; Table 3).
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Fig.6 Non-metric multidimensional scaling (nMDS) of predator
abundance data from a underwater visual census (UVC) and b baited
remote underwater video (BRUV). Species that are significantly cor-
related (p<0.05) are overlaid as vectors. UVC (1-10) and BRUV
(1-3, 11-17): 1: Aethaloperca rogaa; 2: Aprion virescens; 3: Caranx
melampygus; 4: Cephalopholis spiloparaea; 5: Epinephelus fasciatus;

6: Epinephelus malabaricus; 7: Epinephelus merra; 8: Gnathodentex
aureolineatus; 9: Macolor niger; 10: Pterois antennata; 11: Cepha-
lopholis argus; 12: Cephalopholis leopardus; 13: Cephalopholis
nigripinnis; 14: Cephalopholis spp.; 15: Epinephelus spilotoceps; 16:
Lutjanus bohar; 17: Nebrius ferrugineus

Table 3 Main species

o Species Dissimilarity between Similarity within

contributing to between area

and within area dissimilarity Areas (%) Inner (%) Outer (%)

using both UVC and BRUV

abundance data. Species uve

contributing below 9% are not Cephalopholis leopardus 13.73 - 3041

shown Cephalopholis argus 11.22 34.62 40.56
Anyperodon leucogrammicus 10.04 18.44 -
Aethaloperca rogaa 9.97 15.39 12.39
Monotaxis grandoculis 9.17 19.35 -

BRUV

Caranx melampygus 9.95 - -
Cephalopholis argus 9.08 12.07 32.23
Aethaloperca rogaa - 30.63 17.64
Lutjanus bohar - 20.86 14.67
Monotaxis grandoculis - 10.30 -
Cephalopholis nigripinnis - - 12.31

Correlation with environmental variables

Environmental data varied significantly between areas
(Nested PERMANOVA, UVC=F(1)=11.95, p<0.001;
BRUV =F(1)=15.99, p<0.001) and among sites
(Nested PERMANOVA, UVC=F(38)=5.89, p<0.001;
BRUV =F(37)=1.58, p<0.05). The first two axes of a PCO
explained 82.88% of the total variation in the BRUV envi-
ronmental data and showed areas to be relatively distinct
(Fig. S3). There was similar separation between atoll areas
in the UVC environmental data, but the first two axes of the

PCO only explained 43.1% of the total variation in the data
and the points were more clustered (Fig. S3).

The predator assemblage was correlated with the environ-
mental data collected using UVC (RELATE, Rho=0.115,
p <0.05) and BRUV (RELATE, Rho=0.157, p <0.05).
With the UVC data, marginal tests showed that depth
(Pseudo-F=25.73, p<0.001, Prop. variation=0.12), BC
(Pseudo-F=7.10, p<0.001, Prop. variation=0.3), MC
(Pseudo-F=8.12, p<0.001, Prop. variation=0.04), TC
(Pseudo-F=2.73, p<0.05, Prop. variation=0.01), com-
plexity (Pseudo-F=3.57, p<0.005, Prop. variation=0.02)
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and PIN (Pseudo-F'=5.18, p<0.001, Prop. variation=0.03)
had a significant interaction with the predator assemblage.
The most parsimonious model included depth, BC, MC and
complexity (DISTLM; AICc=1479.1), which when visu-
alised using a dBRDA explained 87.2% of the variation in
the fitted data but only 13.6% of the total variation in the
data (Fig. 7a). For the BRUV data, marginal tests showed
that complexity (Pseudo-F=3.18, p <0.005, Prop. varia-
tion =0.02), depth (Pseudo-F'=3.26, p <0.001, Prop. varia-
tion=0.02) and habitat type (Pseudo-F=2.31, p <0.05 Prop.
variation=0.01) had a highly significant correlation with the
predator assemblage, but the final best model included only
depth and complexity (DISTLM; AICc=1377.8). Results
visualised using a dbRDA explained 100% of the variation
in the fitted data but only 3.7% of the total variation in the
data (Fig. 7b).

Discussion

There were several distinct differences between the inner
lagoonal and outer edge reef habitats. In contrast to previ-
ous studies, density and diversity of predators were simi-
lar between the inner lagoonal and outer forereef slopes
(Friedlander et al. 2010; Dale et al. 2011), but there were
significant differences in species composition. Further-
more, when the rarely recorded Nebrius ferrugineus was
omitted, biomass was significantly greater along the outer
reef slopes. Lethrinidae, Lutjanidae, and Serranidae, were
also significantly larger in the outer atoll, so despite being
more numerically abundant in the inner atoll, their mean
biomass was greater along the outer reef slopes. School-
ing species belonging to these families (e.g. Gnathodentex
aureolineatus and Lutjanus kasmira) were more frequently

40+

N
[=3
I

o
I

dbRDA2 (10.4% of fitted, 1.6% of total variation)

20

20 20 40

- 0
dbRDA1 (76.8% of fitted, 12% of total variation)

Fig. 7 Distance-based redundancy analysis (dbRDA) of Bray—Curtis
dissimilarities calculated from square root transformed abundance of
reef predator species vs. environmental predictor variables. The most
parsimonious model was chosen using the AICc selection criterion

@ Springer

dbRDA2 (44.8% of fitted, 1.7% of total variation)

recorded in the outer atoll (Table S1) and several large
bodied species of Lutjanidae and Serranidae were also
uniquely recorded in the outer atoll (e.g. Epinephelus
malabaricus, Lutjanus decussatus, Lutjanus fulvus, and
Macolor macularis).

These findings are consistent with shifts in habitat usage
related to ontogeny. Although teleost reef predators often
have relatively small home ranges (Nash et al. 2015), some
species of Lutjanidae, Lethrinidae and Serranidae may move
tens to hundreds of kilometres between habitat types as they
undergo ontogenetic shifts, moving from juvenile nurser-
ies such as mangroves and seagrasses to their adult habi-
tat on coral reefs (Williams 1991; Green et al. 2015). The
presence of juvenile nursery habitats close to coral reefs
increases adult biomass (Mumby et al. 2004; Nagelkerken
2007), while a lack of nursery habitats has been linked to
lower adult densities and the absence of some species (Olds
et al. 2012; Wen et al. 2013). The significant differences in
predator sizes and abundances between inner and outer atoll
found here are consistent with ontogenetic habitat shifts,
and indicate that the inner atoll lagoon may be an important
nursery habitat for many of these predator species. In the
British Virgin Islands, nearly half the reef fishes exhibited
ontogenetic shifts between lagoons and forereefs and almost
all species were significantly larger in the reef habitat than
in the lagoon (Gratwicke et al. 2006). Furthermore, even
isolated nursery habitats are utilized by juvenile emperors,
suggesting that ontogenetic migrations of these species
act to connect adult and juvenile habitats (Nakamura et al.
2009). In North Malé Atoll, the proximity of the edge and
lagoonal reefs to each other, in addition to the relatively
shallow nature of the lagoon, may facilitate a high degree
of mobility and connectivity between inner and outer atoll
(Berkstrom et al. 2013).

20+ Area
@ Inner

A Outer

o
I

-20- : .
-20 -10 0 10 20 30
dbRDA1 (55.2% of fitted, 2% of total variation)

and included a complexity, depth, branching coral (BC), and massive
coral (MC) for the underwater visual census (UVC) predator data,
and b depth and complexity for the baited remote underwater video
(BRUYV) predator data
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Differences in the reef habitat between atoll areas may
also play a role. The outer reef slopes provide a larger,
more continuous reef area compared to the shallow inner
reefs, where soft bottom habitat is extensive. Large pisciv-
orous fish are more abundant in areas of higher live coral
cover with greater habitat structural complexity (Connell
and Kingsford 1998), and growth rates and abundances
of predatory fishes tend to be higher when prey densi-
ties are greater (Beukers-Stewart et al. 2011). Higher prey
availability is also a key driver of ontogenetic emigrations
of snappers and emperors from nearshore to coral reef
habitats (Kimirei et al. 2013). The larger body sizes and
school sizes in the outer atoll, in addition to the unique
occurrence of several of these species, suggest that this
habitat may be of a higher quality, providing sufficient
food and space to fit the requirements of these predator
species. However, only a detailed assessment of the avail-
able habitat and prey assemblages will help determine the
factors influencing predator distributions.

Several families had a greater biomass in the inner atoll,
including Aulostomidae, Carangidae, Fistulariidae and
Ginglymostomatidae. Aulostomidae were rarely recorded
along the outer reef slopes, although their habitat prefer-
ences include reefs extending to the continental slope
(Bowen et al. 2001). Competition from the greater numbers
of Lutjanidae and Serranidae may play a role in limiting
their numbers in the outer atoll. Higher numbers of the blue-
fin trevally, Caranx melampygus, were the main contribution
to the greater biomass of Carangidae. C. melampygus is an
important mobile predator that is prominent in nearshore
waters (Hobson 1979; Sancho 2000). Their diet consists of
diurnally active prey, predominantly from shallow-water
habitats (Sudekum et al. 1991), which suggests they may
enter the lagoon during the day to hunt. The lagoon may
also represent an important nursery ground for this species,
as juvenile C. melampygus occupy shallow-water protected
environments, such as lagoons and estuaries (Smith and Par-
rish 2002). As no UVC surveys or BRUV deployments were
conducted at night, it is not certain whether their numbers
would increase along the outer reef slopes after dark. Fis-
tulariidae and Ginglymostomatidae had a greater biomass
in the inner atoll, but only because biomass estimates were
derived solely from UVC. Fistulariidae prefer coastal areas
with soft bottoms (Fritzsche 1976) and were recorded in
both atoll areas with BRUVs, but the UVC surveys were
conducted solely on hard reef substrate. Ginglymostomati-
dae were frequently recorded in both inner and outer atoll
on BRUVs, but biomass estimates came from the occur-
rence of several large N. ferrugineus on two transects in the
inner atoll, while none were recorded during UVC in the
outer atoll. Future work would benefit from the inclusion of
biomass estimates from several survey methods and from
conducting surveys at night.

Several species were recorded solely in one atoll area.
Two of the species unique to the outer atoll were the grey
reef shark, Carcharhinus amblyrhynchos, and the lemon
shark, Negaprion acutidens. Grey reef sharks prefer forer-
eef habitats over lagoons (Papastamatiou et al. 2018) and
although juvenile lemon sharks are atoll lagoon residents
(Filmalter et al. 2013), adults move to deeper coastal reef
habitats (Compagno 1984). Conversely, the silky shark,
Carcharhinus falciformis, and the rainbow runner, Elagatis
bipinnulata, were recorded exclusively in the inner atoll by
the BRUVs; these are not typically reef-associated species
(Bonfil 1993) but the BRUVs were effective in recording
their use of the channels between the shallow inner reefs.
Channels act as important habitat corridors, enhancing con-
nectivity between the inner lagoonal and outer reef slopes,
with energy moving from one area to another through a
range of hydrodynamic processes (Sasamal 2007; Rogers
et al. 2017; Green et al. 2019). These corridors also facilitate
movement of mobile marine species, with marine predators
taking advantage of them for foraging (Hastie et al. 2016).
The thumbprint, Lethrinus harak, and smalltooth, L. micro-
don, emperors were also only observed in the inner atoll
on BRUVs. Emperors forage extensively over sandy bot-
toms where they predate on less mobile prey (Kulbicki et al.
2005). While the BRUVs were deployed over a range of hard
and soft bottom substrates, the UVC surveys were conducted
solely on hard bottom reef substrate. In addition, BRUV's
will attract these species to the bait, while UVC typically
requires high replication to record such species (Dulvy et al.
2003). These discrepancies between the survey methods may
explain the absence of the emperors from the UVC dataset.
Moreover, these species are not necessarily exclusive to one
area. The 1-h BRUV soak time and lack of long-term and
night time sampling are likely to lead to underrepresentation
or absence of rarer species (Asher et al. 2017).

The asymptotes of the species accumulation plots sug-
gested that the BRUV and UVC surveys were sufficient
to obtain an accurate measure of species richness and,
although actual values varied, predator family abundance
patterns were similar for both methods between areas.
However, several species uniquely recorded with either
UVC or BRUV underline the importance of using more
than one survey methodology when assessing fish pop-
ulations. For example, sharks were almost exclusively
recorded with BRUVs. BRUVs are more effective at
recording carnivores (Langlois et al. 2010) and heavily
exploited species that are wary of divers (Lindfield et al.
2014). The teleost predators identified through the BRUV
footage have small home ranges (Nash et al. 2015) and
will not travel far in response to a bait plume, but sharks,
being more mobile, may follow bait plumes to investi-
gate the origin of the scent. This is one of the biases of
this methodology (Willis and Babcock 2000; Cappo et al.
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2003; Harvey et al. 2012), but it is also why BRUVs are
effective in tandem with UVC, which underrepresents
more mobile, transient species (MacNeil et al. 2008). In
contrast, the species recorded solely during UVC, such as
the strawberry grouper, Cephalopholis spiloparaea, the
honeycomb grouper, Epinephelus merra and the spotfin
lionfish, Pterois antennata, are more cryptic and wary.
These species may be near the BRUV but their cryptic
nature, the habitat complexity and the angle of the camera
mean they may be missed.

Our analysis found a clear interaction of the predator
assemblage data with live branching and massive coral
cover, which accords with previous studies (Bell and Gal-
zin 1984; Komyakova et al. 2013). Depth and complexity
were important variables for models of both the UVC and
the BRUV assemblage data. Structural complexity on reefs
provides important habitat structure and refuge for prey
assemblages and is linked to increased fish biomass and
abundance (Rogers et al. 2014). While structural complexity
is also important for predator assemblages, reefs of interme-
diate complexity are most suitable for their productivity, as
the increased refuge space on higher complexity reefs allows
more prey to hide, thereby reducing available food (Rogers
et al. 2018). The relationship between predator assemblage
data and structural complexity is complicated, but its inclu-
sion in both models reinforces its importance in structuring
predator assemblages (Ferrari et al. 2017). Depth was the
second predictor included in both models. Reef fish commu-
nities vary dramatically with depth (Friedlander et al. 2010;
Schultz et al. 2014; Jankowski et al. 2015), as predator abun-
dances and species compositions change (Asher et al. 2017,
Tuya et al. 2017). Its inclusion in both models is further
evidence that it also plays a key role in structuring predator
assemblages.

Total biomass of all recorded predators (inner atoll
0.29 t ha™!, outer atoll 0.25 t ha™') was similar to that
found at other remote but inhabited and exploited atolls
(Kiritimati~0.2 t ha~!, Tabuaeran~0.3 t ha~! (Sandin et al.
2008)), and it was considerably lower than at unfished,
uninhabited atolls and islands (Palmyra ~ 1.8 t ha™!, King-
man~5.2 t ha™! (Sandin et al. 2008); Chagos Archipel-
ago~3-7.75t ha™! (Graham et al. 2013)). Although the
Maldives are considered underexploited (Newton et al.
2007), this indicates that these predator species are likely
overfished. Reef fisheries provide an important source of
food to both tourists and increasingly locals, and the rise
in reef fish catch is evidence of a growing demand for
these resources (Sattar et al. 2014). Reef predators typi-
cally dominate the reef fish catch with fishermen target-
ing Carangidae, Lutjanidae and Serranidae using handlines
(Sattar et al. 2011, 2012, 2014). Although more recent
information on the status of the reef fishery is lacking,
significant declines in the mean length of the ten most
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exploited grouper species (Sattar et al. 2011) and of key
target species Lutjanus bohar and L. gibbus (Sattar et al.
2014) suggest the fishery is already overexploited.

In addition to the outer reef slopes, reef fisherman in Baa
Atoll, North and South Ari Atoll, and Vaavu Atoll target
patch reef edges and small isolated submerged reefs (locally
known as thila) in the lagoon, but there is little information
available on which habitats fishers target in North Malé Atoll
(Sattar et al. 2012). Furthermore, although resort islands
within atoll lagoons often prohibit fishing on their house
reefs (Domroes 2001; Moritz et al. 2017), they organise reg-
ular recreational fishing trips to reefs nearby. Catches from
these recreational trips are also dominated by upper level
reef predators (e.g. C. melampygus, Cephalopholis miniata,
L. bohar, L. gibbus, Lethrinus olivaceus), with an estimated
68,000 individuals caught on an annual basis, often of a
small size (Sattar et al. 2014). Currently, recording of resort
landings data is voluntary (Sattar et al. 2014), so the full
impact of these trips has not been accurately quantified,
despite the fact that they occur at a national scale. Given
the consistent removal of reef predators through both com-
mercial and recreational fishing, it is likely that lagoonal
reefs are being substantially exploited yet their predator
populations are largely unstudied. While predators were
recorded throughout the sites surveyed, the relatively low
total biomass recorded here is indicative of an exploited sys-
tem (Friedlander et al. 2010). Recovery of exploited systems
to intact (or nearly intact) conditions and a high biomass of
apex predators is estimated to take decades and involve large
area closures (Myers and Worm 2003; Robbins et al. 2006).
While this may be unrealistic to achieve, careful manage-
ment of the reef fish populations in the Maldives is required
to prevent irreversible loss of these key predatory species.

Globally reef predator populations are declining and spe-
cies richness is being lost due to climate change and a range
of direct anthropogenic stressors (Friedlander and DeMar-
tini 2002; Hempson et al. 2017; Hughes et al. 2017). To
date, little information exists on reef predator assemblages
and their distributions in the Maldives. Evidently, lagoonal
reefs are important habitats hosting diverse and abundant
reef predator populations which may have been previously
undervalued. Predator assemblages are important in terms
of biodiversity and available resources, so there is an urgent
need to manage them carefully in the face of climate change,
rapidly increasing tourism, and fisheries expansion to pre-
vent future declines in their populations.
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