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Abstract

Coral reefs and their fish communities below scuba diving depth (>30 m), in mesophotic
coral ecosystems (MCEs) (~30-150 m), in rariphotic (150-300 m), and in upper bathyal
waters (300-500 m) are often underexplored, especially in the Indian Ocean. The paucity
of data, including on the biodiversity, ecology, and vulnerability of these habitats and the
communities they support, leads to their omission from most conservation and manage-
ment decisions and practices. We investigated for the first time the structure and diversity
(taxonomic and functional) of demersal fish communities from the central and southern
atolls of the Maldives, spanning a wide bathymetric gradient of 2-500 m to better under-
stand whether and how their vulnerability changes across depth. Abundance and biomass
data from transect surveys of demersal fishes were combined with species’ trait data repre-
senting life histories to estimate a seties of taxonomic-based and functional-based diversity
metrics. Distinct fish communities occurred across the different surveyed depths, high-
lighting the unique biological characteristics of MCEs and deep-sea coral habitats in the
Indian Ocean. Taxonomic and functional diversity decreased as depth increased, and there
was little overlap between species’ life-history strategies. This suggests deep habitats are
more vulnerable than shallow habitats to disturbance events given low levels of trait redun-
dancy that buffer species’ trait loss. Moreover, many fishes living in MCE and deep-sea
habitats were among the most functionally unique species (e.g., sharks and rays) and all
were threatened with extinction. Given the suite of pressures MCEs and deep-sea habitats
are subjected to (fishing, thermal stress, pollution), their vulnerability to disturbance, and
the species of conservation concern they support, we suggest they should be considered as
priorities in ongoing and future conservation and marine spatial planning initiatives in the
region and globally.
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INTRODUCTION

Amid a global biodiversity crisis, humanity is in a race against
time to reduce its impact on nature. There is now a global ambi-
tion to conserve, testore, and sustainably manage ecosystems
and their biodiversity by 2050 through a series of goals and
targets outlined in the Kunming—Montreal Global Biodiversity
Framework (Convention on Biological Diversity, 2022). How-
ever, fundamental knowledge gaps on key ecosystem properties
(e.g., biogeography, biodiversity) and processes (e.g., ecology,
functioning) for a range of ecosystems across the globe are an
impediment to their successful conservation. The problem is
particularly acute for ecosystems on land and at sea that are dif-
ficult and expensive to access. Remote offshore areas fall under
this category, especially those located in the Global South due
to historical inequities in offshore exploration and research (Bell
et al., 2023). For coral-atoll-rich island nations in the tropics,
most existing information on marine ecosystems stems from
the biodiverse shallow-water coral reefs <20- to 30-m deep
(Souter et al., 2021), leaving spatially adjacent environments,
including mesophotic coral ecosystems (MCEs) (~30-150 m)
(Hinderstein et al., 2010), the rariphotic zone (~150-300 m)
(Baldwin et al., 2018), and aphotic habitats in upper bathyal
zone (300-1000 m), grossly understudied. This data deficiency
brings large uncertainties as to the benefits these deep-water
habitats provide to human well-being and prosperity and to their
vulnerability to human and climatic disturbance; hence, most
conservation efforts neglect them (Stefanoudis et al., 2022).

Trait-based approaches use information on characteristics
(e.g., morphology, behavior) to describe the trait (functional)
diversity of a community (McGill et al., 20006; Violle et al., 2007)
and are a useful tool for understanding community assembly
rules (Bruelheide et al.,, 2018; Jarzyna et al., 2021), ecosystem
resilience (De Battisti, 2021), or guiding global conservation
efforts (Gallagher et al., 2021; Loiseau et al., 2020). In the coral
reef context, there have been efforts to understand the vulnera-
bility of faunas to distutbance (Auber et al., 2022; McLean et al.,
2019; Mouillot et al., 2014; Zawada et al., 2019) because reefs
face multiple stressors and are predicted to be severely nega-
tively affected by the end of the century (Sully et al., 2022).
However, very few trait-based analyses have been specifically
conducted in tropical habitats deeper than 30 m (Bongaerts
et al,, 2019), despite the fact these ecosystems are also subject
to human-mediated disturbances including thermal stress (Diaz,
Foster, et al., 2023; Frade et al., 2018), overfishing (Jacquemont
et al,, 2024), and plastic pollution (Pinheiro et al., 2023).

To address this knowledge gap, we investigated the struc-
ture and diversity (taxonomic and functional) of demersal fish
from the central and southern atolls of the Maldives across a
wide bathymetric gradient (~2—500 m) to better understand fish
assemblage vulnerability to disturbance based on life-history
strategy traits and to determine whether such vulnerability dif-
fers across depth. Based on previously reported depth-related
decreases of reef taxonomic and functional diversity in the
Indian Ocean region (Diaz, Howell, et al., 2023; Loiseau et al.,
2022; Stefanoudis et al., 2023; Swanborn et al, 2022), we
hypothesized that there is less trait overlap at depth and hence

less buffering of species’ trait loss from disturbance (increased
vulnerability). We also hypothesized that successively more lim-
iting conditions at deeper depths (i.e., less light and food) lead
to more functionally specialized and unique species, mirror-
ing observations from other marine environments with limiting
conditions (e.g., deep-sea hydrothermal vents and cold seeps
[Tunnicliffe & Cotdes, 2020]).

METHODS
Study site

Five coral atolls were surveyed in the Maldives (Figure 1) dur-
ing The Nekton Maldives Mission onboard the R Odyssey
(4 September to 6 October 2022). Horizontal transect sut-
veys were conducted across discrete depth bands (~2-5, 10,
30, 60, 120, 250, and 500 m) through snorkeling and with a
remotely operated vehicle (ROV) and manned submersibles.
Each method used 2 stereo-video systems, one facing forward
and the other facing downward, to record the demersal fish and
benthic communities, respectively, the former of which is the
focus of this study.

Transect surveys

At each depth, we aimed to conduct 3 replicate transect sut-
veys that were 250-m long, Filming was ~1-3 m off the bottom.
On a few occasions, transect surveys were not possible because
of adverse weather conditions or camera malfunctions. Overall,
stereo-video footage for demersal fish was successfully collected
from 104 transect sutrveys.

Reefs at ~2—5 m were surveyed by snorkelers using a stereo-
video system consisting of 2 cameras (Paralenz Dive Camera+
or Paralenz Vaquita cameras). Transects followed a survey tape
and moved in the direction of the prevalent current. If cat-
ried out at an outer reef, the surf break zone was avoided.
Reefs at 10-30 m were surveyed using an ROV (Saab Sea-
eye) equipped with the same stereo-video system, as for the
snorkel transects, and lights. Reefs at 60—500 m were explored
using the 3-person Omega 3300,/3 MKII class submersible (Tti-
ton) equipped with a stereo-video system (Teledyne Bowtech
L3C-HD L3C-HD cameras), lights (Teledyne Bowtech 6000 m-
rated V light, 20,000 lumens), and 3 lasers (Teledyne Bowtech
OceanLASER-D) arranged in a triangle 20 cm apart.

Transect survey protocols per method are detailed in Woodall
et al. (2023). The number of transects per depth and location
and transect length and duration per method are in Table 1.
Transect-level information is in Appendix S1.

Data processing and analyses

Stereo-video footage from all camera systems was calibrated and
synchronized using a 3D calibration cube and CAL software
3.30 (SeaGIS Pty Ltd., Australia).
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FIGURE 1

Fish identity and total length were determined and reported
using EventMeasure 5.61 (SeaGIS Pty Ltd.). Where possible, all
annotated fish were identified to species level based on Taquet
and Diringer (2012), Fishwise Professional (www.fishwisepro.
com), and FishBase (www.fishbase.org), all accessed in 2022—
2023. Because it was not possible to consistently separate
some species underwater and to keep consistency in identifi-
cations, we grouped together some surgeonfishes (Clenochaetus
binotatus, Ctenochaetus striatus, and Acanthurus nigrofuscus), but-
terflyfishes (Forcipiger flavissimus and Forcipiger longirostris), dam-
selfishes (Chromis nigrura, and Chromis ternatensis; Chromis xutha,
and Pycnochromis agilis; Pomacentrus nagasakiensis, and Pomacentrus
indicus).
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Survey sites investigated for demersal fish assemblages during the Nekton Maldives Mission.

In EventMeasure, only fish positioned up to 2.5 m on either
side of the stereo-video system (transect width = 5 m) and
up to 5 m in front of it were measured. Side distance restric-
tion maintained a consistent belt along the transect, and front
distance restriction prevented variation in visibility (e.g., turbid-
ity, light intensity) from influencing data accuracy. Individuals
were measured once they were as close to the cameras as pos-
sible to inctrease the precision of measurements. Visual surveys
tend to be biased toward large, conspicuous fish, thus under-
estimating the densities of small, cryptobenthic fish (Galland
etal., 2017). In the present survey, the minimum fish length that
could reliably be detected from the stereo-video footage was
~1 cm. Species <2 cm comprised 0.001% of all fish counted
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TABLE 1 Summary of characteristics of transect surveys of demersal fishes in the Maldives.

Survey Depth No. of

Distance

Transect duration Transectlength  between replicate

method (m) transects VAA LAA HUV ADD MAL (min) (m) transects

SNOR 2-5 9 2 2 3 2 — ~13 250 ~20 m

ROV 10 15 3 3 3 3 3 ~16.5 250* 2-3 min of
30 15 3 3 3 3 3 navigation

SUB 60 15 3 3 3 3 3 ~30.5 250 ~2-3 min of
120 16 3 3 4 3 3 navigation
250 15 3 3 3 3 3
500 18 5 3 4 3 3

Total 104 22 20 23 20 18

Note: Detailed information in Appendix S1.

Abbreviations: ADD, Addu; HUV, Huvadhu; LAA, Laamu; MAL, North Male; ROV, remotely operated vehicle; SNOR, snorkel; SUB, submersible; VAA, Vaavu.
“Except for transects at 30 m in Vaavu that were 140-m long because one of the cameras stopped recording.

(n = 50,477). Fish length measurements were converted into
biomass with the equation W = a X L', where L is fish
length in centimeters, I is weight in grams, and « and b are
species-specific conversion constants from FishBase.

All fish were considered in abundance estimates, but only fish
identified to species level were considered for species richness
and community composition. Some fish could not be identi-
fied to species level, specifically those recorded as Prseudanthias
at 60 m and as Anguilliformes and Ophidiiformes at 500 m,
but they were nevertheless considered in biomass estimates
because they were numerically common at those depths. Omit-
ting them would have biased the results. In these cases, 2 and
b conversion constants from the most abundant Psexndanthias
or Anguilliformes and Ophidiiformes species observed in the
same transect or location were used. Finally, in cases where the
lengths of individuals could not be measured in EventMeasure,
the average length of individuals in the same species from the
same transect was used to calculate biomass.

A few problems with some calibrations of the submersible
stereo-video system were observed after the expedition. These
were noticed when verifying data by comparing common sizes
of fish observed against published information (FishBase). To
correct for this, we applied a correction factor to all measure-
ments from affected transects. We compared known distances
between the triangular laser dot matrix and the values obtained
from EventMeasure. Lengths were underestimated by 46%;
hence, all fish lengths from the affected transects were corrected
by multiplying by 1.85. To ensure that the corrected lengths were
accurate, we compared the lengths of the 20 most abundant
species present in this study and in a previous study in which
the same methods were used (Stefanoudis et al., 2023). With
this, we found no consistent length differences between the 2
studies (Appendix S2), indicating the reliability of the derived
length measurements of this study.

All abundance and biomass values of each fish species per
transect are in Appendix S3.

All analyses were conducted in RStudio 4.02 (RStudio Team,
2024). Where necessary, the color palette viridis from package

viridis (Garnier et al., 2024) was used to produce color-blind-
friendly graphs.

Taxonomic diversity and composition

Differences in abundance, biomass, and species richness at dif-
ferent depths (fixed factor) were tested with a Kruskal-Wallis
test, followed by a Mann—Whitney pairwise comparison applied
with a false discovery rate correction in the package rstatix (Kas-
sambara, 2023). Fish abundance and biomass were standardized
per 100 m?.

Differences in fish community composition were visualized
using principal coordinates ordination analysis (PCoA) on Bray—
Curtis dissimilarity with square-root-transformed abundance
data. Biomass data produced the same results and hence are
not considered further. These tests were followed by permuta-
tional analysis of variance (PERMANOVA) (fixed factor depth,
9999 permutations, type III partial sums of squares, adjusted
with false-discovery rate corrections for pairwise comparisons)
to identify significant differences between communities and
subsequently by permutational analysis of multivariate dispet-
sions (PERMDISP) (distances to centroids, 9999 permutations,
adjusted with false discovery rate corrections for pairwise com-
patisons) to determine whether any of the PERMANOVA
differences resulted from differences in dispersions. We did
not find any consistent community patterns across sites; hence,
these results are not discussed further. The PCoA, PER-
MANOVA, and PERMDISP were estimated using the package
vegan (Oksanen et al., 2019).

Species’ traits

We compiled data on 8 traits (age at first maturity, gener-
ation time, maximum length, minimum population doubling
time [proxy for resilience], fishing vulnerability, position in
the water column, preferred temperature range, vertical home
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range [i.e., known depth range distribution]). These traits wete
transformed into categorical variables to allow for use of statis-
tics based on functional entities (i.e., distinct combinations of
traits found in one or more species). Traits were chosen to
broadly represent life-history strategies, specifically population
dynamics, habitat preference, and vulnerability or resilience to
disturbance events, and were obtained from FishBase and occa-
sionally were based on data from this study where relevant
(Appendix S4). Although using traits from databases typically
represents an average that does not capture the plasticity of
traits in species’ populations (intraspecific variability [Raffard
et al,, 2019]) or within the lifespan of individuals (ontogenetic
variability) (Zhao et al., 2014), it is practically impossible to
obtain trait information from direct biological observations for
hundreds of species, especially for those living in remote habi-
tats, such as those in this study. Hence, use of trait databases
represents standard practice across all realms (Mammola et al.,
2022; Martini et al., 2021; Toussaint et al., 2010). Trait informa-
tion was collected at the lowest possible taxonomic level and
inferred, when needed, from data available for other species in
the same genus or higher taxonomic levels. We also determined
species’ extinction risk status from the International Union
for Conservation of Nature (IUCN) Red List of Threatened
Species category (www.iucnredlist.org/ [last accessed Novem-
ber 2023]) and species’ commercial importance in the Maldives
from Maldives General Reef and Grouper Fisheries (2018—
2022) and Aquarium Fisheties (2000-2015) data. Details on
modalities of selected traits, risk status, commercial impot-
tance, and trait relevance to ecological functions are available in
Appendix S4.

Missing trait data and the risk status categories not evaluated
and data deficient were imputed using the package missForest, a
nonparametric method based on random forests set to 100 ran-
dom trees (Stekhoven & Bithlmann, 2012). For this procedure,
we used known trait and taxonomic information, respectively,
from the study’s species pool (Pimiento et al., 2023). Missing
data included generation time (24 spp.), age at first maturity
(20 spp.), and not evaluated or data deficient status (52 spp.).
The imputation error was Normalized Root Mean Squared
Error = 0 and Proportion of Falsely Classified = 0.0578.

Functional metrics

We estimated mettics introduced in Mouillot et al. (2014) that
are based on functional entities (unique trait combinations),
specifically functional redundancy (mean number of species per
functional entity), functional over-redundancy (percentage of
species in functional entities with more species than expected
from mean functional redundancy), and functional vulnerabil-
ity (percentage of functional entities with only one species)
(Appendix S5). We also estimated distance-based functional
diversity metrics that consider the abundance of each species:
functional richness (volume of the convex hull [trait space],
which encompasses all species in the assemblage), functional
dispersion (average distance to the centroid of the commu-

nity trait space), functional evenness (regularity of distribution
along the minimum spanning tree for the studied assemblage),
functional specialization (weighted mean distance to the cen-
troid of the global species pool [center of the trait space]), and
functional uniqueness (overall isolation of a species in the total
trait space) (Appendix S5). Determination of the functional spe-
cialization and uniqueness metrics (in combination with risk
status) allowed estimation of the FUSE (functionally unique,
specialized, and endangered) index (Pimiento et al., 2020),
which identifies threatened species of particular importance for
functional diversity.

To estimate these metrics, we created a multidimensional trait
space by applying a PCoA to a Gower similarity matrix of the
species X traits table. Highly correlated traits (Kendall’s correla-
tion coefficient >0.8) were removed prior to running the PCoA
(age at first maturity was highly correlated with generation time
and minimum population doubling time). The mean absolute
deviation index (Maire et al., 2015) indicated that the first 4 or 5
axes represented the best-quality interpretation of the resulting
trait space.

To increase computational speed, 4 axes were used to esti-
mate the functional diversity metrics indicated. Because the
estimation of alpha (transect-level) diversity metrics (functional
richness, dispersion, and evenness) requires samples (transects)
to have a higher number of species than PCoA axes of the
generated trait space, for these analyses only, we removed 11
transects with <5 species (2 from 120 m, 7 from 250 m,
2 from 500 m).

The traits we examined relate to species population dynamics,
habitat preference, and vulnerability or resilience to disturbance;
hence, our use of the term functional for estimated indices (e.g,
functional richness) should be understood as life history strate-
gies. We used the term functional to avoid discrepancies with
how these indices are typically referred to in the literature. All
functional-based analyses were conducted using the package
mEFD (Magneville et al., 2022). Definitions and ecological rel-
evance for each functional metric we used are in Appendix S5.
Finally, we used the package psych (Revelle, 2015) to estimate
the correlation between taxonomic and functional metrics with
Kendall’s correlation coefficient.

Citation patterns

Considering the persistent gender bias in citation prac-
tices across all disciplines of science (Lariviere et al,
2013), we sought to proactively consider citing studies
that would help build a gender-balanced reference list.
We used the predicted gender tool in Google Chrome
(https://chrome.google.com/webstore/detail /citation-
transparency/cepnbdbhabaljgecaddglhhcgajphbcf?hl=en)

to identify the sex of the first and last authors. We then com-
pated those values with the values in Ahmadia et al. (2021),
who reported gender-based authorship patterns of coral reef
research outputs from 2003 to 2018. We focused on their
reported values for 2010-2018.
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RESULTS

Taxonomic diversity and composition across
depths

A total of 309 fish species were recorded across a depth range
of ~2-500 m. Abundance and species richness peaked at 10 m,
declined thereafter, and were lowest at 250 m and compara-
ble from 120 to 500 m (Mann—Whitney, pairwise comparisons,
P <0.05 in all cases) (Figure 2a,c; Appendix S6). Biomass trend
was broadly similar except that values were comparable from 2
to 30 m and from 60 to 120 m (Figure 2b; Appendix S6). Depth
was the major driver of community composition; distinct com-
munities were identified at each depth band (PERMANOVA
pairwise comparisons, p < 0.05 in all cases) (Appendices S6 &
S7). Homogeneity of dispersions also varied significantly across
depths. It was lower in shallow water (10 and 30 m) than in other
depth bands (PERMDISP, p < 0.05 in 18 out of 42 pairwise
comparisons) (Appendix S8).

Functional diversity and composition across
depth

Functional richness peaked at 10-30 m, declined thereafter, and
was lowest at 250 m (Mann—Whitney pairwise comparisons,
P < 0.05 in all cases) (Figure 2g; Appendix S6). Functional
dispersion increased as depth increased and plateaued from
250 to 500 m (Figure 2h; Appendix S6). Similarly, func-
tional evenness increased below 120 m and peaked at 250 m
(Figure 2i; Appendix S6). Functional redundancy was lower at
120-500 m than at 10-60 m but higher than at 2 m (Figure 2d;
Appendix S6). Functional over-redundancy peaked at 30 m
and decreased significantly below that, especially from 120 to
250 m (Figure 2¢; Appendix S06). Finally, functional vulnerabil-
ity peaked at 120-500 m and was the highest at 120 m (Figure 2f;
Appendix S6). The percentage of functional entities represented
by one species only increased from the shallows to the deep
(Figure 3).

There were strong correlations between some taxonomic-
based and functional-based diversity metrics, most notably
positive correlations between species richness and number of
functional entities and functional richness (IKKendall’s correlation
coefficient, p = 0.96 and p = 0.62, respectively) (Appendices
S9 & S10). There were negative correlations between func-
tional redundancy and vulnerability and over-redundancy and
vulnerability (0 = —0.83 and —0.78, respectively) (Appendix
S10).

FUSE index

A rattail fish (Coelorinchus sp. 1), the 2-spot red snapper (Lut-
Janus bohar), and a duckbill eel (IVettastoma sp. 1) were the 3 most
functionally unique species (Figure 4a—d). Silvertip shark (Car-
charbinus albimarginatus), scalloped hammerhead shark (Sphyrua

lewini), and the dogtooth tuna (Gymnosarda unicolor) were the 3
most functionally specialized species (Figure 3e—h). Values for
all species are in Appendix S11. Several of the most functionally
unique and specialized species were found in MCE and deep-sea
waters (Figure 4c,g).

In terms of the FUSE index, which includes functional
uniqueness, specialization, and IUCN status, scalloped hammer-
head shark, shortspine spurdog (Sgualus mitsukurii), and panther
electric ray (Zorpedo panthera) had the highest scores (Table 2;
full list in Appendix S11). Of the 10 species with the highest
FUSE scores, only brown-marbled grouper (Epinephelus fuscognt-
tatns) was commercially important for the Maldives. All 10 had
limited geographical distribution (i.e., encountered across 1 or
2 atolls) and low abundance (<2 individuals per 1250 m?),
and the majority (6 of 10) were found in MCE and deep-sea
waters.

Citation patterns

It was possible to determine gender in all but one (# = 84) cited
publication. We determined the gender of the first author in
84 publications and the gender of the last author in 81 pub-
lications (3 publications had only 1 author). A proportion >1
indicated that we overcited a particular group and vice versa.
The proportion of gender-based authorship patterns of our
study compared with values reported in Ahmadia et al. (2021)
(their figure 5) was as follows: woman first author, 35.71% /
~35% = 1.02 (marginally overcited); man first author, 64.29%
/ ~65% = 0.99 (marginally undercited); woman last author,
24.69% / 24.7% =1 (same level of citation); man last author,
74.07% / ~75.2% = 0.99 (marginally undercited); women first
and last authors, 12.35% / not available; woman first author
and man last author, 24.69% / not available; men first and last
authors, 49.38% / not available; man first author and women
last author, 13.58% / not available; and unknown categorization
(this study only), 1.18%.

DISCUSSION
Functional diversity across depth

Mirroring taxonomic species richness (Figure 2c¢), functional
richness decreased as depth increased (Figure 2g), similar to
findings from previous studies in mesophotic and deep-sea
habitats in the region and globally (Pinheiro et al., 2023; Ste-
fanoudis et al., 2023). The low species richness at deep depths
and low dispersion of traits ultimately led to habitats from 120
to 500 m, including the lower end of MCEs and the upper
bathyal zone, exhibiting lower functional redundancy (fewer
species per functional entity) than at shallow depths. This makes
these habitats more vulnerable to disturbance, given that a larger
percentage of their functional entities are represented by only
one species. The link between high functional redundancy and
high resilience following disturbance seems to be a prevalent

85U8017 SUOLILLIOD BAER.D ol jdde aup A peusenob afe sejone VO ‘8sN Jo Se|nJ Joj Akeiq)8UlUO A8]IM UO (SUOTIPUOD-PUB-SWLIBY WO A8 | 1M AlRIq | BU1 UO//:SANY) SUORIPUOD pUe sw 1 84} 885 *[6202/20/82] Uo AriqiTauliuo A8|1Mm ‘uoidureyinos JO A1seAlun Aq G800/ I000/TTTT OT/I0P/WO0D A8 | IMAeIq 1 [BUI|UO0IGUOD//Sd1Y WO1) pepeojumod ‘0 ‘6ELTEZST



—
Q
~
.
—~
O
~
-
(4]
.
.

3 2 10 T se
g :
§ S
< Ll 5 ce
250 500 2 10 30 60 120 250 500
Depth (m)

(c) - (d) 5 <
. >
60 )
” I 5 14
0 . - .
o o 0 ce
£ . . 213{ . =
S40 o AR g
8 ] =
2 o T 1.2
220 3 : ]
@ 211 . ..
= el *’ Iz H
. Bes it TR L
2 10 30 60 120 250 500 2 10 30 60 120 250 500
Depth (m) Depth (m)
(e) (f)
> 1.0 ———— e
2 0.20- : : z o
° 209 +3 .
= ol — 2
8015 o038 : + e
T 3 8 s PO
5 =
2 0.10 § 07 .
T B
§0.05] S06
° [T
c
£ 0.001 0.5 .-
2 10 30 60 120 250 500 2 10 30 60 120 250 500
Depth (m) Depth (m)

—~
«Q
~
—~
=y
=~

o
N
=}
o
)
o
.

o
Y
o

.*-s- .

2 10 30 60 120 250 490 2 10 30 60 120 250 490
Depth (m) Depth (m)

Sl *—

o
o0

o

o

&
o
~

Functional richness
o
)
Functional dispersion

o
w

o
o
S

Cmn
o ~

©

°
4

o
o

Functional evenness

o
o

2 10 30 60 120 250 490
Depth (m)
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pattern across marine and terrestrial environments (Biggs et al.,
2020; Cooke et al., 2019; Huang et al., 2024; Pimiento et al,,
2023).

Despite the view that MCEs and deep-sea habitats are sta-
ble environments, recent evidence suggests they are dynamic
and experience natural and human-induced disturbances (Brito-
Morales et al., 2020; Hernandez-Agreda et al., 2022; Pinheiro
et al., 2019). They are also exposed to many of the same stres-
sors that affect shallow reef communities. For example, shallow
reefs and MCEs have comparable vulnerability to severe tropi-
cal storms and intense rainfall (White et al., 2013; Wong et al,,

2023). Pinheiro et al. (2023) report plastic pollution densities
are higher in MCEs than in shallow reefs, although they did not
quantify the impact on biological communities. Even though
there is some evidence that MCEs ate more protected from
thermal stress than shallow reefs (Frade et al., 2018; Pérez-
Rosales et al., 2021), there have been occasions when bleaching
occurred exclusively at depth and not in the shallows (Diaz,
Howell, et al., 2023). There is also evidence that MCEs and
deep-sea habitats are vulnerable to species invasions; for exam-
ple, lionfish (Pterois spp.) have been observed at >200 m in
Bermuda and Honduras (Gress et al., 2017). Finally, fishing at
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TABLE 2  Ten fish species with the highest functionally unique, specialized, and endangered (FUSE) score surveyed in the Maldives.
Commercial TUCN
Species Common name FUSE Fun Fspe value category Habitat o n
Sphyrna lewini Scalloped 2.56 0.44 0.91 0 CR MCE 2 1
hammerhead shark
Squalus mitsukurii Shortspine spurdog 2.06 0.49 0.73 0 EN Deep 1 1
Torpedo panthera Panther electric ray 1.92 0.44 0.65 0 EN MCE 1 1
Carcharbinus Silvertip shark 1.87 0.58 1.00 0 VU MCE 1 1
albimarginatus
Aetobatus ocellatns Eagle ray 1.77 0.65 0.78 0 VU Shallow 1 1
Triaenodon obesus Whitetip reef shark 1.62 0.51 0.76 0 VU Shallow 1 1.8
Carcharbinus Blacktip reef shark 1.56 0.72 0.48 0 VU Shallow 2 1
melanopterus
Epinephelus fuscoguttatus Brown-marbled 1.07 0.36 0.34 4 VU Shallow 1 2
grouper
Galeocerdo cuvier Tiger shark 0.96 0.48 0.76 0 NT Deep 1 1
Rhabdosargus globiceps White stumpnose 0.93 0.32 0.27 0 VU MCE 1 1

Abbreviations and definitions: CR, critically endangered; deep, >150 m; EN, endangered; Fspe, functional specialization; Fun, functional uniqueness; MCE, mesophotic coral ecosystems,
>30-150 m; #, individuals per 1250 m?; NT, near threatened; O, number of atolls occurred; shallows, <30 m; VU, vulnerable. Commercial value scores range from 0 to 5 (0, no commercial

importance; 5, highest commercial importance to the Maldives) (Appendix $4).

depth, including in MCEs and deep-sea habitats (Jacquemont
et al., 2024), has increased in recent years partly in response to
coastal fisheries decline (Notse et al., 2012; Sadik-Zada et al.,

2023).

Ten to 60 m, and particularly 30 m, had the greatest trait over-
lap (functional redundancy), meaning more species with similar
life-history strategies (Figure 2d), which provides a buffer
against species’ trait loss from disturbance. The greatest func-

25U60 17 SUOLWILIOD BANEID B|ed1 ke U} A PaURAOB 3 B ILE YO 98N J0 SN IO} AIRIGITBUIIUO AB|IA O (SUONIPUGO-PLE-SLLIBYLIOO" A3 1M AJql1pUI O/ ScL) SUOTIPUOD PUE WL | au) 95 *[520Z/£0/82] Uo ARl auiluo Ab1im ‘uoidweuinos JO AISienun Ag G802 1900/ TTTT'0T/I0p/L0 B |1 AReiq 1[BUIIUO'01GUOO//'SAY WOJ} pOpeo|umOd ‘0 ‘682 TEZST



10 0f 14 ‘“@j

Stefanoudis ¢ al.

tional redundancy occurred at 30 m, which probably reflected
larger scale patterns in fish assemblage structure, such as the
overlap of 2 distinct assemblages at boundary depths (shallow
reefs and upper MCEs). These results confirm our hypothesis
that vulnerability to disturbance increases as depth increases.
However, even though shallow communities appeared to
have more functional redundancy than deep communities,
this was disproportionately represented in a few functional
entities, as evidenced by their high values of functional over-
redundancy (Figure 2¢), indicating that they themselves are
vulnerable to disturbances that cause even small reductions in
species.

Comparisons with other trait-based studies from tropical
reefs are difficult because most focused primarily on depths
<50 m or on different facets of functional diversity (McLean
et al., 2019, 2021; McWilliam et al., 2018). Even when the
authors focused on similar depths and used the same met-
rics, comparisons ate still not straightforward because chosen
traits used to estimate functional diversity might be different
or because different statistical methods were used to estimate
the same metrics (e.g.,, convex hulls vs. probabilistic hypervol-
umes) (Mammola et al., 2021). Hence, comparisons must be
relative to patterns rather than absolute values, unless all the
abovementioned parameters are the same. From the few stud-
ies in the region that have been published and cover similar
depths, it seems there is a consistent pattern of decreasing func-
tional richness going from shallow coral reefs to MCEs (Loiseau
et al., 2022) and deeper (Stefanoudis et al., 2023). Fish commu-
nities in Seychelles appear to be more resilient at greater depths,
which contrasts with what we found in the Maldives. However,
this is because the metrics used to infer resilience in Seychelles
included dispersion of traits. With very few species present
at 250 m in Seychelles, sometimes there was a single species
in one transect survey and dispersion was quite low, which
indicates high resilience. However, the low species diversity sug-
gests that these communities are also vulnerable to disturbances
because these could lead to loss of traits and possibly population
dynamics (Stefanoudis et al., 2023).

Contribution of species to functional diversity

The 3 species with the highest functional uniqueness and spe-
cialization values (Figure 4) exhibited extreme and uncommon
trait combinations. For example, some had a large body size,
long generation times, large vertical home ranges, and low to
medium resilience (dogtooth tuna, silvertip shark, scalloped
hammerhead shatk, 2-spot red snapper). Others had short gen-
eration times, medium body size, high temperature range, and
narrow depth range (duckbill eels) or long generation times,
low resilience, narrow temperature, and depth range (rattails).
The depth range for these 2 undescribed rattail and duckbill
eel species (Coelorinchus sp. 1 and Nettastoma sp. 1, respectively)
could extend below the present depth limit of our study because
they are known to inhabit deeper waters. In all cases, those
species occupied distinct functional entities, meaning no other
species we observed had the same combination of traits.

Sharks consistently had a high FUSE score (Table 2). Sharks
play multiple roles in marine ecosystems through top-down
(e.g,, predation) and bottom-up processes (e.g, provisioning
and nutrient cycling) and species interactions (e.g, competi-
tion) (Dedman et al., 2024). In coral reefs, overfishing of sharks
can distort ecological pyramids through mesopredator release
(Sherman et al., 2020), which leads to cascading effects down
the food chain that can negatively affect herbivore density and
ultimately coral fitness and recovery (Ruppert et al., 2013). How-
ever, cascading effects are equivocal and context dependent
(Roff et al., 2016), and there are no data from the Maldives with
which to explore these relationships. Considering the potential
for diverse and hidden roles of sharks in marine ecosystems
(Dedman et al.,, 2024) and following the precautionary prin-
ciple common in global environmental protection (Cameron
& Abouchar, 1991), including marine fisheries (Lauck et al.,
2020), our results suggest that managing shark biodiversity is
important.

Many of the top-ranking species based on the FUSE
score were threatened, mirroring previous findings on marine
megafauna (Pimiento et al., 2020). These results suggest that
protecting threatened species would also protect functional
(trait) diversity and, potentially, ecosystem functioning, although
there is still work required to link specific traits and ecosystem
functions (Bellwood et al., 2019). Because many of these species
occur in MCEs and deep-sea habitats, protecting these will also
aid in their conservation.

Conservation implications

Our finding of reduced functional redundancy and, hence,
potential increased vulnerability of fish communities as depth
increases brings important considerations for the Maldives’ fish-
eries, one of the key pillars of economic activity in the country.
For example, we determined the abundance and distribution of
71 fishes (23% of all observed species) that are exploited in
the seafood (general reef fishes and groupers) or aquarium fish-
eries (Appendices S3 & S4). Other species (e.g, datk-banded
tusilier [Prerocaesio tile]) are among some of the most common
fishes used in live bait fishing (Hemmings et al., 2023). With
almost all fisheries in the Maldives targeting species found in
shallow waters (Sattar et al., 2011) or larger pelagic species (e.g.,
tuna and billfish) found in the open ocean (Ahusan et al., 2018;
Jauharee et al., 2021), there is now a trend of fishing in increas-
ingly deeper waters (60—80 m) to source bait for the bait-fishing
industry (Jauharee et al.,, 2015). This often involves the use
of high-illumination (3000-5000 Watt) lights that have varying
impacts on fish communities that can be species or size spe-
cific (Lomeli & Wakefield, 2012; Melli et al., 2018). More studies
are needed to test this effect in the Maldives. Anecdotal evi-
dence suggests that recreational fishing, which has developed
over the past decade and of which the effects are unknown, can
often reach depths of up to 500 m, where, as we found, fish
communities are vulnerable to disturbance.

Apart from being vulnerable, we provided evidence that
despite having lower taxonomic diversity, MCEs and deep-sea
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habitats hosted several highly functionally unique and special-
ized species, providing increasing evidence of the underappre-
ciated contribution of these habitats to the overall functional
(trait) diversity of tropical marine ecosystems (Pinheiro et al.,
2023; Stefanoudis et al., 2022). Although we did not attempt
to link functional specialization and uniqueness with ecosys-
tem functioning, there is increasing evidence from other groups
and ecosystems, including forest trees (Delalandre et al., 2022)
and mammals (Pavoine & Ricotta, 2023) and predatory birds
and herbivorous megafauna (Cooke et al., 2020), that such
species can contribute significantly to ecosystem functioning;
Consequently, we suggest that where resources for marine man-
agement are limited, more effort be diverted to conserving
MCEs given the unique taxonomic and functional diversity they
harbor and the significant number of top-ranking FUSE score
species that reside there.

Our main finding, increased community vulnerability to
disturbance resulting from reduced functional redundancy, is
likely to be the case for other ecosystems with limiting envi-
ronmental conditions at sea and on land, where community
and trait assembly patterns are determined by habitat fil-
tering rather than competition. For instance, there is little
reported redundancy in subterranean spiders (Gibert & Dehar-
veng, 2002), montane plants (Bricca et al, 2021), coastal
lagoon macrofauna (Sigala et al., 2012), and hydrothermal vents
(Alfaro-Lucas et al., 2020). This low ecological resilience makes
these habitats particularly vulnerable to perturbations and dis-
turbance and therefore should be considered important targets
for conservation. Although ecosystem representativeness is
a common parameter in area-based planning and manage-
ment (Maxwell et al., 2020) and in global targets (Convention
on Biological Diversity Target 3), our results suggest that
further consideration should be given to prioritizing ecosys-
tems in environments along gradients of increasingly limiting
conditions.
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