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Abstract. The ecology of reef fish varies with depth, although patterns in diversity remain largely undescribed, in
particular the complementarity of their taxonomic, functional and phylogenetic facets. In the present studywe investigated
patterns of taxonomic, functional and phylogenetic diversity of fish on 21 reefs, at depths ranging from 3 to 31 m, at

Prı́ncipe Island (Gulf of Guinea). Taxonomic and functional diversity decreasedmonotonicallywith depth; the patternwas
less accentuated for phylogenetic diversity. Functional diversity was saturated at high levels of taxonomic diversity,
reflecting redundancy in species traits, particularly at the shallower reefs. Functional diversity increased linearly with

phylogenetic diversity; thus, increasing niche availability seems to translate into a larger diversity of phylogenies.
Dissimilarities in the structure and composition of fish assemblages among reefs were correlatedwith differences in depth,
including a progressive turnover in species. Depth affected the functional traits of nearshore reef fish. Trophic breadth

decreased with depth; carnivores and planktivores increased with depth, whereas herbivores decreased with depth. Small-
sized fusiform fish dominated on the shallowest reefs. In summary, the present study demonstrated decays in biodiversity,
from different perspectives, of reef fish with depth, which are connected with shifts in fish traits.
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Introduction

A central issue of ecology is understanding patterns of bio-
diversity through scales of spatial and temporal variation

(Fraschetti et al. 2005; Meynard et al. 2011; Tuya et al. 2011).
Until recently, most studies addressing biodiversity have used
conventional diversity metrics, derived from the number of
taxonomically distinct species and their abundance (i.e. diver-

sity from a pure taxonomic point of view; Gaston 2000).
However, the concept of biodiversity is multifaceted, including
a range of ‘dimensions’, such as taxonomic diversity, phylo-

genetic diversity, genetic diversity and functional diversity,
which are relevant to understanding ecosystem functions and
community assembly (Meynard et al. 2011). In particular,

ecosystem functions stem from the functional characteristics
(traits) of species rather than their taxonomic identity (Cadotte
2011). As a result, phylogenetic and functional diversity metrics
have been increasingly incorporated in biological conservation

and ecology (Perronne et al. 2014; Tanaka and Sato 2015).
Phylogenetic diversity metrics assess the relatedness of species
in a community according to their evolutionary history (Cadotte

et al. 2010). Functional diversity metrics evaluate the similarity

among species from their functional traits, according to mor-
phological, physiological and behavioural attributes (Petchey
and Gaston 2002), reflecting evolutionary responses to envi-

ronmental variability and interactions among coexisting
species. The extent to which we can predict the response of
ecosystems, and their inhabitants, to environmental gradients
from the traits of species remains a major question in ecology.

Understanding which traits best describe variation across taxa in
their environmental response, the so-called ‘fourth-corner
problem’ (Brown et al. 2014), will provide key insights into

recognising the functioning of ecosystems on the basis of
species’ functional traits rather than their taxonomy.

Classically, phylogenetically related species are more func-

tionally similar than distantly related species (Swenson et al.

2007). As a result, it has been postulated that the phylogenetic
structure can be considered as a surrogate of the functional
structure of the community (Xu et al. 2017) according to the niche

conservatism assumption (Harvey and Pagel 1991). However, the
evidence does not always support this assumption and the current
controversy requires more data and types of assemblages to be

investigated (Tanaka and Sato 2015). In turn, relationships
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between different facets of biodiversity are not always straight-
forward (Perronne et al. 2014); this is the case for patterns of

taxonomic, functional and phylogenetic diversity of reef fish at
both global (Stuart-Smith et al. 2013) and local (Villéger et al.
2010; Bosch et al. 2017) scales. In particular, it has been consi-

dered that functional diversity may saturate at high levels of
taxonomic diversity (Micheli and Halpern 2005), so maximum
variation at the trait level (functional diversity) is reached by a

subsample of the total number of taxa within the assemblage.
However, evidence for reef fish assemblages suggests that high
functional redundancy may be restricted to a limited number of
functional groups, whereas the majority of functions would be

characterised by low redundancy, highlighting the vulnerability of
coastal tropical and subtropical reef fish assemblages (Guillemot
et al. 2011; Mouillot et al. 2014).

Through the shallow subtidal depths (0–40 m), abrupt
environmental gradients occur across narrow vertical (depth)
scales, including light availability, wave-induced turbulence,

temperature and salinity, among others. (Fulton et al. 2005). As
a result, relevant changes in the abundance, composition and
morphology of marine organisms occur through bathymetric
gradients (Friedlander and Parrish 1998; Tuya et al. 2007;

Brokovich et al. 2008; Jankowski et al. 2015; Asher et al.

2017). Similar to elevation gradients in terrestrial habitats, the
shallow subtidal habitat is therefore an ideal model system to

work out whether patterns of taxonomic, functional and phyloge-
netic diversity follow similar patterns. However, few studies have
taken advantage of this environmental gradient to address this

analytical framework on marine assemblages, so little is known
about the complementarity of taxonomic, phylogenetic and
functional facets of biodiversity across depth gradients. In the

particular case of nearshore reef fish, several metrics of taxo-
nomic diversity (e.g. species richness, taxonomic distinctiveness
and the Shannon–Wiener diversity index (H0)) tend to decrease
linearly with depth (Jankowski et al. 2015; Asher et al. 2017),

whereas in certain locations maximum values of diversity (e.g.
species richness and H0) are reached at intermediate depths
(Friedlander and Parrish 1998; Brokovich et al. 2008). Differ-

ences in community-level metrics arise from different abundance
patterns with depth. For example, damselfish and gobies often
dominate in shallow waters, whereas wrasses and groupers are

more common at deeper depths (Brokovich et al. 2008).
In the present study, we explored patterns of taxonomic,

functional and phylogenetic diversity of tropical reef fish across
the shallow subtidal habitat (depth 3–31 m) of a West African

equatorial island. We first hypothesised that taxonomic, func-
tional and phylogenetic diversity follow similar patterns across
the bathymetric gradient provided, at the island scale. Second,

we hypothesised that the relationship between functional and
taxonomic diversity saturates, reflecting functional redundancy
in traits, and that functional and phylogenetic diversity are

linearly related, if phylogenetic structure is a surrogate of the
functional structure of fish assemblages. Third, we hypothesised
that dissimilarity in the structure and composition of fish

assemblages increases with increasing depth differences among
reefs. To complement these hypotheses, we assessed which fish
species traits were correlated with environmental variation
(here, depth) to get an insight into the functioning of reef fish

assemblages with depth.

Materials and methods

Study region

The present study was performed at Prı́ncipe Island (Democratic
Republic of São Tomé and Prı́ncipe), a tropical island (136 km2)

located near the equatorwithin theGulf ofGuinea (easternAtlantic
Ocean; Fig. 1a), during the BIO-Principe 2016 Expedition.
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Fig. 1. Location of (a) Prı́ncipe Island in the Gulf of Guinea and

(b) sampled reefs around the perimeter of the entire island. 1, Ilheu Bom

Bom; 2, Ponta Bom Bom; 3, Ponta Batida; 4, Baı́a das Agulhas Oeste; 5,

Praia Grande; 6, Roque Mosteiros; 7, Roque Mosteiros Oeste; 8, Roque

Mosteiros Este; 9, Bonnet Joqué; 10, Pedra mitade dentro; 11, Pedra mitade

fora; 12, Baı́a das Agulhas; 13, Focinho de Cao; 14, Baı́a das Agulhas Este;

15, Pedra Galé Sur; 16, Pedra Adalio Sul; 17, Pedra Adalio Este; 18, Pedra

Adalio Norte; 19, Pedra Galé Norte; 20, Pedra Galé Sul; 21, Pedra Medonia.
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Since 2012, the island has been part of the UNESCO World
Network of Biosphere reserves to enhance sustainable devel-

opment actions and promote social wellbeing. The island is
understudied in terms of marine biodiversity relative to its
terrestrial flora and fauna. Despite the marine fauna of the Gulf

of Guinea being one of the least known of the world, it has been
postulated that marine fish of São Tomé and Prı́ncipe are of
particular attention for reef fish ecologists, because the area has

been included within larger marine biodiversity areas at the
global scale (Roberts et al. 2002). Marine fish of São Tomé and
Prı́ncipe have recently attracted scientific interest and species
presence seems tobe related to prevailingmarine currents, suchas

the eastward equatorial currents (either the seasonal Equatorial
Counter Current or the Subsurface Equatorial Undercurrent),
which connect both sides of the Atlantic at this latitude (Wirtz

et al. 2007).
Sandy bottoms, maërl (rhodolith) biogenic beds (known

locally as gla-gla) and shallow water rocky reefs with sparse

coral outcrops are the main habitats on nearshore waters, which
have been recently described through cartography (Abreu et al.
2017). Despite the island’s population of only 8000 inhabitants,
there is a long tradition of the consumption of marine resources

with artisanal fishing gear and, more recently, spearfishing.
In the present study, 21 rocky reefs were surveyed between
October and November 2016, covering a bathymetric range

from 3 to 31m, through the entire insular perimeter (Fig. 1b). All
reefs had a similar habitat structure, which consisted of rocky
outcrops covered primarily by coralline algae and fleshy macro-

algae and sparse coral and filter feeder colonies (sponges, soft
and hard corals).

Fieldwork: visual censuses

Fish assemblages were evaluated using underwater visual
counts during daylight hours.On each reef, two to three transects
(25 m long � 4 m wide) were deployed using a metric tape.

Along each transect, the abundance of each fish taxa was
recorded, according to standard procedures used previously and
optimised by our research team for the eastern Atlantic (Tuya

et al. 2004; Bosch et al. 2017). Identification of reef fish was
based primarily on fish checklists from São Tomé and Prı́ncipe
(Afonso et al. 1999; Wirtz et al. 2007). Individual fish counts
were done up to 20 individuals. The abundance of schooling

species was estimated using the following abundance classes:
21–30, 31–40, 41–50, 51–100, 101–200 and .200 individuals
(Tuya et al. 2011). Seawater visibility ranged between 8 and

25 m. Non-cryptic species were counted along each transect,
whereas cryptic species were counted on the way back. In this
case, crevices, small caves, ledges and overhangs were inspec-

ted. Fish that were not visually identified to species level were
recorded as unidentified genera. On each reef, depth (m) was
recorded; depth is not greatly affected by tides, because the tidal
range typically varies between 0.5 and 1 m.

Biodiversity estimates

Several biodiversity estimates were calculated mathematically
for each sample, including species richness (the number of fish
taxa per 100 m2) and taxonomic diversity by the Shannon–

Wiener diversity index (H0). Phylogenetic diversity was

estimated through the taxonomic distinctness index (D*; Clarke
and Warwick 2001), and functional diversity was estimated

through the Rao index adapted for functional diversity (Botta-
Dukát 2005). H0 is the most traditional measure of taxonomic
diversity, accounting for both species richness and equitability.

It is calculated as follows:

H 0 ¼ �
X

iri logðriÞ

whereri is the proportion of the total count for the ith species.D*
considers not only species abundance, but also taxonomic

distances between every pair of species, according to the
traditional Linnean classification tree. This index is calculated
by dividing the average taxonomic diversity (D) by the Simpson

index (D8; Clarke andWarwick 2001). The Rao index uses traits
to calculate dissimilarities among species and is calculated as
follows:

X

i¼1

X

j¼1

dijpipj

where pi and pj are the proportion of the ith and jth species

respectively and dij is the dissimilarity between species i and j,
which varies between 0 (the ith and jth species have exactly the
same traits) and 1 (they have completely different traits). The

Rao index was computed separately for each trait and subse-
quently averaged for each sample across all traits together
(Bosch et al. 2017). Seven functional traits were considered:

trophic niche and breadth, maximum body length and shape,
behaviour, habitat associations and life history characteristics
(see Table S1, available as Supplementary Material to this
paper). Maximum length and trophic level were included

as continuous traits and scaled between 0 and 1; the other traits
were categorical. Most values and attributes were obtained from
Fishbase (R. Froese and D. Pauly, http://www.fishbase.org,

accessed 7 May 2017), but some were also obtained from
existing literature. When information on particular species
was not available, values from sibling species, often within

the same genus and geographic area, were used. All three indices
were calculated on square root-transformed data. H0 and D*
were calculated using PRIMER 6 statistical software (Clarke

and Warwick 2001). The Rao index of functional diversity was
calculated using the ‘FunctDiv.exl’ macro of Lepš et al. (2006).

Statistical analyses

Relationships between diversity indices and the depth of visual
counts on reefs were explored through regression models.
Similarly, relationships between functional diversity and both

taxonomic and phylogenetic diversity were evaluated through
regression. In all cases, linear models were initially adjusted for
parsimony and, if saturation of the response variable was evi-
dent, a sigmoidal adjustment (Hill of three parameters) was then

applied.
The RELATE procedure was used in PRIMER, ver. 6

(PRIMER-E: Plymouth, UK; Clarke and Warwick 2001), to

test whether dissimilarities in both assemblage structure and
composition (data transformed to presence or absence) among
reefs were correlated with differences in depth. The occurrence
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of spatial serial correlation (patterns of seriation) in assemblage
composition with depth was also tested used RELATE; this is a

way to measure species turnover across space, here a serial
(progressive) change in assemblage composition with depth.
Spearman correlation coefficients (r) were calculated through

999 permutations of the raw data. Non-metric multidimensional
(nMDS) scaling was used to visualise differences in fish
assemblage structure and composition among replicated trans-

ects at varying depths. The distance-based linear modelling
(DISTLM) routine, by a forward procedure, fitted a distance-
based multivariate linear model that provided the amount of
variation explained for both the assemblage structure and

composition of reef fish assemblages, explained by depth. These
multivariate routines were implemented in PRIMER 6 (Clarke
and Warwick 2001).

A model-based approach (Brown et al. 2014) to the ‘fourth-
corner problem’ was applied to investigate how the responses of
fish species to the depth gradient are mediated by their functio-

nal traits. Generalised linear models (GLMs), using a negative
binomial family due to over-dispersion of abundance data, were
fitted to species abundance as a function of depth and the seven
fish species traits using the ‘traitglm’ function in the R package

Mvabund (Wang et al. 2012). A least absolute shrinkage
and selection operator (LASSO penalty), estimated by cross-
validation, was used for model selection. This method has been

shown (Wang et al. 2012) to endow high predictive performance
in species distribution models and facilitates interpretation by

automatically setting to zero any terms in the model that do not
explain any variation in the species response. P-values were
calculated using 1000 resampling iterations by PIT-trap block

resampling to account for correlation in testing.

Results

In all, 12 753 fish were censused during the sampling campaign,
including 73 fish taxa, 8 of which were identified to the genus
level (see Table S1). There was amean (�s.d.) of 10.7� 4.8 fish

taxa per 100 m2 (n¼ 44), which ranging between 3 and 21 taxa
per 100 m2.

Species richness (Fig. 2a) and both taxonomic (Fig. 2b) and

functional (Fig. 2d) diversity decreased monotonically with
depth. Phylogenetic diversity also tended to decrease with depth
(Fig. 2c), despite the pattern being non-significant. Functional

diversity tended to saturate at high levels of taxonomic diversity
(Fig. 3a), reflecting redundancy in species traits once a certain
level of taxonomic diversity is reached. However, functional
diversity increased linearlywith phylogenetic diversity (Fig. 3b)

and therefore the phylogenetic structure is a surrogate of the
functional structure of the reef fish assemblage for the depth
gradient analysed.
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Fig. 2. Patterns of (a) species richness (number of fish taxa per 100 m2) and (b) taxonomic, (c) phylogenetic and (d) functional

diversity of fish assemblages for replicated visual counts on reefs at varying depths around Prı́ncipe Island. Taxonomic diversity was

estimated using the Shannon–Wiener diversity index (H0), phylogenetic diversity was estimated using the taxonomic distinctness index

(D*; Clarke and Warwick 2001) and functional diversity was estimated using the Rao index adapted for functional diversity (Botta-

Dukát 2005). Fitted linear regressions are included for each plot (n ¼ 44).
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Dissimilarities in both fish assemblage structure and compo-
sition among reefs correlated with differences in depth among

reefs (r¼ 0.58 and 0.458 respectively; P¼ 0.01 in both cases).
In turn, samples clearly separated, in terms of both the structure
and composition of fish assemblages, in the two-dimensional

ordination space (Fig. 4). There was a progressive turnover in
species composition with depth (r ¼ 0.458, P ¼ 0.01). Depth
explained ,23 and 18% of the total variation in both the

structure and composition of fish assemblages (DISTLM
routine, d.f. ¼ 42, P ¼ 0.001 in both cases).

Fish traits contributed to explaining a significant amount of
variation in species response to the depth gradient (‘fourth-

corner’ analysis; ‘environment� trait’, Dev¼ 76.97, d.f.¼ 19,
P ¼ 0.001; Fig. 5). Trophic breadth was negatively associated
with depth, suggesting diet specialisation at greater depths

(Fig. 5). Trophic level was positively associated with depth;
this trend is consistent with the distribution of trophic groups
along the depth gradient, where carnivorous species (primarily

macroinvertebrate feeders and piscivores) increased with depth
(Fig. 5). We also found a positive association between

planktivorous species and depth, whereas a negative association
was found between herbivorous fish species and depth (Fig. 5).

Maximum length was also positively associated with depth.
Body shape had amoderate associationwith depth (e.g. fusiform
fish species weremore prevalent on the shallowest reefs; Fig. 5).

Discussion

The results of the present study demonstrate strong patterns in

the diversity, assemblage structure and composition of reef fish
over a depth gradient ranging from 3 to 31 m at Prı́ncipe Island.
This outcome reinforces the idea that, within the shallow sub-

tidal environment, depth is one of the main drivers explaining
variation in the diversity and structure of reef fish assemblages
(Brokovich et al. 2008;Garcı́a-Sais 2010; Jankowski et al. 2015;

Serna-Rodrı́guez et al. 2016; Asher et al. 2017). In any case, a
considerable amount of unknown variation in the diversity,
assemblage structure and composition of reef fish reflects the

importance of other environment aspects.
Therewas a clear effect of depth on diversitymetrics, with all

measured facets of diversity decreasing with depth. Taxonomic
diversity of reef fish has been also shown to decrease with depth

within the first tens of metres of the subtidal and mesophotic
zone (Jankowski et al. 2015; Serna-Rodrı́guez et al. 2016; Asher
et al. 2017). However, this pattern is not widespread, because

peaks in taxonomic diversity at intermediate depths have been
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also described as a result of species turnover between shallow
and deep fish assemblages (Brokovich et al. 2008; Garcı́a-Sais
2010), which precludes generalisations. Despite the present

study also detecting a turnover in fish species composition from
the shallowest to the deepest reefs, patterns in diversity did not
peak at intermediate depths. A potential criticism of the present

study is that it was limited to a depth of 31 m. However, because
the reefs explored did not extend deeper than 30 m, we did
survey the entire depth range available to the fish assemblages
on these reefs.

Functional metrics tend to capture the complex structure and
functioning of an assemblage, thus providing potential inter-
pretations of underlying processes (Perronne et al. 2014). In

very shallow water (,10 m), the increase in functional diversity
may arise from the large availability of niches, particularly
because of high food availability from macroalgae and supply

from nearby land habitats and rivers. Concurrently, functional
diversity is high on shallow reefs, because ‘limiting similarity’
may promote the occupation of different niches by different

species (Macarthur and Levins 1967). Importantly, functional
diversity was saturated at high levels of taxonomic diversity;
this suggests redundancy in species traits of the fish assemblage
once a certain level of taxonomic diversity is reached (Micheli

and Halpern 2005). This result suggests that specialisation in
very shallow waters can increase taxonomic diversity by allow-
ing ecologically similar species (i.e. species with similar traits)

to coexist through the partitioning of resources (Hutchinson
1959; Pereira et al. 2015). In this sense, it has also been
hypothesised that very shallow water fish species are very

specialised on substratum types with specific habitat preference
(Bean et al. 2002). Moreover, functional diversity increased
linearly with phylogenetic diversity, so increasing niche avail-

ability seems to translate into a larger diversity of phylogenies
(i.e. more evolutionary lineages). Hence, in the present study,
the phylogenetic structure seems to be a surrogate of the

functional structure of the reef fish assemblage, what contrasts
with other studies showing that indices of phylogenetic diversity
were poor proxies for patterns in functional diversity (Perronne
et al. 2014). The phylogenetic structure of a community can be

affected by a variety of evolutionary and ecological processes,
including the extent to which speciation is driven by divergent
selection (‘ecological speciation’) and the degree of trait

conservatism within a phylogeny (McPeek 2007).
Relationships between different measures of fish diversity

can be of various types (Micheli and Halpern 2005). At local

scales, Villéger et al. (2010) found contrasting changes in
taxonomic and functional diversity of tropical reef fish assem-
blages following degradation. Bosch et al. (2017) found

similar patterns of reef fish diversity between the inner and
outer parts of marinas from a taxonomic and functional point of
view, whereas phylogenetic diversity showed contrasting
patterns. The present study has shown a connection among

the three measured ‘sides’ of biodiversity of reef fish, that is at
the taxonomic, functional and phylogenetic levels, with depth.
Clearly, the context dependency of each study affects relation-

ships among different facets of diversity, including varying
selection of traits to work out patterns of functional diversity
(Perronne et al. 2014).
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We found evidence for strong environmental (here, depth)
effects on the distribution of functional traits of nearshore reef

fish from Prı́ncipe Island. The ecological niche of marine fish is
reflected in the variation in fish traits, for example in their size,
morphology and trophic ecology. In the present study, several

fish traits were correlated, to some extent, with depth. Trophic
breadth decreased with increasing reef depth, as similarly
demonstrated by Jankowski et al. (2015). This suggests that

fish species on deeper reefs are more specialised in their diet.
Carnivores increased with depth, whereas the opposite was true
for herbivores; similar changes in the overall trophic structure of
reef fish with depth have been observed previously (Brokovich

et al. 2008; Asher et al. 2017), resulting from the progressive
disappearance of algae with depth. We found a positive associa-
tion between planktivorous species and depth. An alternative

explanation is that the reduction of fishing pressure by local
speargun fishing activities with depth may result in a large
proportion of carnivores at deeper sites; nevertheless, this assump-

tion has not yet been evaluated.Most likely, this is a result of food
availability, because plankton is more common on reefs near to
deep waters, where upwelling of nutrient-rich water typically
occurs (Friedlander and Parrish 1998; Jankowski et al. 2015).

In the present study, reef fish of a small size (,15 cm in total
length) with a fusiform shape tended to dominate on the
shallowest reefs, as indicated by the ‘fourth-corner’ analysis.

It is known that reef fish occurring inwave-swept habitats, under
high water motion in very shallow water, need to maintain high
swimming speeds or at least to manoeuvre at high speeds

(Bellwood et al. 2002; Fulton and Bellwood 2005). These fish
tend to have robust bodies, acquiring a fusiform shape to
optimise manoeuvrability and velocity during swimming.

In summary, the present study has demonstrated decays in
biodiversity, from different perspectives, of reef fish with depth
from Prı́ncipe Island; these changes are connected with changes
in fish traits with depth.
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E., Niccolini,M., Otero-Ferrer, F., Tuya, F., and Viera-Rodrı́guez,M. A.

(2017). Scientific Expedition Biol-Prı́ncipe 2016. Instituto Universitario

en Acuicultura Sostenible y Ecosistemas Marinos (IU-ECOAQUA),

Universidad de Las Palmas de Gran Canaria, Las Palmas de Gran

Canaria, Spain.

Afonso, P., Porteiro, F. M., Santos, R. S., Barreiros, J. P., Worms, J., and

Wirtz, P. (1999). Coastal marine fishes of São Tomé Island (Gulf of
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