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1 | INTRODUCTION

Understanding the spatial distribution of fishes on coral reefs is a

fundamental step in adopting effective conservation policies (Bellwood

Abstract

1. Despite increasing policies of protection, few localities in the Caribbean remain spared from
human impacts. These lightly affected areas can better reflect the past composition of reef fish
assemblages and provide baseline information about the natural factors driving fish distributions
in the region.

2. Reef fish assemblage structures were analysed in 21 Caribbean fished areas and marine
protected areas (MPAs) along a gradient of distance to the nearest major market place.
Assemblage structures by size and by trophic group were significantly related to the distance
to market.

3. Relationships of reef fish life-history traits, families, and vulnerability indicators were examined
with the seascape and the benthic composition at Los Roques Archipelago, the most isolated
MPA in the analysis. Factors linked to seascape features were more important than benthic
composition or human activities in explaining fish assemblage structure.

4. Wave exposure was the most influential seascape metric. Exposed habitats were dominated by
octocorals and sponges. More sheltered habitats were characterized by high coral cover, while
leeward sites were characterized by steep slopes with close proximity to deeper water.

5. Exposed habitats were mostly occupied by unspecialized fish species. Piscivore densities were
high at south and south-west sites, and were likely related to the large concentrations of
planktivorous fishes found there. South and south-west sites experience full oceanic conditions,
and supported the highest species richness and densities within the archipelago.

6. Los Roques National Park is one of the oldest and most remote Caribbean MPAs. Its fish
assemblage structure is healthier than other fished or protected areas, with higher species
richness, higher density of piscivores, and an abundance of large species. Predator-prey
relationships provided additional evidence that Los Roques reef fish assemblage presented
specific characteristics.

7. The main patterns observed in this study represent a baseline for assessing reef fish
assemblages elsewhere in the southern Caribbean.
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& Hughes, 2001; Gaston, 2000), and requires information from
complementary studies spanning a wide range of scales, from a few
metres to thousands of kilometres. At broad spatial scales, studies on
species distributions have delineated biogeographical entities around
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the world (Floeter et al., 2008; Kulbicki et al., 2013). A number of
researchers have tried to identify the factors involved in variations in
species richness and/or abundances at large spatial scales and have
identified latitude and longitude (Bellwood & Hughes, 2001;
Bouchon-Navaro, Bouchon, Louis, & Legendre, 2005), connectivity
(McArthur & Wilson, 1967; Parravicini et al., 2013), pelagic larval
duration (Luiz et al., 2013; Mora et al., 2012), potential habitat avail-
ability (Bellwood & Hughes, 2001; Parravicini et al., 2013; Sandin
et al., 2008), coastal length and sea surface temperature (Parravicini
et al., 2013) as factors driving these variations. These mostly geograph-
ical factors can provide predictions of species richness at broad spatial
scales but are not helpful in predicting local fish assemblage composi-
tion (Mellin, Bradshaw, Meekan, & Caley, 2010).

Bio-physical characteristics (particularly reef type, reef area,
water motion, depth, substrate cover, and complexity) are generally
considered the most important factors structuring reef fish
assemblages at smaller spatial scales (Arias-Gonzalez, Nunez-Lara,
Rodriguez-Zaragoza, & Legendre, 2011; Floeter, Krohling, Gasparini,
Ferreira, & Zalmon, 2007; Friedlander & Parrish, 1998; Gratwicke &
Speight, 2005; McGehee, 1994; Mejia & Garzon-Ferreira, 2000;
Rousseau, 2010). In the western Atlantic, these bio-physical
characteristics are known to influence the presence or absence of
certain fish species (Bouchon-Navaro et al., 2005), species richness
and abundance (Arias-Gonzilez et al., 2011; Floeter et al., 2007;
Gratwicke & Speight, 2005; Luckhurst & Luckhurst, 1978) and beta
diversity (Arias-Gonzalez, Legendre, & Rodriguez-Zaragoza, 2008;
Acosta-Gonzalez et al., 2013). The influence of environmental condi-
tions on fish functional structures (considering the life-history traits
that determine trophic, mobility, and schooling guilds, among others)
is less documented. Mejia and Garzén-Ferreira (2000) highlighted sig-
nificant relationships between trophic categories and habitats (i.e. geo-
morphological zones), and found greater differences in the structure of
the fish assemblages between habitats within four atolls of the San
Andrés Archipelago than between distant islands. In the same way,
Arias-Gonzélez et al. (2008) showed greater differences between habi-
tats within the same reef than for the same habitat among distant reefs
for fishes and benthic community composition along the Mesoamerican
reef system. Several authors (Dominici-Arosemena & Wolff, 2005;
Floeter et al., 2007) have shown that wave exposure was an important
factor in explaining differences in the trophic structure and distribution
of particular mobility classes of reef fishes. Bradbury and Young (1981)
defined exposure as the main driver of the benthic assemblage on the
Great Barrier Reef. Relationships between reef fish assemblage charac-
teristics and benthic factors have been widely studied, and live coral
cover, topographic complexity/habitability, macroalgal cover, octocoral
cover, sponge cover have been shown to influence fish assemblage
structure (Friedlander, Nowlis et al., 2003; Rousseau, 2010).

Anthropogenic factors may, however, locally prevail over environ-
mental factors and affect the relative composition of fish assemblages,
especially in areas close to the coast where human presence has been
important in the Caribbean for decades and even centuries (Jackson
et al, 2001; Nufez-Lara, Arias-Gonzalez, & Legendre, 2005).
Caribbean reefs have been suffering direct anthropogenic disturbances,
including: overfishing (Hughes, 1994; Jackson et al., 2001), pollution

(Bozec, Acosta-Gonzalez, Nunez-Lara, & Arias-Gonzalez, 2008;

DeGeorges, Goreau, & Reilly, 2010; Mora, 2008), coastal
development, and climate change. These perturbations have certainly
contributed to the region-wide decline in Caribbean coral reef fish den-
sity shown by Paddack et al. (2009), with a particularly significant effect
on carnivores, invertebrate feeders, and herbivores. These findings
were partially confirmed by Stallings (2009) who demonstrated that
large predatory reef fishes are nearly absent from most Caribbean loca-
tions with high human population densities.

In response to these impacts, the implementation of marine
protected areas (MPAs), especially on coral reefs, has greatly increased
over the past 20 years (Knowles et al., 2015; Toropova, Meliane,
Laffoley, Matthews, & Spalding, 2010). While a number of factors
controlling the effectiveness of MPAs have been identified (e.g. size,
level of protection; Edgar et al., 2014; Kaplan et al., 2015; Mesnildrey,
Gascuel, & Le Pape, 2013), it has only been recently that remoteness
has been identified as a factor enhancing coral reef condition and
functioning in MPAs (D'agata et al., 2016; MacNeil et al., 2015; Maire
et al., 2016). Mora et al. (2006) considered MPA management
performance particularly low in the Caribbean. Conversely, in a study
including several Caribbean MPAs, Halpern (2003) showed that marine
reserves led to significant increases in density, biomass, individual size,
and diversity for the overall assemblages and for each functional group
within these assemblages. Some important factors influencing the
effectiveness of MPAs in the Caribbean have been identified, notably
the magnitude and connectivity of coral reefs with nursery habitats
(mangroves and seagrass beds; Nagelkerken, Grol, & Mumby, 2012)
and the age and the size of the MPA (Edgar et al., 2014; Halpern, 2003).

Los Roques National Park is the largest coral reef MPA in
Venezuela (221 120 ha) and it has been in existence since 1972,
making it one of the oldest MPAs in the Caribbean. Los Roques NP
contains large areas of seagrass, macroalgal beds, and mangroves dis-
tributed throughout the archipelago (Méndez-Baamonde, 1978). For
these reasons, this MPA presents an interesting case for establishing
a baseline on the distribution of species and functions among habitats,
in terms of richness and density, for the southern Caribbean.

This study proposes the evaluation of the relative importance of local
anthropogenic, seascape, and environmental factors on the functional
structure of the reef fish assemblages within Archipelago Los Roques. A
focus on the spatial distribution of vulnerability indicators (abundance
of rare species, abundance of monospecific functional entities, and
abundance of species with reduced geographical range) complements this
approach and provides valuable information about the effectiveness of
this MPA. This work also provides a comparison of the functional
structure of reef fish assemblages over a wide range of fished and
protected Caribbean localities. The aims of the present study are to:

1. determine the best characteristics for a baseline of Caribbean reef

fishes;

2. identify the main reef fish assemblages and associated habitats in
Archipelago Los Roques, and evaluate the major patterns

explaining their distribution;

3. compare the structure of Los Roques fish assemblage to fished
areas and other MPAs of the Caribbean to evaluate its quality

and assess its potential in defining a baseline.
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The results of this study should provide for a better understanding
of the relation between the functional structure of reef fish assem-
blages and their environmental conditions, as well as contributing to
a baseline on what a lightly impacted reef fish assemblage may look

like in the southern Caribbean.

2 | METHODS

2.1 | Study system

Archipelago Los Roques National Park was established in 1972 and
comprises 221 120 ha, approximately 10 000 ha of which consist of
coral reef habitat. The park is located at the southern edge of the
Caribbean Sea (11°44' - 11°58' N, 66°32' - 66°57' W), 135 km north
of the Venezuelan coast (Figure 1). The archipelago is spread over a
wide volcanic platform, covered by a thick sedimentary layer
(Méndez-Baamonde, 1978). On this oceanic platform, two narrow
barrier reefs, the east reef and south reef (~ 20 and 30 km long, respec-
tively) partially enclose a shallow lagoon with a mean depth of 4 m. By
protecting the interior of the archipelago from the direct influence of
oceanic waves and currents (dominant winds blow from east and
north-east), the eastern barrier facilitated the formation of 42 cays
with fringing reefs, multiple sand and coral banks, and important areas
of mangroves, spread around the lagoon (Méndez-Baamonde, 1978;
Figure 1). The lagoon floor is predominantly composed of bare sand
with large expanses of seagrass and/or macroalgal beds, with numer-
ous patch reefs. Archipelago Los Roques is considered to be among
the least affected coral reef systems in the Caribbean (Kramer, 2003;
Posada, Villamizar, & Alvarado, 2003). In fact, the archipelago lies
WPy 510
- 16%44 S ?
CARIBBEAN SEA

vk Highly exposed sites
B Windward sites

outside the path of most hurricanes and benefits from its remote
location from the continental coast, far from land runoff, sewage, and
major anthropogenic disturbances. In spite of increasing development
in the past 20 years, tourism and fishing (especially for spiny lobsters,
which yields 90% of Venezuela's production) are restricted by the park
authorities. Spearfishing was banned in 1972 and the use of nets in
1994. The archipelago supports a small human population of around
1500 inhabitants (~ 0.7 inhabitants km™2 of MPA), mostly concen-
trated on the north-eastern island of Gran Roque and on the nearest

surrounding cays.

2.2 | Background

The fish fauna of Los Roques comprises about 370 species, including
21 species of sharks (Cervigdn & Ramirez-Nahim, 2003; Tavares,
2005). Only one other study of the reef fish assemblages has been
conducted at the scale of the archipelago (Posada et al., 2003). These
authors followed the Atlantic and Gulf Rapid Reef Assessment
(AGRRA) Version 2.2 fish protocol (underwater visual censuses along
transects of 2 m wide x 30 m long; see Kramer & Lang, 2003). They
observed 59 of the 70 fish species listed by this protocol for the entire
Caribbean and concluded that the reef fish assemblages in the archi-
pelago were in a ‘healthy state’, with highly diverse and abundant pop-
ulations, some large-sized species, and a good balance between
herbivores and carnivores (Posada et al., 2003). Nevertheless, they
found fewer commercially important carnivorous fishes close to Gran
Roque and the eastern barrier where most of the human population
of the archipelago lives. The authors speculated that the decline in car-

nivorous fishes was related to natural differences associated with

@ Leeward / South barrier sites
GR Main population centre

FIGURE 1 Archipelago Los Roques National Park (adapted from a satellite photography by Landsat 7 with a resolution of 30 m); GR: gran Roque,
main population Centre; stars highly exposed sites; squares - more sheltered windward fringing reef sites; circles - leeward fringing reef and

southern barrier sites
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geographic location or depth, or, alternatively, the result of human
activities (Posada et al., 2003).

In the corresponding benthic AGRRA assessment, Villamizar,
Posada, and Gomez, (2003) considered that coral reefs were globally
healthy in 1999, but diseases (Créquer, Weil, Zubillaga, & Pauls,
2005; Villamizar, pers. com.) and a mass bleaching event in 2010
(Bastidas et al., 2012) have strongly affected coral communities
during the past decade. In 1999, benthic shallow water assemblages
(< 6.5 m) were dominated by partially dead colonies of Acropora
palmata, Porites astreoides, and Diploria strigosa, whereas deeper
assemblages (7.5-13.5 m) were healthier and dominated by Oribicella
faveolata, O. annularis, and Montastraea cavernosa, except on the
eastern barrier, which was dominated by partially dead colonies of
A. palmata (Villamizar et al., 2003).

2.3 | Reef fish assemblage and benthic community
sampling

The surveys were conducted in March and April 2013 and focused on
coral reef formations at 10 m depth. As no detailed map of the benthic
substratum was available for the archipelago, manta tows were
performed around numerous cays to identify areas with 250% of hard
bottom cover and a sufficient spatial extent to allow the deployment of
three transects. Sixteen sites were selected across the archipelago
(Figure 1) in each of which three transects were sampled. The mean
depth (+ SD) of the transects evaluated was 10.3 + 0.8 m.

Underwater visual censuses were conducted at each site along
triplicate belt transects of 2 m x 30 m laid out at 10 m depth and at
least 30 m apart. Transects encompassed the entire water column
from the sea floor to surface. During each census, a diver swam over
the transect line identifying and counting all fishes within 1 m on
either side of the central line. Highly mobile and wary species were
enumerated on the first pass as the transect line was laid and all the
remaining species during the second pass. All detected fishes were
recorded. For reasons of dive time limitations, fish lengths could not
be evaluated and biomasses were thus not calculated in this study.
Although the absence of biomass data penalizes the analysis of the
effectiveness of this MPA, relevant results were obtained from
richness and density data.

Benthic composition was assessed along the same transects using
the medium scale approach (MSA) of Clua et al. (2006). Six 5 x 5 m
quadrats were evaluated on each side of the three transects
(12 x 25 m? described for each transect). Two divers started their
sampling once the fish census was completed, so as to minimize the
impact of the presence of divers on the fish assemblage. Depth was
measured in the centre of each of the 12 quadrats along the transect.
Habitability was evaluated in each quadrat on a 1-6 scale, with 1
indicating the absence of any refuges (i.e. holes providing shelter for
fishes or any other reef organisms) and 6 being the most complex reef
matrix, with numerous refuges of diverse sizes. Several substrate
covers (see Methods S1, Supporting information) were evaluated on
each quadrat on a 1-5 scale (1: cover comprised between 1 and
10%; 2: between 11 and 30%; 3: between 31 and 50%; 4: between
51 and 75%; 5: between 76 and 100%) as defined by Clua et al. (2006).

24 | Los Roques reef fish data

In order to characterize the structure of the fish assemblages at Los
Roques, life-history traits were compiled for each species according
to the classification used in recent articles (Kulbicki, Parravicini, &
Mouillot, 2015; Mellin et al., 2016; Mouillot et al., 2014; Parravicini
et al., 2013). Six major traits were considered: diet, species size class,
schooling, daily activity, adult home range, and height in the water
column (Methods S2 and Table S1). Functional entities were defined
as the combination of diet and size classes, resulting in 36 possible
entities, of which 24 were represented by at least one species (Table
S1). Geographic range was defined for each species, with an index
based on the number of checklists where the species is known in the
Atlantic (Kulbicki et al., 2013). For each of the 48 transects sampled,
overall fish species richness and density, as well as relative species
richness and density of each group of life-history traits, functional
entity and dominant family were calculated. In addition, three vulnera-
bility indicators were defined: abundance of rare species (species
present on 1 or 2 transect(s) out of 48), abundance of monospecific
functional entities (functional entities represented by only one
species), and abundance of species with limited geographical range
(in some sense endemic species).

2.5 | Environmental and anthropogenic influences on
Los Roques reef fish assemblages

In total, 16 explanatory factors were considered in the analyses (details
in Methods S1): four seascape factors (reef type, exposure, distance to
shore, and distance to the nearest mangrove), two factors for the
impact of human presence (distance to the main population centre
(Advani, Rix, Aherne, Alwany, & Bailey, 2015) and anthropogenic
pressure), along with 10 benthic factors.

Given the number of factors, their unbalanced patterns and the
multiple potential interactions between them, linear models or
mixed-effect models were not employed. Instead, multivariate
regression trees (MRT) and cascade MRTs offer the possibility to
explore relationships between multispecies fish data and environ-
mental characteristics, with the advantage of dealing with nonlinearity
of relationships between species composition and the environmental
variables (De'ath, 2002). MRTs form clusters of sites chosen to
minimize the dissimilarity of sites within clusters. The clusters and
their dependence on the environmental data are represented graphi-
cally by a tree (De'ath, 2002).

First, two multivariate regression trees were constructed to
identify the clusters representing the main reef fish assemblages and
associated environments present at Los Roques, using the function
‘mvpart’ within the ‘MVPART’ package from R (R Core Team, 2014).
The number of splits of the trees was limited so as to keep in the same
cluster the three replicate transects corresponding to each site. The
best (most accurate) MRT was selected with the minimum cross-vali-
dated relative error (De'ath, 2002). A Hellinger transformation was
applied to a matrix of the abundances of all fish species by transect
(Table S2), and to a second matrix of the abundances of functional
entities by transect, before their use in the MRT. The Hellinger

distance is calculated as a Euclidean distance on transect vectors,
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where the abundance values are first divided by the transect total
abundance and the result is square-root transformed (Borcard, Gillet,
& Legendre, 2011). Legendre and Gallagher (2001) consider that the
Hellinger transformation, which gives low weights to rare species, is
an appropriate transformation for community composition data when
the aim is to explore the relationship between species composition
and a set of explanatory factors.

Indicator species analyses (IndVal; Dufréne & Legendre, 1997)
were then used on the global MRT model to identify the most charac-
teristic species of each assemblage identified in the first step of the
analysis. The function ‘MRT’ within the ‘MVPARTwrap’ package in R
(Ouellette, Legendre, & Borcard, 2012) was used in this step. Indicator
species analysis takes into account species mean abundance and
frequency of occurrence on the transects within each cluster. A high
indicator value results when a species is both abundant and occurs in
most transects within a cluster. The indicator value ranges from O to
1, with 1 referring to a perfect indicator species, which would be
present exclusively in a single cluster, and abundant on each of its
transects. A species with a high indicator value is thus characteristic
of a given assemblage and associated habitat (i.e. a cluster).

The next step was to characterize the main features of the
different assemblages and associated habitats (i.e. the clusters)
identified. The fish assemblage structure and benthic composition
were compared among clusters. Overall fish species richness and
numerical density, the values of benthic factors, as well as the species
richness and density of the groups of life-history traits and dominant
families were calculated for each transect. These metrics were
averaged by cluster and represented (+ confidence intervals at
a = 0.05) on barplots. The significance of the observed differences
was tested using either one-way ANOVAs or Kruskal-Wallis rank
sum tests (using ‘aov’ or ‘kruskal.test’ within the ‘STATS’ package in
R), after examining normality and homogeneity of variance for each
metric. Normality was tested using a Shapiro-Wilk W test (P = 0.05)
while a Bartlett's test (P = 0.05) was used to examine homogeneity
of variance. Post hoc tests were also performed using either Tukey's
Honestly Significant Difference (HSD) tests after ANOVAs (using
‘TukeyHSD’ within the ‘STATS' package in R) or Dunn's multiple
comparison tests after Kruskal-Wallis tests (using ‘Kruskalmc’ within
the ‘pgirmess’ package in R).

Finally, the factors explaining the most significant patterns were
highlighted. Among the metrics tested in the previous step, only those
with the most significant variations between clusters (P < 0.001) were
considered for the final step. For example, if the numerical density of a
given group of life-history traits varied very significantly between
clusters (P < 0.001), the abundances matrix of the species representing
this group was analysed with a cascade MRT in order to identify the
factors involved in these variations (Table 1). The function
‘CascadeMRT’ within the ‘MVPARTwrap’ package in R (Ouellette
et al., 2012) was used. Cascade MRTs were chosen instead of standard
MRTs because it was assumed that the effect of the set of benthic
factors is nested within the effect of the set of seascape and anthropo-
genic factors (Ouellette et al., 2012). Cascade MRTs separate the
explanatory power of each partition (using ‘CasMRTR2' within the
‘MVPARTwrap’ package in R). By running trees with increasing
parameter complexity (Ouellette et al, 2012), the main factors

(seascape, anthropogenic, and benthic factors) responsible for the
variations in the species distribution were identified. The percentage
of variation explained by each of these factors in each tree was also
calculated, quantifying the relative effects of local anthropogenic and
environmental factors.

The same analyses were run on the vulnerability indicators
abundances matrices so as to identify a potential influence of human
presence. All the matrices received a Hellinger transformation before
their use in the cascade MRT.

2.6 | Comparison with other Caribbean MPAs and
fished areas

Similar reef fish assemblages sampling was conducted by the authors
between 1998 and 2013 across the Caribbean. To homogenize these
data with Los Roques data, only the transects evaluated at depths
in this comparison
(mean = SD = 10.0 £ 1.1 m). The dataset included 196 transects from
six fished areas and 218 transects from 14 MPAs throughout the
Caribbean (see Table S3). Relative species richness and density of

between 8 and 12 m were included

trophic groups, size class groups, and geographic range groups (see
details above in ‘Los Roques reef fish data’) were analysed by transect.

First, correlations between these metrics and the distance of each
sampled locality to the nearest market place were examined. The
distance to the nearest major market place has been highlighted as
an important structuring factor for reef fish assemblages (Cinner,
Graham, Huchery, & MacNeil, 2013; Maire et al., 2016) and should
be considered a fundamental criterion in defining baselines. Major
markets were identified as population centres with a density > 100
inhabitants km™2 and a total population > 100 000 inhabitants (supple-
mentary material in Maire et al., 2016). Distances were measured on
the global map of human density (available at http://sedac.ciesin.
columbia.edu/data/collection/gpw-v4) using the Quantum GIS
program version 2.4. Pearson's correlations values and their signifi-
cance were calculated (using the function ‘cor.test’ within the ‘STATS’
package in R) for fished areas and MPAs. To estimate the protection
status, spatial information on MPAs were collected from the WDPA
at  http://

protectedplanet.net/). Both fished areas and MPAs were homoge-

(World Database on Protected Areas, available
neously distributed along the distance gradient, from 4 to 135 km
(Figure 2).

In a second step, Los Roques reef fish assemblage structure was
compared with the mean structure by transect observed in MPAs
and fished areas. As no variables were normally distributed, Kruskal-
Wallis rank sum tests (using ‘kruskal.test’ within the ‘STATS’ package
in R) and unplanned Dunn's post hoc multiple comparison tests were
used to look for significant differences between assemblages
structures of Los Roques, MPAs, and fished areas. Since the number
of transects was different for the three groups (48, 218 and 196,
respectively), Dunn's test (at P < 0.001) was chosen as it is appropriate
for groups with unequal numbers of observations (Zar, 2010).

In a third step, the distribution of prey and predators was
examined across an extended selection of Caribbean localities. Species
richness and mean density of prey and predators were calculated for
10 fished localities and 21 MPAs (see localities in Table S3).
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3 | RESULTS cluster. The third cluster corresponded to eight sites (circles on
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In total, 12 315 individuals from 114 fish species (Table S2) belonging to

33 families were recorded throughout the study area. Four families

Los Roques reef fish assemblage

accounted for 80% of the individuals censused: Pomacentridae
(damselfishes), Labridae (wrasses), Gobiidae (gobies), and Scaridae
(parrotfishes). The next four families in order of importance represented
mainly carnivorous species (Haemulidae [grunts], Lutjanidae [snappers],
Carangidae [jacks], and Serranidae [groupers]) and accounted for 9.7%
of the individuals censused. The ten most abundant species in decreas-
ing order were Chromis multilineata, Stegastes partitus, Coryphopterus
personatus, Chromis cyanea, Thalassoma bifasciatum, Clepticus parrae,
Halichoeres garnoti, Ocyurus chrysurus, Scarus taeniopterus, and
Haemulon vittatum. These species accounted for 75.6% of all fishes
censused. Mean species richness per 60 m? transect (mean + SE) was
29.29 + 0.99 species, with a minimum of 14 and a maximum of 40
species. The mean density (mean + SE) was 4.28 + 0.26 ind m™2, with

a minimum of 1.30 and a maximum of 9.30 ind m™2.

3.2 | Global MRT models

Three main clusters of transects were identified using the global MRT
models (Figure 3) representing three distinct fish assemblages with
their associated habitats. The same clusters were identified whether
the model was constructed with fish abundance data or functional
entity abundance data. In both models, exposure was the first splitting
factor, followed by reef type. The first cluster corresponded to five
sites (stars on Figure 1; 15 transects), which were exposed to wind,
waves, and current and located on the northern and eastern outermost
portions of the archipelago. The second cluster consisted of three sites
(squares on Figure 1; nine transects) located on the windward fringing

reefs of northern cays, but less exposed than the sites of the previous

Figure 1; 24 transects) located on the southern barrier and on the
leeward fringing reefs of south-western cays. Gran Roque leeward
fringing reef also belonged to this cluster (Figure 1).

Based on Indicator value, characteristic species for each of the
three assemblages were identified (Indval >0.5 and P < 0.001;
Figure 3). Thalassoma bifasciatum was characteristic of exposed sites.
Hypoplectrus puella, Stegastes planifrons, Scarus iseri, Stegastes variabilis,
and Scarus taeniopterus characterized windward sheltered sites.
Gramma loreto, Myripristis jacobus, Chromis multilineata, and Chromis
cyanea were characteristic of leeward and south barrier reef sites.
Some of these species were among the most abundant in Los Roques

(e.g. C. multilineata,) whereas others were much rarer (e.g. H. puella).

3.3 | Spatial variations of the benthic assemblage

The three main reef fish assemblages were associated with habitats
that differed significantly in benthic composition (Figure 4). Highly
exposed sites had lower coral cover (ANOVAs, P < 0.001 and Tukey's
HSD post hoc test, P < 0.05). On these sites, hard bottom was charac-
terized by a high cover of carbonate slabs, providing significantly lower
habitability (Kruskal-Wallis test, P < 0.001 and Dunn's unplanned
multiple comparison test, P < 0.05). These slabs supported higher cover
of octocorals (Kruskal-Wallis test, P < 0.001 and Dunn's unplanned
multiple comparison test, P < 0.05) and sponges (ANOVA, P = 0.007
and Tukey's HSD post hoc tests, P < 0.05). The increase of macroalgae
cover with exposure was marginally significant (Kruskal-Wallis test,
P = 0.014 and Dunn's unplanned multiple comparison test, P < 0.05).
Less exposed windward sites and leeward/south barrier sites had
similar benthic compositions, except for live coral cover, which was signif-
icantly higher on windward sites (ANOVA, P < 0.001 and Tukey's HSD
post hoc tests, P < 0.05). The slope and topography were significantly
higher on leeward and south barrier sites (Kruskal-Wallis tests,

P < 0.001 and Dunn's unplanned multiple comparison test, P < 0.05).
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Species Cluster  IndVal
Thalassoma bifasciatum 1 05721 0.001
Stegastes partitus 1 04963 0.001
Halichoeres maculipinna 1 04625 0.005
Acanthurus bahianus 1 04385 0027
Halichoeras gamoti 1 04301 0.008
Elacatinus xanthiprora 1 0.4052 0013
Pseudupensus maculatus 1 02831 0,028
Calamus calamus 1 0.2804 0020
Hypoplectrus puella 2 08702 0.001
Stegastes planifrons 2 0.7354 0.001
Scarusiser 2 06192 0.001
Stegastes variabilis 2 05787 0.001
Scarustaeniopterus 2 05428 0.001
Sparisomaviride 2 04791 0.003
Coryphopterus personatus 2 04428 0019
Scarusvetula 2 0.4408 0.010
Hypoplectrus unicolor 2 0.3546 0.004
Odontoscion dentex 2 02232 0.040
Lutjianus cyanoptens 2 0.2024 0025
Gramma loreto 3 05863 0.001
Mynprishs jacobus 3 0.5591 0.001
Chromis mulblineata 3 05388 0.001
Chromis cyanea 3 05010 0.001
Canthigaster rostrata 3 0.4449 0.002
Melichthys niger 3 0.3961 0.010

FIGURE 3 A summary tree of the MRT analysis performed on the matrix of all fish species' abundances. The best model accounts for 29.3% of
variation in assemblage structure (error of 0.707 corresponds to R? of 0.293). There are two nodes and three leaves in the ‘best’ regression

tree. At the first node, assemblages are divided by the exposure to wind, waves and currents. At the second node, they are divided by the reeftype.
CV Error = cross-validated mean error; SE = standard error. The table presents the most characteristic species of each cluster. The associated
Indicator Value (‘IndVal’) provides a measure of the specificity and fidelity of each species to a cluster, with 1 referring to a perfect indicator species
(only present in one cluster, on all its transects)
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FIGURE4 Mean values of the benthic factors in the three clusters of sites (+ confidence intervals at a = 0.05). COSD: hard bottom cover; COCM:
dead coral cover; COCV: live coral cover; HABI: habitability index; OCTO: index of octocorals cover; SPONGES: index of sponges cover; MALGAE:
index of macroalgae cover; TOPO: index of topography; SLOPE: index of slope value; HETE: index of heterogeneity of the hard bottom (see
methods S1 for details on the calculation of these factors). Results of the ANOVAs or kruskal-Wallis tests are indicated, with the results of the
associated post hoc tests below
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Species

on leeward/South barrier sites (X = 32.9 + 4.3 species per 60 m?) than

richness was significantly higher

Spatial patterns of the reef fish assemblages

(Kruskal-Wallis  test,
P = 0.0022 and Dunn's unplanned multiple comparison test, P < 0.05)

on highly exposed sites (24.8 + 8.5 species per 60 m?) but differences

were not significant between windward sites (27.1 + 4.2 species per

60 m?) and highly exposed sites, or between windward sites and lee-

ward/south barrier sites. Mean density was significantly higher

(Kruskal-Wallis test, P < 0.001 and Dunn's unplanned multiple
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comparison test, P < 0.05) on leeward/south barrier sites
(5.53 + 1.55ind m™2) than on windward sites (3.16 + 1.22 ind m™?)
and highly exposed sites (2.94 + 0.80 ind m™2). Exposure and reef type
explained 18.52% and 10.74%, respectively, of the variation in compo-
sition of fish assemblages, along with dead coral cover (5.65%), index
of topography (4.53%) and slope value (4.04%) (Table 1).

Mean species richness (Figure 5) and numerical density (Figure 6)
of several groups of life-history traits were significantly different
among the three assemblages. These variations were mostly explained
by exposure and distance to mangroves (Table 1). Octocoral cover,
dead coral cover, slope value, and index of topography also explained
part of these variations (Table 1).

The densities of Pomacentridae, Gobiidae and Scaridae were
significantly different between the three assemblages (Kruskal-Wallis
tests, P < 0.001). Their distributions were respectively driven by
exposure (27.01%) and reef type (17.93%), exposure (41.03%) and
hard bottom cover (22.41%), and distance to the nearest mangrove
(18.26%) (Table 1).

Anthropogenic pressure did not explain much of the variability in
any of the groups or dominant families tested. However, distance to
the population centre explained 11.3% of the variations in the
distribution of omnivores, 11.8% of the variations in the distribution
of small-bodied species (size class 2), and 3.8% of the variations in
the distribution of Scaridae (Table 1).

Distance to the population centre did not explain variations of any
of the three defined vulnerability indicators (Table 1). Anthropogenic

pressure was marginally useful in explaining the variation (2.9%) in
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the distribution of rare species, and was not informative in explaining
the variation in the other two vulnerability indicators (Table 1).

3.5 | The influence of distance to the nearest major
market place in Caribbean localities

Distance to the nearest major market place appeared as a significant
structuring factor for Caribbean reef fish assemblages, whether they are
fished or located in MPAs. Relative species richness and densities of large
size classes (max species length > 30 cm) were positively correlated with
increasing distance to the market place in both fished areas and MPAs
(Table 2). Relative species richness of herbivores, as well as relative densi-
ties of herbivores, mobile and sessile invertebrate feeders, and piscivores
were also positively correlated with increasing distance to market in
fished areas. Only species having large geographic ranges showed signifi-

cant positive correlations with increasing distance to market (Table 2).

3.6 | Comparison of Los Roques fish assemblages
with Caribbean fished areas and MPAs

Los Roques fish assemblage structure was significantly different from
the mean structures found in Caribbean fished areas and MPAs for
various metrics (Figure 7). Relative species richness and densities of
plankton feeders, piscivores, and the largest species (max species
length > 80 cm) were significantly higher in Los Roques, as well as den-
sity of species of size class 3 (16-30 cm) (Kruskal-Wallis test,
P < 0.001 and Dunn's test, P < 0.001). Relative species richness and
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FIGURE5 Mean species richness on a 60 m? transect (+ confidence intervals at a = 0.05) by group of life-history traits in the three clusters of sites.
DIET: trophic group; SIZE: size class; HRANG: adult home range; ACT: diurnal activity; SCH: schooling; LWATER: level in the water column
(see methods S2 for the significance of the groups of life-history traits). Results of the ANOVAs or kruskal-Wallis tests are indicated, with the

results of the associated post hoc tests
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methods S2 for the significance of the groups of life-history traits). Results of the ANOVAs or kruskal-Wallis tests are indicated, with the results of

the associated post hoc tests

density of herbivores were significantly lower in Los Roques, as well as
relative species richness of species of size class 2 (7-15 cm) (Kruskal-
Wallis test, P < 0.001 and Dunn's test, P < 0.001). Relative species rich-
ness and numerical density of large geographic range species were sig-
nificantly higher in Los Roques (Kruskal-Wallis test, P < 0.001 and
Dunn's test, P < 0.001).

4 | DISCUSSION

Recent studies on coral reefs have highlighted that unique ecological
values are supported by wilderness areas, with no equivalency closer
to human settlements, even in large and well-managed marine reserves
(Graham & McClanahan, 2013; D'agata et al, 2016). Indeed, local
human density (Bellwood, Hoey, & Hughes, 2012; Williams et al.,
2015), linear distance to human population centres (Advani et al.,
2015), and linear distance and travel time from the nearest major
market place (D'agata et al., 2016; Maire et al., 2016) have been iden-
tified as important predictors of coral reef conditions (biomass or
biodiversity) and functioning (e.g. herbivory). Although D'agata et al.
(2016) recommend the use of wilderness areas (i.e. located at more
than 20 h travel time from the main market) as benchmarks for
management effectiveness in the Indo-Pacific, such areas do not exist
in the Caribbean. In fact the most isolated reef is located at ‘only’ 13 h
travel time to the main market in this region (Maire et al., 2016),
making Caribbean reefs much more accessible from markets than their
Indo-Pacific counterparts (Maire et al., 2016). This raises the question

of what a good baseline for the Caribbean should look like.

4.1 | The influence of distance to the nearest major
market place: the Caribbean case

Even if distances from the nearest major market are reduced in the
Caribbean compared to the Indo-Pacific (Maire et al., 2016), the results
of the present study suggest that it still represents an important factor
for structuring reef fish assemblages in this region. Within the 21
fished areas and MPAs compared in this paper, both species richness
and density of the largest reef fishes (max species length > 50 cm for
MPAs, between 30 and 80 cm for fished areas) were positively corre-
lated with increasing distance to the nearest market (Table 2). As these
species are generally the most targeted by fishermen, the distance to
the nearest major market likely provides a good measure of fishing
pressure (Maire et al., 2016). These results are consistent with a previ-
ous study by Stallings (2009) who highlighted the increase of large-
bodied predators with decreasing human population density in
Caribbean localities. Fishing in the Caribbean is characterized by
over-harvesting reef species from all trophic levels simultaneously
(Jackson et al., 2001; Pandolfi et al., 2005). Indeed, relative densities
of piscivores, invertivores, sessile invertebrate feeders, and herbivores
in the fished localities were all positively correlated with the distance
to the major market (Table 2). In contrast, no trends were detectable
for these trophic groups in the MPAs (Table 2), which could signal a
certain effectiveness of the MPAs included in this comparison.
Isolation per se could also be an important driver explaining the
differences in the reef fish assemblage structures observed in this

study, but its influence is likely weak along the small gradient of
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TABLE2 Significance of the Pearson's correlations between distance to the nearest major market place and relative species richness or density of groups of life-history traits in both fished areas and MPAs of

the Caribbean. Value of the Pearson's correlation is given for the most significant correlations (P value <0.01). Positive correlations are in bold, negative correlations are in italic
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isolation found in the Caribbean (Jacquet, Mouillot, Kulbicki, & Gravel,
2016). Instead, distance to the nearest market seems to influence reef
fish assemblages structure at much smaller scales (Advani et al., 2015;
D'agata et al., 2016; Maire et al., 2016).

Given these results and the absence of real wilderness areas in the
Caribbean (Maire et al., 2016), remote MPAs (MacNeil et al., 2015)
may potentially provide the best baselines available for the region as
they benefit from the natural protection offered by their isolation
(Devillers et al., 2014). A world map of travel time to the nearest
market place (D'agata et al., 2016) highlights that Los Roques is one
of the least accessible reefs in the southern Caribbean, and it is indeed
the most remote locality among the sites compared in the present
study (Figure 2).

In addition, the overall distribution of reef fishes within Los
Roques was not strongly influenced by anthropogenic factors. Only
the distribution of omnivores and species of intermediate size
(7-15 cm) were related to the distance to the population centre, but
it seems unlikely that human presence could have a direct effect on
these two groups. The same trend was observed at the Caribbean scale
(Table 2). Most importantly, the distribution of vulnerable groups
(defined as rare species, monospecific functional entities, and species
of reduced geographical range) were influenced neither by anthropo-
genic pressure nor by the distance to the population centre, highlight-
ing the low human influence on Los Roques fish assemblages (Advani
et al., 2015).

Thus, Archipelago Los Roques combines important conditions for
establishing a baseline: it is far from the nearest major market, among
the oldest and largest Caribbean MPAs, and the structure of its reef
fish assemblages do not seem to be influenced by local anthropogenic
factors such as land-based pollution. This provides an excellent oppor-
tunity to examine the natural factors influencing the distribution of
reef fishes, the patterns identified being likely valid for a majority of

localities in the southern Caribbean.

4.2 | Contrasted reef habitats support different fish
assemblages in archipelago Los Roques

Limiting the surveys to a similar depth reduced the variance in fish
assemblage structure, since depth plays an important role in structur-
ing reef fish assemblages (Arias-Gonzalez et al., 2008; Friedlander &
Parrish, 1998; Luiz et al., 2015; McGehee, 1994). Exposure (18.5%)
and reef type (10.7%) were the most important factors in explaining
the overall distribution of reef fishes in the archipelago. As reef type
is strongly influenced by the degree of wave exposure (Bradbury &
Young, 1981; Dominici-Arosemena & Wolff, 2005; Floeter et al.,
2007; Friedlander, Brown, Jokiel, Smith, & Rodgers, 2003; Friedlander,
Nowlis et al., 2003; Mejia & Garzén-Ferreira, 2000;), the global influ-
ence of exposure explained nearly 30% of the overall variation in the
distribution of reef fishes. As has been documented in other insular
oceanic systems (Friedlander, Brown et al., 2003; Friedlander, Nowlis
et al., 2003; Mejia & Garzén-Ferreira, 2000), species richness and
density decreased with exposure. Three main reef fish assemblages
were identified in Archipelago Los Roques, corresponding to three

different kinds of habitat along a gradient of exposure.
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FIGURE7 Mean relative species richness and fish densities (ind m™2) (+ confidence intervals at a = 0.05) calculated by transect for several groups
of life-history traits in Caribbean fished areas (green), marine protected areas (yellow) and in archipelago Los Roques (blue). DIET: trophic group;
SIZE CLASS: size class group; GEOG RANGE: geographical range group (see methods S2 for the significance of the groups of life-history traits).

Results of the Kruskal-Wallis tests are indicated, with the results of the associated post-hoc tests below. Results for which Los Roques is

significantly different from other localities are indicated in red.

The first habitat type (highly exposed areas, with major current
and/or wave forcing) was dominated by small demersal species
Stegastes partitus and Thalassoma bifasciatum that find refuges in the
little holes and crevices of the rock slabs. Although these slabs were
largely colonized by octocorals and sponges, which create some
multi-dimensional complexity, the habitability potential was reduced
in this habitat and cannot be compared with the high availability of
refuges found in the other habitats. Generally described as opportun-
istic in terms of food, S. partitus and T. bifasciatum are commonly
observed over a wide range of habitats in the Caribbean (Dominici-
Arosemena & Wolff, 2005; Mejia & Garzén-Ferreira, 2000; Rousseau,
2010; Toller, Debrot, Vermeij, & Hoetjes, 2010), and certainly take
advantage of the lack of competition in their respective niche to settle
under these unfavorable conditions. Thalassoma bifasciatum presents a

high pectoral fin aspect ratio among the labrids and high swimming
abilities which are likely to be a significant advantage in exposed
habitat with strong water motion (Bellwood, Wainwright, Fulton, &
Hoey, 2002). Stegastes partitus was very abundant in this highly
exposed habitat and, as it is considered as an omnivorous species (it
feeds primarily on algae but also on polychaetes, hydroids, copepods
and ascidians; Froese & Pauly, 2014), the overall distribution of this
trophic guild was strongly influenced by exposure at the archipelago
scale (Stegastes partitus represent 90% of the omnivores in the study).
Small-sized species (<7 cm), exclusively represented by Gobiidae in this
study, were almost absent from the exposed habitat. Only a few
individuals of the genus Elacatinus were observed hiding in the
crevices of large sponges, whereas in the rest of the archipelago,
Coryphopterus personatus was found hovering in medium size groups
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just above large refuges. Both strong hydrodynamic conditions (Longo
et al., 2015) and the lack of refuges may explain the absence of this
species from the exposed habitat. Patterns of distribution for small-
sized species (<7 cm)/Gobiidae were well explained in the archipelago
by exposure (41%), hard bottom cover (22%), and the combination of
octocoral and sponge cover (14%).

In the second habitat type (moderately exposed areas with a
dominance of hard corals, mainly massive or submassive growth
forms), two herbivores species of Pomacentridae, Stegastes planifrons
and Stegastes variabilis, were likely in competition with the ubiquitous
Stegastes partitus for the territorial occupancy of the bottom and
seemed to limit the densities of the latter species. Calmer
hydrodynamic conditions and/or higher habitat complexity may
explain the dominance of S. planifrons and S. variabilis in this habitat
(Dominici-Arosemena & Wolff, 2005; Floeter et al., 2007; Mejia &
Garzoén-Ferreira, 2000). In contrast to highly exposed areas, the higher
complexity, habitability, and live coral cover at the moderately exposed
areas did not enhance species richness nor numerical density of the
overall fish assemblage, despite relations commonly observed on other
coral reefs (Komyakova, Munday, & Jones, 2013; Messmer et al.,
2011). Scarids (Scarus iseri, S. taeniopterus, and to a lesser extent,
Sparisoma viride) were also characteristic of this moderately exposed
habitat. The high abundances of these different herbivorous fishes
suggest that they prefer abundant algae (dead corals supporting turf
matrix and macroalgae), but also somewhat sheltered habitats
(Dominici-Arosemena & Wolff, 2005; Floeter et al., 2007; Friedlander,
Nowlis et al., 2003; Longo et al., 2015). Moreover, the abundance of
Scaridae (and to a lesser extent the abundance of overall herbivores)
was positively influenced by the proximity to mangroves, which they
may use as nursery habitat as suggested by Cocheret de la Moriniére,
Pollux, Nagelkerken, and Van der Velde (2002) and Nagelkerken et al.
(2002). Hypoplectrus puella was strongly associated with this bio-con-
structed habitat, as in Martinique (Rousseau, 2010), but was almost
absent from the third habitat type (similar in benthic composition but
more sheltered) whereas Dominici-Arosemena and Wolff (2005) found
this species in the most sheltered zones of their study. This suggests
either a distinct behaviour of certain species with localities or more
probably the involvement of other abiotic or biotic factors.

The third habitat type (sheltered areas dominated by hard corals,
creating complex structures on steep slopes) was mostly characterized
by Gramma loreto, which was found almost exclusively in this habitat.
This species was also characteristic of the sheltered leeward areas of
the oceanic atolls of San Andrés and Providencia (Mejia & Garzén-
Ferreira, 2000). The other three indicator species for this habitat,
Myripristis jacobus, Chromis multilineata, and Chromis cyanea, were
plankton feeders. Plankton feeder distribution at the archipelago scale
was mainly explained by distance to shore (13.6%), dead coral cover
(13.6%), reef type (11.8%), and the combination of slope and habitat
heterogeneity (11.5%), reflecting the affinity of this trophic group for
this sheltered habitat, which consisted of leeward and barrier reefs
with important slope values, and thus short distances to shore.
Plankton feeders such as Chromis multilineata and Chromis cyanea are
usually associated with exposed windward habitats (Dominici-
Arosemena & Wolff, 2005; Floeter et al., 2007; Luiz et al., 2015; Mejia
& Garzon-Ferreira, 2000), but their high abundances along sheltered

leeward steep slopes has also been reported for oceanic islands such
as Bonaire and Curacao (Sandin, Sampayo, & Vermeij, 2007) and Old
Providence and Santa Catalina reef complex (Friedlander, Nowlis
et al., 2003). Plankton feeders were most numerous along reef edges
adjacent to deeper water, probably because their major prey is most
accessible (Hobson, 1991). Steep slopes and the proximity to deeper
areas, along with consistent trade winds (from the east and north east),
are likely to create upwellings on the southern barrier and leeward
fringing reef edges and may provide abundant plankton (Casanova,
Zoppi de Roa, & Montiel, 2007). The high percentage of plankton
feeders in the Los Roques fish assemblage seem to be a characteristic
of Caribbean assemblages with similar oceanic settings (Friedlander
Nowlis et al., 2003; Mejia & Garzén-Ferreira, 2000; Sandin et al.,
2007; see also Martinique, Guadeloupe, Banco Chinchorro in Table S4).

The three main reef fish assemblages found in Los Roques may
represent references for other Caribbean sites with similar habitat
characteristics. Despite these significant variations inside the archipel-
ago, fish assemblage structure differed significantly between Los

Roques and other Caribbean localities for several important metrics.

4.3 | The effectiveness of Los Roques' Marine
protected area and its potential as a baseline

The comparison of trophic and size structures between Caribbean
fished areas, MPAs, and Los Roques highlighted that fish assemblages
at Los Roques may represent a reference of relatively natural state.
Relative species richness of plankton feeders, piscivores, and very large
species (max length > 80 cm) were higher at Los Roques compared
with other locations in the Caribbean. Most importantly, the mean
numerical densities of these three groups were two times higher than
the average densities observed in fished areas and MPAs of the region
(Figure 7). The high richness and densities of large piscivores, particu-
larly targeted by fishing, can be interpreted as a major sign of the
effectiveness of Los Roques MPA (Lamb & Johnson, 2010; Mosqueira,
Coté, Jennings, & Reynolds, 2000; Newman, Paredes, Sala, & Jackson,
2006). Predators likely benefit from the low human density in the area
(Stallings, 2009) and from the large size and long existence of this
national park (Newman et al., 2006). Although the lack of biomass data
for Los Roques assemblage is a limitation to our comparative analysis,
it is very likely that the high densities of plankton feeders, piscivores,
and especially very large species are supported by large biomass. High
biomass, and in particular those of large predators, are one of the best
indicators of lightly impacted and healthy coral reefs (D'agata et al.,
2016; Friedlander & DeMartini, 2002; Maire et al., 2016; Sandin
et al., 2008), which provide an appropriate measure of the effective-
ness of a MPA. Indeed, large mobile predators support unique roles
in the functioning of marine ecosystems through trophic regulation
and nutrient transfer across habitats (Ferretti, Worm, Britten,
Heithaus, & Lotze, 2010). Further studies will have to include biomass
evaluation of reef fishes to highlight the levels of biomass in Los
Roques and validate its importance as a baseline for the region.
Richness and numerical density of herbivores were particularly
low in Los Roques (Figure 7). This result cannot be interpreted as a
consequence of fishing as these species are not targeted in the area

(pers. comm.). On the contrary, the densities of large bodied Scarids
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in Los Roques are among the highest in the Caribbean (Debrot, Choat,
Posada, & Robertson, 2007), suggesting that the low abundance of
herbivores could be due to natural predator-induced mortality, partic-
ularly focused on small herbivorous species (e.g. Scarus iseri) as shown
by Mumby et al. (2006). Despite this likely predator-induced mortality
for small grazers, macroalgal cover is scarce in comparison with live
coral cover on the reefs of Los Roques (Villamizar et al., 2003; present
study). The role of herbivores, in particular fishes, in the coral-algae
relationship on reefs is at the centre of much debate (Adam, Burkepile,
Ruttenberg, & Paddack, 2015; Carassou, Léopold, Guillemot, Wantiez,
& Kulbicki, 2013; Cheal, Emslie, MacNeil, Miller, & Sweatman, 2013).
Our results are somewhat opposite to the mainstream hypothesis, i.e.
high cover of macroalgae is expected when herbivore densities are
low (Hughes et al., 2007; Poore et al., 2012; Roff & Mumby, 2012).
In the absence of biomass data we cannot conclude, but our data sug-
gest a major role for the larger herbivorous fishes in regulating
macroalgal abundance.

Plankton feeders between 15 and 30 cm max length (mostly
Chromis) exhibited very high densities in Los Roques (Figure 7) and
may represent an important prey source that could explain the high
abundance of predators (Newman et al., 2006). In a comparison
extended to other fished areas and MPAs (31 localities; Table S3),
predator richness increased as prey richness increased, irrespective
of whether the localities were fished or not (Figure 8a), in agreement
with the results found by Stier, Heinz, Parravicini, and Kulbicki (2014)
in the Pacific. In Los Roques archipelago, prey richness was within
the average of the other localities whereas predator richness was
greatly above average. Moreover, predator density increased as prey
density increased in the Caribbean MPAs, and Los Roques archipelago
exhibited very high densities of predators when compared with other
localities (Figure 8b). Hein and Gillooly (2011) found predator density
was mostly driven by resource availability, suggesting that Caribbean
prey and predator densities should be related. In contrast, there was
no significant relationship between predator and prey densities in
fished areas where fishing could limit predator densities. In fished
areas, predator densities could be represented mainly either by non-
target species or by those only slightly vulnerable to fishing pressure,
such as moray eels (Gilbert, Rasmussen, & Kramer, 2005).

D'agata et al. (2016) expressed some reservations about the
potential for a marine reserve to preserve viable populations of large
mobile predators. Nevertheless, large groups of hundreds of such
predators (e.g. jacks and barracudas) are regularly observed within
Archipelago Los Roques National Park, which is probably presently a

rare feature for the Caribbean.

4.4 | Conclusion: archipelago Los Roques National
Park reveals interesting characteristics for establishing
a baseline

In view of the marginal effects of human presence and considering the
healthy state of this reef fish assemblage in the regional context, Archi-
pelago Los Roques National Park appears to be an effective MPA,
which can be explained by: (1) its remoteness from nearest markets
and large population centres (Advani et al., 2015; Maire et al., 2016);
(2) its low human population, with a low fishing impact, particularly
on piscivores (Micheli, 1999; Stallings, 2009); (3) its old age (created
in 1972) and large size (Edgar et al., 2014; Halpern, 2003; Newman
et al., 2006); (4) the presence of extensive areas of mangroves and
seagrass beds, which are important nursery habitats for numerous
species, highly connected to coral reefs (Nagelkerken et al., 2012); 5)
its location far (~ 130 km) from terrestrial run-off sources which can
affect more specifically lower trophic levels (Micheli, 1999). These
characteristics indicate that Los Roques Archipelago can be considered
a relatively unimpaired area that provides a rare opportunity to study
the influence of natural seascape and environmental factors involved
in reef fish distribution patterns in the southern Caribbean.

Exposure appeared to be the most important factor structuring
reef fish assemblages at Los Roques through a complex interrelation-
ship of particular habitats, availability of food, and ecological
requirements of each species. We assume that the patterns observed
in this study could be those that existed in the past in a large part of
the Caribbean. Additional information on biomass levels and the
production of the major reef fish species and functional groups are
needed to complement these first results. Connectivity and, in particu-
lar, the role of adjacent habitats such as seagrass beds and mangroves,
which are abundant in this MPA, should also be assessed in greater
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detail. This study points to the need for regional databases as accessing
detailed information on the species composition, density, and biomass
of reef fish of verifiable quality is still difficult. Finally, Archipelago Los
Roques National Park appears to be a regional priority for the conser-
vation of reef fishes as it contains unique features for the Caribbean. In
fact the potential for creating other large coral reef MPAs in the region
is reduced because of the paucity of large reef complexes and the high
human densities. As a consequence it should be of international
concern to maintain Los Roques relatively unimpacted.
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