'.\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 29 November 2019
doi: 10.3389/fmars.2019.00747

OPEN ACCESS

Edited by:

Linda Wegley Kelly,

San Diego State University,
United States

Reviewed by:

Susana Enriquez,

National Autonomous University

of Mexico, Mexico

Caroline Eve Dubé,

Centre de Recherches Insulaires et
Observatoire de I’Environnement
CRIOBE (USR 3278),

French Polynesia

*Correspondence:
Maickel Armenteros
maickel.armenteros@gmail.com

Specialty section:

This article was submitted to
Coral Reef Research,

a section of the journal
Frontiers in Marine Science

Received: 26 July 2019
Accepted: 15 November 2019
Published: 29 November 2019

Citation:

Hernandez-Ferndndez L,

Gonzélez de Zayas R, Weber L,
Apprill A and Armenteros M (2019)
Small-Scale Variability Dominates
Benthic Coverage and Diversity
Across the Jardines de La Reina,
Cuba Coral Reef System.

Front. Mar. Sci. 6:747.

doi: 10.3389/fmars.2019.00747

Check for
updates

Small-Scale Variability Dominates
Benthic Coverage and Diversity
Across the Jardines de La Reina,
Cuba Coral Reef System

Leslie Hernandez-Fernandez', Roberto Gonzalez de Zayas?, Laura Weber3, Amy Apprill?
and Maickel Armenteros*5*

" Departamento de Turismo y Organizacién Empresarial, Universidad de Ciego de Avila “Méximo Gémez Béez”, Ciego
de Avila, Cuba, 2 Centro de Estudios Geométicos, Ambientales y Marinos, Mexico City, Mexico, ® Marine Chemistry
and Geochemistry Department, Woods Hole Oceanographic Institution, Woods Hole, MA, United States, * Centro

de Investigaciones Marinas, Universidad de La Habana, Habana, Cuba, ° Instituto de Ciencias del Mar y Limnologia,
Universidad Nacional Auténoma de México, Mexico City, Mexico

Coral reefs are complex and biodiverse ecosystems that are undergoing significant
change. Understanding reef composition and biodiversity at multiple spatial scales is
necessary to track both large-scale and more subtle ecosystem changes. The Jardines
de la Reina (JR) archipelago, located offshore of the island of Cuba, contains the largest
marine protected area (MPA) in the Caribbean Sea but lacks multi-scale studies. In this
contribution, we documented the diversity of scleractinian corals, octocorals, algae, and
sponges across nested spatial scales spanning four orders of magnitude (10'-10° m).
In addition, we tested the hypothesis that species diversity followed a gradient along
the ca. 200 km of reef tract. Across the archipelago, we examined benthic cover and
species diversity within 255 photo-quadrats (25 x 25 cm) at 13 fore reef sites (two
sampling locations per site, and 10 photo-quadrats per location). Small-scale (10" m)
variability between photo-quadrats characterized the coral reef community structure in
JR compared with local- (102 m) and mesoscale (10*~10° m) variability. This finding
suggests that biological processes (e.g., recruitment, competition) had primacy over
hydrodynamics for driving the differences in reef community composition. However,
the dominance of algae and low cover and diversity of scleractinian corals suggests
the pervasive effects of global change on coral communities despite potential benefits
provided by the MPA (e.g., oligotrophy and abundance of herbivores). There was no
gradient of benthic community structure along the fore reef tract of JR; instead, a patchy
distribution occurred in response to more subtle drivers acting at local scales. Overall,
our multi-scale comparison was useful for differentiating the impacts of processes
potentially impacting the JR reefs, thus providing important information to understand
how reef communities are impacted by different environmental and anthropogenic
stressors, and the potential benefits of MPAs.
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INTRODUCTION

Coral reefs significantly contribute to the biodiversity and
biomass of the global ocean (Coté and Knowlton, 2013) and
provide vital goods and services to human populations (Hoegh-
Guldberg et al.,, 2008). Nevertheless, coral reefs are exposed to
multiple sources of environmental stress (Burke et al., 2004;
Wilkinson, 2008) and are one of most vulnerable marine
ecosystems on Earth (Roff and Mumby, 2012). The most
featured property of coral reefs is their extensive diversity
spanning most of the known phyla, although four groups
provide most of the three-dimensional structure and play key
roles in ecosystem functioning: scleractinian corals, macroalgae,
sponges, and octocorals. These four groups also constitute
important bioindicators of coral reef condition. There is a
large body of literature devoted to the study of diversity
patterns of these groups in coral reefs (reviewed by Coté
and Knowlton, 2013). However, these patterns should be
framed in appropriate temporal and spatial scales in order to
be predictive and informative for understanding community
ecology (Wiens, 1989).

Diversity may be analyzed using two components that are
scale-dependent (Colwell and Coddington, 1994; Anderson et al.,
2011): species richness and B-diversity (complementarity sensu
Colwell and Coddington, 1994). Examining diversity patterns
at multiple spatial scales is a fundamental approach that is
used to disentangle the effects of ecological drivers on coral
reef communities (Hatcher et al., 1987; Murdoch and Aronson,
1999). In the Caribbean, only one study (Williams et al., 2015a)
has analyzed the magnitude of the change of coral community
structure associated with different spatial scales, implying a
gap in the knowledge. For instance, poorly studied aspects
include the spatial scale that most contributes to the change in
species richness and the relationship between B-diversity (i.e., the
change in species composition) and the geographical distance.
Quantifying the amount of variance associated with different
spatial scales may also provide insights about the ecological
drivers of communities. Hence, spatial scales of biological
processes are usually defined by the reef zonation (Hatcher et al.,
1987). For instance, large-scale variability may be attributed
to oceanographic regime acting at hundreds of kilometers,
while small-scale variability may be associated with biological
interactions acting at tens of meters such as recruitment of
larvae to the reef substrate. Supply side ecology (s.l. the arrival
of new individuals to the community) is key for understanding
the dynamics that occur over different scales (Lewin, 1986;
Underwood and Fairweather, 1989). This is particularly true
in coral reefs where the settlement of larvae, propagules, and
sporangium plays fundamental roles in the community structure
(Hughes et al., 1999).

The Jardines de la Reina (JR) archipelago contains the largest
marine protected area (MPA) in the Caribbean Sea (Appeldoorn
and Lindeman, 2003). This national park is remarkable at a
global scale because there are large and relatively undisturbed
populations of large vertebrates (e.g., sharks, grouper and sea
turtles) and the reefs are relatively healthy (Perera-Valderrama
et al., 2018). However, no explicit multi-scale study has been

conducted there, although the information that such studies may
provide are of particular concern for coral reef management in
a possible scenario of further touristic development in the JR
archipelago. Previous research has shown an ecological gradient
of abundance and biomass of reef fishes from non-protected
to protected zones in the JR archipelago (Pina-Amargos et al.,
2014). However, such a gradient is not clear for other important
reef groups including the Black sea urchin Diadema antillarum
(Martin-Blanco et al., 2010, 2011), corals, and crustose coralline
algae (Hernandez-Ferndndez et al., 2018).

The objectives of this study were two fold. First, we sought
to document the diversity (species richness and B-diversity) of
benthic groups in a coral reef system within nested spatial scales.
These scales were: (a) “site” separated from each other by 10%-
10° m; (b) “sampling location” separated from each other by ca.
10> m and nested within site; and (c) “quadrat” separated from
each other by about 10' m. This nested hierarchical design spans
four orders of magnitude in terms of spatial scale. Second, we
tested the hypothesis of a gradient of diversity along the reef,
which in the simplest pattern can take a northwest-southeast
direction (i.e., along the reef tract).

MATERIALS AND METHODS

Study Area

The Jardines de la Reina (JR) archipelago is located in the
southeastern region of Cuba, bordering the southern limit of
the Gulf of Ana Maria (Figure 1). The archipelago is formed
by a long chain of cays bordered by mangrove forests in the
shoreline and coral reef tracts facing the Caribbean Sea and runs
from northwest to southeast. Fore reefs in the area are mainly
structured in two zones: reef terrace and spur and groove. First,
reef terrace zones (~5-10 m depth) are followed by a gentle
slope that ends in a sandy flat (Supplementary Material Sla).
Second, the deeper spur and groove formation (15-25 m depth)
ends in a reef drop-off. The JR archipelago contains the largest
MPA in the Caribbean region (ca. 2000 km?) and has an effective
level of enforcement evidenced by the highest fish biomass in the
Caribbean region (Perera-Valderrama et al., 2018).

Sampling

A scientific expedition was conducted on the M/V Alucia from
November 1-23, 2017 along the entire JR archipelago. Thirteen
sampling sites were located approximately equidistant from each
other in the terrace zone of the forereef system (Figure 1A
and Supplementary Material S2); this Caribbean zone has been
also termed as an Orbicella reef (Williams et al., 2015b). The
two most distant sites (1 and 13) spanned a distance of ca.
200 km that corresponded to the extent of the study sensu
Wiens (1989). The sampling design followed a hierarchical nested
design with three levels: site, location, and quadrat (Figure 1B).
At each site, two sampling locations (A and B) were located
approximately 100-200 m from each other. At each sampling
location, 10 replicates were made at random within a diameter
of ca. 50 m from a central point; except in three locations (34,
5B, and 8A) where the safe diving time limited the number of
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FIGURE 1 | (A) Map of the study zone across the Jardines de la Reina archipelago. Red dots indicate the two sampling locations surveyed at each site (1-13). Black
line polygon indicates the limits of the National Park Jardines de La Reina. (B) Scheme of the sampling design showing the hierarchical nested design and the
associated spatial scales.

replicates to 7, 9, and 9, respectively. Thus, the total number on the bottom (Supplementary Material S1b), corresponding
of replicates was 255. A replicate consisted of a photograph at  with the grain of the study sensu Wiens (1989). Usually, several
high resolution of a plastic quadrat of 25 cm x 25 cm laying photos were taken on the same quadrat to ensure a good record
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of the benthic organisms but only one photo was quantitatively
analyzed. Photos were taken with an Olympus TG-5 digital
camera within an underwater housing (Olympus PT-058).

Image Analysis

Images were computationally reframed to visualize only
the area inside the frame. We identified to the lowest possible
taxonomic level the following benthic sessile groups: scleractinian
corals, macroalgae (hereafter algae), sponges, and octocorals.
Scleractinian corals sensu lato included the orders Scleractinia
(Class Anthozoa) and Capitata (Class Hydrozoa: genus
Millepora) and were identified to species level following
Gonzalez-Ferrer (2004) and Zlatarski and Martinez-Estalella
(2018). Macroalgae were identified to genus levels when possible
following the taxonomy in Sudrez et al. (2015). The identification
of sponges to genus/species based on photographs is inaccurate
and in consequence we worked with morphological groups
(i.e., massive, tubular, branching, crusting, and other) after
Alcolado (2002). Octocorals were identified to genus levels when
possible following the criteria by Sanchez and Wirshing (2005).
The coverage of each species/category was determined using
the hierarchical segmentation-based software Seascape 3.2.4
(Teixido et al., 2011). The software allows for semi-automatic
calculation of area cover and the perimeter of each of the
individual taxa/categories listed (Supplementary Material Sc).

Measuring of Abiotic Data

Reef-depth was measured with a diving computer and the
temperature, dissolved oxygen, salinity, and pH were measured
with an Exol multiparameter sonde at each sampling location.
Measurements were made continuously along the water column
and the values were averaged because of the relatively short
depth and vertical homogeneity of the water column. Seawater
samples were collected from reef-depth at each location using
a groundwater pump for analyses of inorganic nutrients, total
nitrogen, and chlorophyll a. Water samples (100 ml) collected
for analysis of total nitrogen were acidified to a pH of 3 using
phosphoric acid and stored at 4°C until they were analyzed using
a Shimadzu TOC-Vsy total organic carbon analyzer (Hansell
and Carlson, 2001) at the Woods Hole Oceanographic Institution
(WHOI). Water (30 ml) samples collected for inorganic nutrient
analyses were frozen until they were analyzed at Oregon
State University using a continuous segmented flow system
(as described in Apprill and Rappé, 2011). Inorganic nitrogen
concentrations were obtained by adding the concentrations of
nitrate + nitrate and ammonium together for each sample. For
quantification of chlorophyll a concentrations across the reefs,
four liters of reef-depth seawater were filtered using peristalsis
onto a GF/F filter and filters were frozen at —80°C. Chlorophyll
a was extracted from the filters using a 90% acetone solution
and the concentration was determined by optical density using
a calibrated spectrophotometer (Holm-Hansen et al., 1965).

Data Analyses

Data were structured into a matrix of cover of taxa/categories
(%) x samples. The variability and asymmetry of the data
suggested the use of median and interquartile range (IR) as

measures of central position and dispersion, respectively. Two
univariate types of community measures were calculated: (1)
cover (as proxy of abundance) of the four categories (stony coral,
algae, sponges, and octocorals); and (2) species richness (SR)
of corals. Observed SR and associated 0.95 confidence intervals
were estimated by permutations using the software EstimateS
9.0 (Colwell, 2013) for location and site. Accumulation curves
of species richness vs. samples were built per site to estimate the
accuracy of the used sample size. The software STATISTICA 7.0
(Statsoft) was used for making descriptive statistics and graphs.
Bivariate correlations between biotic and abiotic variables were
calculated using the Spearman rank coefficient (Rs).

A permutational analysis of variance (PERMANOVA) was
used to test for the statistical significance of the factors
“site” (13 levels) and “location” (two levels: A and B)
nested within site. The components of variance (ECV) were
also computed to evaluate the explained variance associated
with each factor, and hence the relative importance of the
different spatial scales. These tasks were completed using
the software PERMANOVA + 1.0.5 (Anderson et al., 2008).
Euclidian distance was used as resemblance measure and 9999
permutations were used for the construction of the reference
distribution. The multivariate structure of the coral communities
was represented using non-metric multidimensional scaling
(nMDS) with the software PRIMER 6.1.15 (Clarke and Gorley,
2006). The Bray-Curtis similarity index was used as resemblance
measure with 500 starting configurations. Data were transformed
aslog(x + 1) in order to reduce the contribution of the dominant
taxa/categories to the similarity pattern. A vector plot with those
species/categories having Spearman rank correlation > 0.5 with
the nMDS axes was represented in the ordination.

RESULTS
Abiotic Data

The abiotic variables in the water column were generally
homogeneous across the reef system with few exceptions
(Supplementary Material S3). Therefore, we only presented
the summary values (median =+ interquartile range) across the
13 sites. Depth was 14 £ 5 m (range: 9-18 m), temperature
was 28.6 & 0.25°C (range: 28.2-28.8°C), dissolved oxygen was
6.47 + 0.29 mg L™! (range: 6.02-6.67 mg L!), salinity was
370 £ 0.1 (range: 36.9-37.1), and pH was 8.28 =+ 0.038
(range: 8.26-8.33).

Nutrients in reef depth water showed more variability across
the reef system (Supplementary Material S4). Phosphate was
relatively stable across the reef with a median concentration
of 0.2 £ 0.02 uM (range: 0.16-0.38 pM), but there were
higher values at some sampling locations. Inorganic nitrogen
(NO,™ + NO3;~ + NH4™") steadily increased from site 1 to 13;
the median value was 0.51 £ 0.43 uM (range: 0.15-1.98 wM).
The specific nitrogen species did not show any trend across the
reef system and their average values are given in parentheses:
NO,~ (0.04 & 0.02 pM), NHyt (0.28 & 0.30 uM) and total
N (5.08 £+ 3.28 uM). Silicate had a median concentration of
1.42 £ 0.30 pM (range: 0.91-1.89 wM). Chlorophyll a was also
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relatively stable across the reef system with median concentration
of 0.17 +0.05 pg 17! (range: 0.08-1.09 pg1~1).

Some nutrients were significantly, but mildly, correlated with
each other (Spearman rank coefficient (Rg), #n = 26): Phosphate
with nitrite (Rg = 0.43) and with silicate (Rg = 0.41). Chlorophyll
a was correlated with total nitrogen (Rs = 0.48) and inversely with
coral cover (Rg = —0.40).

Cover

The median cover across all sites was 1 £ 4% (range: 0-27%,
n = 13) for corals, 30 £ 19% (0-70%) for algae, 1 £+ 3% (0-
47%) for sponges, and 0 £ 1% (0-22%) for octocorals. The
cover of the four groups was highly variable across the sites and
between locations at each site (Figures 2A-D). The only spatial
trend observed was that octocoral cover was particularly lower
at the central part of the reef system (sites 3-7) and higher at
the extremes (sites 1, 2, 11-13) (Figure 2D). The results of the
PERMANOVA were similar for the four groups (i.e., corals, algae,
sponges, and octocorals), indicating that most of the variation
occurred among quadrats (i.e., the smallest scale) (Figures 3A-D
and Supplementary Material S5). The factor site had significant
effect only for algae, octocoral, and multivariate community
structure (all groups together).

The cover of the four groups were weakly correlated with each
other across the sampling locations, according to Spearman rank
correlation, with only sponge and octocoral covers mildly and
significantly associated (Rg = 0.45, n = 26).

Diversity

Opverall, 20 scleractinian coral species were identified. Siderastrea
siderea (Ellis and Solander, 1786), Agaricia spp., Porites
astreoides Lamarck, 1816, Stephanocoenia intersepta (Esper,

1795), and Orbicella spp. were the most frequently observed.
The most frequently observed macroalgae genera were Dictyota,
Sargassum, and Halimeda (Supplementary Material S6). Four
groups of sponges were recorded, in order of frequency: crusting
(67%), massive (23%), tubular (<1%), and branching (<1%);
some sponges could not be allocated with certainty to any
group (9%). The following genera of octocorals were recorded:
Antillogorgia, Plexaura, Pseudoplexaura, and Gorgonia as well as
the species Briareum asbestinum (Pallas, 1766).

Scleractinian coral species richness (SR) at the scale of
sampling location had a median of 7 £ 2 species (range:
3-10 species). SR was highly variable across the sampling
locations (Figure 4A) and broad overlapping of the 0.95
confidence intervals indicated no clear differences among
sampling locations. The calculation of the SR at the site scale
showed a median of 9 £ 2 species (range: 6-13 species) and a
similar pattern with broad overlapping and no differences among
sites (Figure 4B).

The estimation of species richness implied the sum of all
of the quadrats within each sampling location; therefore, it
was not possible to assess the component of variance for this
metric. Instead, we ran the PERMANOVA over the number of
species within each quadrat (i.e., species density). No significant
component of variance could be detected for site or location
scales, but most of the variation was located at the quadrat scale
(Figure 3E and Supplementary Material S5). SR of corals was
not significantly correlated with the cover of the four benthic
groups or with nutrients.

The multivariate structure of communities (i.e., all groups
together) was highly variable across sites and sampling locations.
The taxon/category composition varied significantly among sites
and locations but most of the variation occurred among quadrats
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FIGURE 2 | Cover of four benthic groups across 13 sites with two sampling locations per site, including (A) corals, (B) algae, (C) sponges, and (D) octocorals.
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(Figure 3F and Supplementary Material S5). The ordination
of the samples suggested a pattern of clustering based on
groups of sites separated according to the position in the
reef axis: western, central, and eastern sectors (Figure 5A).
Sites in the western sector of the reef (1-3) were scattered in
the left part of the plot. There was a cluster of sites located
in the central sector of the reef (4-10). Two sites in the
eastern sector (12-13) were located together, but site 11 was
highly variable between locations A and B. There were seven
species/categories correlated (Rs > 0.5) with the ordination
configuration as indicated by the vector plot; but, the different
directions of the vectors suggest no clear gradient of cover across
the reef system.

We assessed the B-diversity in community structure from sites
1 to 13 (Figure 5B). Calculations of dissimilarity were made
between adjacent sites (e.g., 1 vs. 2, 2 vs. 3, and so on). No
clear trend in species composition was observed in the graph
suggesting the absence of a gradient in p-diversity (Figure 5B).

DISCUSSION

This study constitutes the most extensive published sampling
of the coral reef benthic communities coupled with abiotic
data that has ever been accomplished in JR. Our extensive
and comprehensive study allows us to address three lines of
discussion: (i) the spatial scale where most of the variation
occurred, (ii) the cover and diversity patterns of the four benthic
groups, and (iii) the presence of a gradient in community
structure along the reef tract.

The Spatial Scale of Variation

In our study, the spatial patterns of cover and diversity were
characterized by greater small-scale variation (10! m) when
compared with variation at intermediate (10% m) and meso (10%-
10° m) scales. It corroborates the results of Williams et al.
(2015a), identifying wave exposure and substrate rugosity as the
main drivers for coral community structure variability at the

Frontiers in Marine Science | www.frontiersin.org

November 2019 | Volume 6 | Article 747


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Hernandez-Fernandez et al.

Coral Reefs — Jardines de La Reina

A 15
»
17}
210 H H
ey
§ H
8 H H g H
8 5 0o o
Q
2] o] (o]
0
12 3 45 6 7 8 910111213
B 20
® 16
[0}
{ =
S 12
e |8 o 3
8 o
o 4
0
12 3 45 6 7 8 910111213
Site
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local scale in the Caribbean. Most of the processes shaping coral
communities at the small scale (10s of meters) are likely related
to biological interactions among individuals such as competition,
predation, and symbiosis (Connell et al., 1997). Recruitment
and settlement are key for determining the diversity of coral
communities although they are influenced by larval behavior and
chemical clues (Doropoulos et al., 2017) which are not possible to
resolve with field-based surveys such as this study. The outcome
of competition for resources (e.g., space and light) among corals,
algae, and sponges might well be another driver of the community
structure which can vary over small spatial scales depending on
the heterogeneity of the reef substrate.

On the fore reefs of JR, hydrodynamic processes such as
currents and waves likely have a small effect explaining the
variability in the coral community (except for octocorals, see
below). It does not mean that the hydrodynamic regime is of less
importance for the reef community. Rather, the hydrodynamic
regime likely impacts the reefs in a similar way throughout the
sites because it operates at intermediate to large scales. The
hydrodynamic regime in JR is complex due to the interaction of
oceanic waters from the Caribbean Sea, the water exchange at the
ends of the system (i.e., inflow in the southeast and outflow in
the northwest; Arriaza et al., 2008), and tidal exchanges in the
channels between cays. However, vigorous horizontal advection
and vertical mixing in the water of fore reefs could explain the
homogeneity of the water properties (i.e., oxygen, salinity, and
nutrients) across the studied sites.

Lastly, it is worthy to devote an analysis of the benefits
and consequences of the sampling method. The photo quadrat
method introduces a few biases to the analysis of coral
community structure (Leujak and Ormond, 2007; Lirman et al.,
2007). The size of the quadrat (25 cm x 25 cm) fails to measure
the large coral colonies that notably contribute to the living
coral cover. Another source of bias is the small area sampled
per location (10 quadrats x 0.0625 m? = 0.6 m?). This area is
smaller than the area covered by band transects (squared meters),
a method that is used frequently to survey reef composition (Hill
and Wilkinson, 2004). One of the solutions to this limitation
is to conduct more quadrats (e.g., 20) and increase the size
of the quadrat (e.g, 1 m x 1 m). However, time limitations
using SCUBA at each site made this approach unfeasible. Despite
these limitations, the method using photos bring a superior
accuracy in the assessment of relative cover based on a supervised
semi-automated method of numerical classification. The used
method also provides enhanced reproducibility and taxonomic
resolution, when compared with underwater visual census, since
images are stored in hard drives and may be analyzed repeatedly
(Ohlhorst et al., 1988; Mantelatto et al., 2013). No less important,
the coral SR per site was reasonably well estimated as indicated
by the asymptotic shape of most of the curves of species
accumulation vs. samples (Supplementary Material S7). As our
assessments for the variation in benthic reef communities at
several scales, as well as the presence of a spatial gradient
along the reef tract, were based on internal comparisons among
sampling units, we believe the method used in this study is
reliable and allows for valid inferences.

Cover and Diversity Patterns
The four most abundant coral species (S. siderea, Agaricia spp.,
P. astreoides, and S. intersepta) have been previously reported
as dominant in JR (Hernandez-Fernandez et al., 2011, 2018;
Ferrer-Rodriguez et al., 2016). S. siderea is a common species in
Caribbean reefs and is tolerant to environmental stress caused by
low salinity and/or high temperature (Muthiga and Szmant, 1987;
Castillo et al., 2014; Banks and Foster, 2017). P. astreoides is also
a tolerant species, especially to conditions of high sedimentation
and eutrophication (Fabricius et al., 2005). The larger relative
abundance of P. astreoides in the western sector of JR is likely
because the species is selected due to the high levels of suspended
particles transported from soft bottoms in Gulf of Ana Maria.
Agaricia spp., P. astreoides, and S. intersepta have substituted
other massive and reef-building species in the Caribbean, such
as Orbicella spp. (Green et al., 2008; Jackson et al., 2014; De
Bakker et al., 2016) and dominate most of the Cuban coral reefs
(Gonzilez-Diaz et al., 2018; Caballero-Aragon et al., 2019). The
dominance of these species likely reflects the response of coral
assemblages to the global stressors affecting coral reefs (Bruno
et al.,, 2019). In particular, Agaricia agaricites (Linnaeus, 1758)
and Agaricia spp. were strongly affected by bleaching events in
JR in 2005 (Hernandez-Fernandez et al., 2011). However, they
were dominant and without symptoms of disease or bleaching
(pers. observation) during these surveys, suggesting that JR was
unaffected by bleaching in the summer of 2017.
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The dominance of algae in JR was high and corroborates
previous reports (Pina-Amargos et al., 2006; Martin-Blanco et al.,
2011). High levels of algae are associated with degraded coral
reefs (Aronson and Precht, 2006; Hughes et al., 2007). Local
stressors such as eutrophication and decimation of herbivores
have been argued to explain the dominance of algae (and
depletion of coral cover) in the Caribbean (Gardner et al., 2003;
Williams et al., 2017). The nutrient and chlorophyll data indicate
that JR is an oligotrophic system. Even so, the relatively large
differences in nutrient concentration between locations A and
B (separate 100s m) in some sites of the reef system suggests

complex dynamics with some sources of nutrient pulses. The
nutrient dynamics in the JR reef system is likely influenced by
the presence of several lagoons located in the adjacent cays. The
three processes involved in these complex dynamics (Gonzalez
de Zayas et al., 2012) are the production of organic matter by the
vegetation (fundamentally mangrove trees), the regeneration of
nutrient in the muddy sediments, and tidal export of nutrients
and organic matter to the open water though channels.

The genera Dictyota and Halimeda were the two most
abundant macroalgae in agreement with other studies in JR
(Martin-Blanco et al, 2011), Cuba (Chiappone et al., 2001;
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Trelles et al., 2001; Blanco-Ojeda et al., 2016) and the Caribbean
(Williams and Polunin, 2001; Williams et al., 2001; Szmant,
2002). JR harbors a high biomass of herbivorous fishes such as
surgeon and parrot fishes (Pina-Amargds et al., 2014). However,
these macroalgae genera bear morphological adaptations to
avoid herbivory (Hay, 1997) and herbivorous fishes may not be
sufficient to control them.

The dominance of encrusting sponges, over other sponge
morphotypes, has been also reported for other Caribbean reefs
(e.g., Lopez-Victoria and Zea, 2005) and may be a symptom
of coral reef degradation (Aronson et al., 2002). This suggests
that competition for resources is an important driver of benthic
communities, since encrusting sponges are the most successful
competitors of corals and octocorals in the Caribbean (Rutzler,
2002; Weil, 2002). Even more, encrusting clionid and other
sponges may dramatically change the community structure and
physical stability of shallow reefs that are readily compromised
by natural or anthropogenic pressures (Rutzler, 2002). However,
sponges also bring benefits to the reef communities by filtering
water and thus increasing water transparency, adhering live
coral to the reef framework, and facilitating reef regeneration
(Wulff, 2006). The presence of diverse and abundant populations
of sponges should also be an important component of JR
reef communities.

Antillogorgia americana (Gmelin, 1791) was the most
abundant octocoral across the reef system in agreement with
Hernandez-Fernandez et al. (2011). Octocorals were more
abundant in both extremes of the reef system likely due to a
more intense hydrodynamic regime given by the inflow from
the southeast into the Gulf of Ana Maria and the compensatory
outflow in the northwest coming out to the Caribbean Sea.
Octocorals are highly sensitive to the hydrodynamic regime
with larger exposure and flow speed resulting in more abundant
and diverse assemblages (Opresko, 1973; Alcolado, 1981; Moyer
et al, 2003). This spatial trend in octocoral cover emerged
despite the large variability in hydrodynamic forces at different
temporal scales in coral reefs (Hatcher et al, 1987). The
diversity of octocorals is generally an indicator of good water
quality (Fabricius et al., 2005; Tsounis and Edmunds, 2017)
and it was congruent with the oligotrophy of the waters in
the JR archipelago.

The overall conditions of coral reef communities in JR pointed
to an ongoing phase shift from coral- to algae-dominated reef
(Hughes et al., 2007). This sort of phase shift has been reported for
the Caribbean region (e.g., Hughes, 1994; Martinez-Rendis et al.,
2015) as a result of the synergy of stressors such as eutrophication,
overfishing, elevated sea temperatures, and hurricanes. Our data
indicated that local stressors (i.e., eutrophication and lack of
herbivorous fish due to overfishing), exerted a rather small
influence on the JR coral reefs due to the effective enforcement
in the MPA. Recreational diving takes place in several areas
within JR but no evidence exist of deleterious effects on coral
communities (pers. observation; Hernandez-Ferndndez et al,
2016). The relatively long distance between the mainland and JR
reefs also reduces the direct input of pollutants and nutrients to
the system. Consistently, we detected some weak relationships
among total nitrogen, chlorophyll a, and coral cover. The increase

of nutrients can potentially fuel microbial and algal communities
which may result in the increase of chlorophyll a in the water. As a
consequence, these communities can cause deleterious effects on
cover and growth rate of corals, but this usually happens when
coral communities are subjected to sustained eutrophication
further compromising reef resilience (Costa et al., 2002; Bell
et al., 2007). In JR, we do not consider that elevated nutrients
exert negative effects on coral communities. While there is some
small-scale variations in nutrient concentrations, nutrients are
relatively low across the JR system, and it is more likely that
nutrient limitation may be a stressor for this system, rather
than eutrophication.

Hurricanes affect negatively coral reefs (Mumby et al., 2014).
JR has suffered the direct impact of two recent large hurricanes
(Dennis on July 2005 and Paloma on November 2008). However,
most of the effects of the former occurred on the crest reefs and
caused the destruction of the Acropora palmata framework with
minimal effects on the fore deeper reefs (Pina-Amargos et al.,
2008b). No evidence of direct mechanical damage of hurricanes
on fore reefs have been reported so far in JR.

Therefore, the most plausible explanation for the ongoing
phase shift is the influence of global stressors (namely water
warming) (Bruno et al., 2019) which is in line with the increasing
sea surface temperature in the Caribbean Sea (Chollett et al.,
2012; Chollett and Mumby, 2013). Diseases may have an
important role as driver of coral reef communities (Lafferty and
Harvell, 2014) and they have been reported as occasional stressors
on Cuban reefs (Caballero-Aragon et al., 2019). However, no
symptoms of disease were observed during the sampling, which
is in contrast to other northern Caribbean reefs during this
sampling timeframe (Walton et al., 2018), thus minimizing the
potential role of this stressor on coral reef communities in JR.

Is There a Gradient Along the Reef Tract?
Jardines de la Reina is a heterogeneous system based on the
number and size of cays, the distance from main land (source of
freshwater and sediments), and the exposure to hydrodynamic
forces. The evidence of an environmental gradient is conflictive
so far and depends on the measured communities and sampled
biotopes. For instance, Hernandez-Fernandez et al. (2019) found
differences in the abundances of A. palmata populations between
west and east sectors of the reef system. Pina-Amargos et al.
(2008a) reported the homogeneity of community structure in fore
and crest reefs using an analysis that split the system into zones
according to the protection regime (i.e., non-reserve and reserve)
and reef configuration (i.e., west-east). Gonzalez de Zayas et al.
(2006) reported homogeneity of major hydrochemical fields (e.g.,
salinity, temperature, nutrients) in the open waters of JR and
largely agrees with our results about abiotic factors.

In our study, the existence of a gradient along the reef tract was
elusive because the small-scale variability overcame the variation
(e.g., P-diversity) between sites. We integrated three lines of
evidence to disentangle the possible existence of a gradient: (i)
the decomposition of total variance in sources according the
spatial scale; (ii) patterns in species richness and B-diversity
along the reef tract; and (iii) the multivariate analysis including
the four benthic categories. Based on our evidence, we rejected
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the hypothesis of a gradient of community structure along the
JR reef tract. However, we encourage more studies using a
different sampling method that cover larger areas and other
groups (e.g., fishes).

The homogenizing influence of oceanic waters on the
studied fore reefs likely determined a community structure
with lesser variation at site- and location-scales, and larger
variation at the small scale between replicate photo-quadrats.
Of course, environmental differences among sites occurred
affecting community structure. For example, site 3 had different
community structure compared to the other sites likely due to
the influence of intense water exchange across Breton channel
(located between sites 2 and 3) (Arriaza et al., 2008).

In summary, small-scale variability (10! m) characterized the
coral community structure in the JR archipelago compared with
larger spatial scales (10?-10° m). This suggest that biological
processes (e.g., recruitment, competition) had primacy over
oceanographic processes for driving the differences in the coral
reef communities. Dominance of algae and low cover and
diversity of stony corals suggest an ongoing phase shift, despite
locally favorable conditions (oligotrophy and abundance of
herbivorous), likely due to pervasive effects of global change
on coral communities. The dominance of opportunistic species
(Agaricia spp., P. astreoides, and S. intersepta) over massive and
reef-building species (e.g., Orbicella spp.) also points to ongoing
negative changes in JR. There is not a gradient of benthic
community structure along the fore reef tract of JR; instead, a
patchy distribution occurs in response to more subtle drivers
acting at the local scale.
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