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Abstract: The high diversity and biomass of organisms associated with coral communities depend
directly on the maintenance or changes in the benthic composition. Over a decade, we evaluated the
spatiotemporal variation in the benthic structure and composition of an insular coral community in the
Northeastern Tropical Pacific. Our results show that local conditions drive spatiotemporal differences,
and benthic organisms such as sponges, crustose coralline algae, octocorals, and hydrocorals all
increased in abundance (cover) in response to negative thermal anomalies caused by the 2010–2011 La
Niña event. In contrast, abnormally high temperatures, such as those recorded during the 2015–2016
El Niño Southern Oscillation (ENSO) event, explain the loss of scleractinian corals and crustose
coralline algae coverage, which reduced the benthic groups’ richness (BGR), diversity (H’BG), and
evenness (J’BG), with evidence of a consequent decrease in ecosystem function recorded the following
year. Our analysis also showed that sites with high habitat heterogeneity harbored higher average
BRG and H’BG values and were less affected by environmental fluctuations than sites with high
live scleractinian coral cover and lower BRG and H’BG values. Therefore, the benthic structure was
impacted differently by the same perturbation, and changes in the benthic community composition
affected the groups associated with the community and ecological functions. More importantly,
regional stressors such as the ENSO event caused only temporary changes in the benthic community
structure, demonstrating the high resilience of the community to annual and interannual stressors.

Keywords: benthic ecology; coral community; ecological function; El Niño Southern Oscillation;
Mexican Pacific; structural metrics

1. Introduction

Coral communities are complex and dynamic habitats, with a structural base com-
posed of rocky substrate where calcifying organisms such as hermatypic corals and crustose
coralline algae (CCA) reside [1–3]. These calcifiers build the biogenic base for other benthic
organisms, such as macroalgae, turf algae, sponges, hydrocorals, and octocorals [4,5]. The
presence of various sessile groups contributes to the reef system’s functionality, as they
provide shelter, accommodation, and food resources for high biodiversity and biomass
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among mobile species [6]. In addition, the presence of heterotrophic sessile organisms
can influence the water column conditions, such as by altering turbidity through actively
feeding on suspended organic matter [7,8]. Therefore, a benthic community’s composition
impacts habitat diversity and functional richness [9].

The composition and structure of the benthos and its associated functions depend on
the reproduction and recruitment of their representative taxa. These processes are limited
or enhanced initially by the available settlement substrate and afterward by the ability
of the organisms to cope with the synergic effects of seasonal and annual environmental
conditions [10,11]. Sea surface temperature (SST) is considered to be the environmental
condition with the most significant effect on the presence and survival of invertebrates,
and it can directly affect biochemical and physiological processes such as growth and re-
production [12]. Additionally, light and nutrient concentrations are also crucial, especially
for photosynthetic autotrophs such as algae and algal turf [13]. These factors are similarly
important to organisms that rely on the efficiency of their photosynthetically active en-
dosymbiotic microalgae [14], including octocorals [15], hydrocorals [16], and scleractinian
corals [17–19].

Also, the influence of interannual climatic fluctuations, such as those driven by El
Niño Southern Oscillation (ENSO) events, can trigger ephemeral [20] or permanent changes
in the presence or abundance of benthic communities [21]. Abnormally high temperatures
elicit a stress response in all the organisms. However, they are particularly threatening to
scleractinian corals, which can bleach if the high-temperature event is prolonged (generally
for days to weeks), promoting massive mortality rates depending on the intensity of the
thermal anomaly [22]. In contrast, abnormally low temperatures associated with La Niña
events can also trigger a bleaching response, albeit generally with lower incidences of coral
mortality [20]. Since there is variation in the thermotolerances of various organisms [20,21],
moderate stress levels can promote colonization by new, more thermotolerant groups, while
intense or frequent stress events can drive permanent changes in the functional dynamics
of coral communities [23,24].

The Eastern Tropical Pacific (ETP) is considered suboptimal for coral reef develop-
ment [25]. Despite this, it indeed hosts important, rich, and diverse hermatypic coral
communities, including 45 reef-building coral species (of which eight are endemic) [3,25].
The Northern ETP, which includes the Revillagigedo Islands, the Gulf of California, and
tropical mainland Mexico, constitutes the northern limit of the distribution of scleractinian
corals in the ETP [2]. Northern ETP marine ecosystems shelter coral patches and small
frameworks, with an average coral coverage of 20–50% composed of 24 scleractinian coral
species, mainly represented by the genera Pocillopora, Pavona, Porites, and Psammocora
though with a few representatives from Cycloseris, Gardineroseris, and Leptoseris [2,3,25,26].
ETP coral communities, like reefs elsewhere, have historically been negatively affected
by ENSO events, which have caused mass mortality and, consequently, changes in coral
richness and abundance. Nevertheless, the region has shown slow recovery from these
events over the last few decades [27]. However, it has not been determined whether they
have permanently changed the benthic composition of the coral communities. A shift in
community dynamics has far-reaching implications. Aside from loss or change in key
groups such as scleractinian corals and other associated organisms such as echinoderms
and fish, more widespread changes in ecological processes and services can transpire over
extended periods.

Therefore, a comprehensive understanding of the short- and long-term changes in
benthic composition is crucial for elucidating a coral community’s function and its ability
to persist or recover from a disturbance. The present study represents the first long-term
study of spatiotemporal variation in a coral community’s structure and function in the
northernmost region of the ETP. We were particularly interested in understanding to what
extent temporal variation in the structure and function of a community is caused by annual
sea temperature fluctuations or interannual stress events such as the thermal positive and
negative anomalies caused by ENSO events over a decadal timescale. The results could
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have implications for our overall assessment of the ability of these coral ecosystems to
resist future climate change. Finally, the results of our temporal analysis could potentially
be extrapolated to other coral ecosystems located throughout the ETP or other areas with
conditions similar to those in this study, as the response or change of the benthic community
in any coralline area will affect the abundance and health of the resident organisms.

2. Materials and Methods
2.1. Study Area

Islas Marietas National Park (IMNP) is an insular natural protected area (NPA) located
in the Central Mexican Pacific (20◦41′56′′–20◦41′53′′ N, 105◦35′02′′–105◦34′59′′ W; Figure 1).
The NPA consists of two islands of volcanic origin—Isla Redonda (IR) and Isla Larga
(IL)—which differ in benthic structure. Each harbors a diverse coral community where
Pocillopora is the most abundant coral genus across a depth range of 1–10 m [28]. IL features
a higher cover of pocilloporids with a lower cover of massive and encrusting Porites and
Pavona spp. The latter are more common on IR across a depth range of 2–18 m [29,30].
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Figure 1. Study area and sampling sites at Islas Marietas National Park in the Mexican Pacific. Codes:
IL = Isla Larga, CM = Cueva del Muerto, ZR = Zona de Restauración, ZRS = Zona de Restauración
Sur, IR = Isla Redonda, TA = Túnel-Amarradero, PP = Plataforma Pavonas, and PA = Playa del Amor.

Three water masses influence the region, resulting in two hydroclimatic periods. The
first, the California Current, carries cold, low-salinity waters from January to May, leading
to a cold period (18–21 ◦C), followed by the Mexican Coastal Current and the water mass
of the Gulf of California, characterized by high-temperature (27–30 ◦C) and high-salinity
waters from July to November [31,32]. The area is also influenced by seasonal events such
as upwelling, storms, hurricanes, and abnormal interannual conditions such as positive
and negative thermal anomalies derived from ENSO events [32–34]. IMNP possesses
high ecological, economic, and social relevance, as it represents a tourist hotspot where
activities such as snorkeling, diving, and boating are allowed [29]. Despite the protection
of the area, the touristic use of the site has historically exceeded the ecosystem’s capacity
which, in addition to the aforementioned natural stressors, has negatively affected the coral
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cover [29,35]. As a mitigation response, a restoration program was implemented in 2014 to
reverse the loss of cover of Pocillopora spp. corals [36].

2.2. Data Collection and Analyses

The sampling work was conducted from 2012 to 2021 as part of a long-term monitoring
program. Surveys were conducted over two hydroclimatic periods (warm and cold)
in each year at the two islands (IL and IR). Three representative sites were surveyed
at IL—Cueva del Muerto (CM), Zona de Restauración (ZR), and Zona de Restauración
Sur (ZRS)—and at IR: Plataforma Pavonas (PP), Túnel Amarradero (TA), and Playa del
Amor (PA). Surveys consisted of visual censuses of five 25 m belt transects laid parallel
to the coast per site, resulting in 600 surveyed transects (5/site/season/year × 6 sites ×
2 seasons/year × 10 years). In each transect, benthic group coverage (%) was estimated
in situ and recorded using six quadrats (1 m2) distributed equidistantly along the 25 m
linear transect. Benthic groups were classified as scleractinian corals (Pocillopora, Pavona,
or Porites), sponges, hydrocorals, octocorals, algal turf, macroalgae, crustose coralline
algae (CCA), and articulated calcareous algae (ACA; Table S1). Additionally, the mean
annual values of the sea surface temperature (SST), photosynthetically available radiation
(PAR), and diffuse attenuation coefficient (Kd 490) over the study period were calculated
using monthly satellite images (4 × 4 km) from the AQUA/MODIS Oceancolor platform
(https://oceancolor.gsfc.nasa.gov/l3/ accessed on 3 November 2023).

The variations in the benthic groups’ compositions and coverage were analyzed
using permutational multidimensional analysis of variance (PERMANOVA). The data
underwent a fourth-root transformation before constructing the Bray–Curtis similarity
matrix. The contribution of benthic groups to average dissimilarity among each factor level
was estimated using similarity percentage analysis (SIMPER) with a 65% cutoff, based
on the same data pretreatment and resemblance coefficient used in PERMANOVA. For
each transect, the benthic groups’ structural changes were evaluated using the following
metrics with PRIMER v.6: (1) the benthic group richness (BGR), (2) Shannon entropy (H’BG
nats), (3) Pielou evenness (J’BG), and Simpson dominance (D BG) [37]. In most studies, these
community metrics have been estimated at the species level. However, they can also be
applied to a group of organisms [38–45] and, for our particular purpose, benthic groups.
This numerical approximation allows for evaluation of the changes in the heterogeneity
of their richness (number of groups) and abundance (percentage of cover) in different
spatiotemporal scales.

The benthic group’s functional changes were assessed from a multidimensional approach
based on five functional transversal traits for marine benthic groups: shape, size, type of
nutrition, consumption/biomass rate (Q/B), and production/biomass rate (P/B). This allowed
for assessment of the group’s qualitative and quantitative characteristics [46–48]. Additionally,
a new trait, “framework builders”, was included to classify organisms based on their
contributions to calcification and reef consolidation: “reef-building” or “non-reef-building”
(Tables 1 and 2). The benthic groups’ functions were estimated for each transect using the
following multi-functional metrics: (1) benthic functional richness (FRicBG), (2) functional
divergence (FDivBG), and (3) functional dispersion (FDisBG). These functional metrics were
calculated with the “FD” package in RStudio [49].

Table 1. Description of benthic group functional traits used to build the functional entities matrix.

Trait Function(s) Potential Values

Shape Topographical and habitat complexity

Foliar-articular-tubular, filamentous, crustose,
submassive encrusting, submassive plate,

nodular-branching, submassive crustose, chain of tubes,
fan plume, or whip rod

Size Topographical and habitat complexity Small, medium, or large
Type of nutrition Use of resources Autotrophs, heterotrophs, or both

https://oceancolor.gsfc.nasa.gov/l3/
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Table 1. Cont.

Trait Function(s) Potential Values

Q/B Consumption of biomass 0, 4.2, or 9
P/B Production of biomass 0.08, 1.09, 1.7, or 13.25

Framework builders Calcification and reef consolidation Reef-building or non-reef-building

Table 2. Functional entities matrix of the benthic groups recorded at Islas Marietas National Park
and coverage of each group per island (mean ± std. error). Abbreviations: consumption/biomass
rate (Q/B), production/biomass rate (P/B), Isla Larga (IL), Isla Redonda (IR), crustose coralline algae
(CCA), and articulated calcareous algae (ACA).

Benthic Group Shape Size Type of
Nutrition Q/B P/B Framework

Builders Cover (%) IL Cover (%) IR

Scleractinian
corals

Submassive
encrusting-
submassive

plate-nodular-
branching

Large Autotrophs-
heterotrophs 9 1.1 Reef-building 23.70 ± 0.87 8.99 ± 0.48

Hydrocorals Crustose Medium Heterotrophs 9 0.1 Reef-building 0.43 ± 0.05 0.75 ± 0.07
Octocorals Fan plume-whip rod Large Heterotrophs 9 0.1 Reef-building 0.13 ± 0.01 0.36 ± 0.03

Sponges
Submassive

crustose-chain of
tubes

Medium Heterotrophs 4.2 1.7 Non-reef-
building 0.49 ± 0.05 0.49 ± 0.04

Turf algae Filamentous Small Autotrophs 0 13 Non-reef-
building 17.67 ± 0.64 18.24 ± 0.61

ACA Foliar-articular-
tubular Small Autotrophs 0 13 Reef-building 0.04 ± 0.02 0.21 ± 0.10

CCA Crustose Small Autotrophs 0 13 Reef-building 4.86 ± 0.21 6.50 ± 0.31

Macroalgae Foliar-articular-
tubular Large Autotrophs 0 13 Non-reef-

building 1.53 ± 0.16 0.35 ± 0.07

Spatiotemporal variation in the benthic groups’ structural and functional metrics was
analyzed using permutational covariance analyses (ANCOVAs), with the total live coral
cover used as a covariate to eliminate bias due to its influence on the cover of other benthic
groups and the changes generated by the coral restoration project. The permutational
ANCOVAs were constructed with matrices of the Euclidean distance following the criteria
described previously [37]. In the case of J’BG and FdivBG, the covariate was not signifi-
cant, and spatiotemporal variation was evaluated with permutational analyses of variance
(ANOVA) using an Euclidean distance matrix. PERMANOVAs (Equation (1)), permuta-
tional ANOVAs (Equation (1)), and permutational ANCOVAs (Equation (2)) were run as
two-way analyses, with the crossed- and fixed-effect factors (model type I) of the year (Yei;
10 levels: 2012–2021), island (Isj; two levels: IL or IR), and, in the case of ANCOVAs, the
covariate (Co). These models could be expressed as follows:

Y = µ + Yei + Isj + Yei × Isj + εij (1)

Y = µ + Co + Yei + Isj + Yei × Isj + εij (2)

where Y is the predicted variable or matrix, µ is the mean, and εij is the cumulative error.
The statistical significances of the PERMANOVA, permutational ANOVA, and permu-

tational ANCOVA models were tested using 10,000 permutations under reduced models,
but the former two used sum of squares (SS) type III (partial), while the third used SS type
I (sequential). PRIMER v.6 with PERMANOVA+ software [37] was used to perform the
ANOVAs, ANCOVAs, PERMANOVAs, and SIMPERs. Next, multiple linear regressions
were calculated to explore the relationships among the benthic groups’ structural and func-
tional metrics with environmental variables, selecting models without multicollinearity.
Therefore, we selected models that included predictor variables with Pearson correlations
<90% and variance inflation factor (VIF) values <3. Each regression factor passed the homo-
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geneity of variance and normality tests (Shapiro–Wilk p < 0.05). Simple linear regressions
were performed using SigmaPlot V. 11.0. 3 for the single-variable models.

3. Results

The benthic groups’ compositions exhibited spatiotemporal differences, with the
spatial factor explaining the highest percentage of the variation (Table 3). Over the 10 years,
significant differences were observed between the islands (Table S2), and the highest
contribution to dissimilarity was attributed to the cover of scleractinian corals, macroalgae,
articulated calcareous algae (ACA), and CCA (Table S3). IL exhibited greater coverage of
scleractinian corals and macroalgae (Figure 2 and Table 2). Meanwhile, IR harbored greater
cover of CCA and ACA (Figure 2 and Table 2). The remaining benthic groups (algal turf,
hydrocorals, and octocorals) were primarily represented at IR (Figure 2 and Table 2).

Temporal variation was evident over the 10 year period for each island. Differences in
IR (Table S2) could be attributed to a decrease in algal turf (Figure 2B and Table S4) and
sponges (Figure 2D and Table S4) in 2013 and an increase in macroalgae and ACA in 2014
(Figure 2D and Table S4). Meanwhile, differences at IL were observed from 2015 to 2018
(Table S2) and were linked to variation in the cover of algal turf (Figure 2A and Table S4),
CCA, and ACA (Figure 2C and Table S4). In general, there was a gradual increase in live
coral cover (LCC) over time, with the highest values recorded in 2021: 34.2% on Isla Larga
and 13.9% on Isla Redonda (Figure 2A,B). In contrast, the lowest values were observed in
2016 (17.8 and 5.6%, respectively). The CCA and algal turf reached peak values at IR in
2012 (11.9% and 27.0%, respectively; Figure 2B), while the levels at IL instead peaked in
2017 (8.1% and 26.5%, respectively; Figure 2A). The minimum CCA abundance (2.3%) was
documented for both islands in 2016 (Figure 2A,B).

The highest sponge cover was recorded in 2012, with values of 1.1% for IL and 1.9%
for IR (Figure 2C,D). In the same year, the highest octocoral (0.5%) and hydrocoral (1.5%)
covers were observed at IR (Figure 2D). In 2020, the lowest cover of octocorals was observed
at IL (0.08%; Figure 2C), and the lowest hydrocoral abundances were documented at IL
and IR at this time (0.02% and 0.3%, respectively; Figure 2C,D). Regarding macroalgae, the
greatest cover was noted in 2013 for IL (3.1%; Figure 2C). Macroalgae were, in contrast,
least abundant in 2013 at IR (0.03%; Figure 2D). ACA’s abundance was highest at IR in 2014
(1.9%) and at IL in 2018 (0.2%; Figure 2C).

Table 3. Results of PERMANOVA, permutational ANCOVA 1, and permutational ANOVA 2. Abbre-
viations: Co = covariate (live coral cover), BGR = benthic group richness, H’BG = Shannon entropy,
DBG = Simpson dominance, J’BG = Pielou evenness, FRicBG = functional richness, FDisBG = functional
dispersion, FDivBG = functional divergence, P-F = Pseudo-F, p = p-value, and C.V.% = component of
variation in percentage (%). The p-values in bold indicate statistical differences (p ≤ 0.05).

P-F p C.V.% P-F p C.V.% P-F p C.V.% P-F p C.V.%

Factor PERMANOVA BGR 1 H’BG
1 DBG

1

Co 248.11 0.0001 26.43 107.16 0.0001 13.72 35.47 0.0001 5.09
Island 92.63 0.0001 20.473 24.45 0.0001 6.86 7.26 0.0069 2.21 2.05 0.1549 0.42
Year 8.809 0.0001 8.72 2.98 0.0028 2.14 5.89 0.0001 6.39 3.71 0.0002 4.06

Island
× Year 2.69 0.0001 3.77 0.82 0.5934 0.39 0.96 0.4803 0.11 1.59 0.1133 1.74

Residual 67.03 64.18 77.56 88.69
J’BG

2 Fric 1 FDis BG
1 FDiv BG

2

Co 255.27 0.0001 27.08 72.89 0.0001 10.23
Island 0.17 0.6745 0.26 9.08 0.0022 2.36 8.03 0.0052 2.73 0.07 0.7831 0.29
Year 3.45 0.0003 3.81 4.28 0.0001 3.54 1.75 0.0756 1.09 2.78 0.004 2.8

Island
× Year 1.81 0.0626 2.51 2.46 0.0088 3.12 1.2 0.2971 0.56 1.76 0.0717 2.4

Residual 93.41 63.9 85.39 94.51
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donda (B,D).

The permutational ANCOVA outputs show that the covariate (LCC) was significant
for all structural and functional metrics, except J’BG and FDivBG. Likewise, the spatial or
temporal variation observed in the benthic groups’ structures was related to the fluctuation
in LCC over time (Table 3). However, when considering the benthic structural metrics, the
richness and Shannon entropy varied significantly among islands (Table 3). The highest
mean BGR (5.51 ± 0.06; Figure 3A) and Shannon entropy (H’BG = 1.06 ± 0.01; Figure 3B)
were documented at IR. Also, differences in the benthic structure diversity over the 10
years were evident (Tables 3 and S5), and the maximum BGR (5.75 ± 0.15; Figure 3A) was
observed in 2015, followed by a subsequent decline in H’BG (0.95 ± 0.02; Figure 3B) and
J’BG (0.58 ± 0.01; Figure 3B) in 2016. During the same year (2016), there was an increase in
DBG (0.48 ± 0.01; Figure 3B). In 2020, both H’BG (0.92 ± 0.02) and J’BG (0.60 ± 0.01) declined
(Figure 3B).

The benthic groups’ functions also showed variations as the functional dispersion
varied significantly between islands (Table 3), and the highest functional dispersion
(FDisBG = 0.41 ± 0.004; Figure 3D) was reported in IL. The functional richness showed
significant differences in spatiotemporal interaction (Table 3). The decrease in the func-
tional richness (Figure 3C) over time resulted in significant differences between 2012
(FRicBG = 0.46 ± 0.004) and 2021 (FRicBG = 0.32 ± 0.03) for Isla Redonda (Figure 3C,
Table S6). Isla Larga showed differences between 2017 (FRicBG = 0.22 ± 0.03) and 2018
(FRicBG = 0.35 ± 0.03) after the increase in FRicBG (Figure 3C, Table S6). The spatial varia-
tion of the benthic groups’ functional richness was similar, but the temporal change showed
a loss of functional space loss over time (Table S6). Additionally, the functional divergence
varied temporally (Table 3), with a significant change in 2012 (FDivBG = 0.93 ± 0.006)
versus 2013 (FDivBG = 0.91 ± 0.005) and later in 2017 (FDivBG = 0.90 ± 0.006) versus 2018
(FDivBG = 0.92 ± 0.005) (Figure 3D, Table S7).
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FDivBG = functional divergence, IL = Isla Larga, and IR = Isla Redonda.

When considering the functional traits of each benthic group, Isla Redonda displayed
higher heterogeneity in its benthic organisms and average production/biomass, which is
related to the coverage of benthic autotrophs such as algal turf, ACA, CCA, and macroalgae
(Table 2). Also, the temporal variation of benthic groups caused a higher average coverage
of framework builders and organisms with various shapes and sizes at Isla Redonda during
2012. In 2016, the coverage of framework builders with a high consumption/biomass rate
and large size decreased in both islands. The following year (2017), small autotrophic
organisms with a high production/biomass rate and a single shape surpassed them in
coverage on Isla Larga.

The data on environmental conditions show that the highest sea surface temperature was
recorded in 2015 (27.94 ± 0.67 ◦C), while the lowest one was observed in 2021 (26.31 ± 0.99 ◦C)
(Figure 4). Photosynthetically available radiation increased from 2013 (45.78 ± 2.54 Einstein
m−2 day−1) to 2020 (48.62 ± 2.58 Einstein m−2 day−1) (Figure 4). The lowest values for Kd
490 (0.08 ± 0.006 m−1) were observed in 2016, while the highest values (0.26 ± 0.07 m−1) were
observed in 2021 (Figure 4). The regression models between the structural and functional
metrics and environmental variables indicated a negative relationship between the Shannon
entropy and PAR (Table 4, Figure 5) and a relationship between the benthic group richness
and benthic functional richness with the PAR, SST and Kd 490 (Table 4). The rest of the indexes
were not significantly related to the environmental variables.

Table 4. Simple and multiple linear regression outputs for the relationships among the benthic groups’
structural and functional metrics versus environmental variables. Abbreviations: BGR = benthic
group richness, H’BG = Shannon entropy, DBG = Simpson dominance, J’BG = Pielou evenness, FRicBG

= functional richness, FDivBG = functional divergence, PAR = photosynthetically active radiation,
SST = sea surface temperature, Kd 490 = diffuse attenuation coefficient, and p = p-value. Values in
bold are significant (p-value ≤ 0.05).

Index Variable(s) R²Adj F p

BGR PAR + SST + Kd 490 0.751 10.057 0.009
H’BG PAR 0.441 6.309 0.036
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Table 4. Cont.

Index Variable(s) R²Adj F p

DBG PAR + SST + Kd 490 0 0.472 0.713
J’BG PAR + SST + Kd 490 0 0.0116 0.998

FRicBG PAR + SST + Kd 490 0.616 5.822 0.033
FDi BG PAR + SST + Kd 490 0 0.228 0.874
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4. Discussion

As a region, the ETP shares conditions and, therefore, a homogeneous ecological
process and similar life history trails. However, the benthic composition will also be
affected by seasonal local conditions (e.g., the presence of upwellings or runoffs), the
degree of wave exposure, light penetration, and depth [42–44,50–52]. Within the benthic
groups of any coral ecosystem, the response and sensitivity to local conditions and the
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role that life history has in the long term have been primarily studied in scleractinian
corals [53,54]. However, the maintenance of the coral ecosystem depends on the whole
benthic composition and their tolerance and response to spatial (local vs. regional) and
temporal (seasonal vs. interannual fluctuations) conditions, as the changes will be evident
not only in the structure (i.e., benthic composition) but in the ecosystem’s functions when
considered long term.

Although Isla Redonda and Isla Larga are close to each other, each has a particular
structure and local conditions. Isla Larga is a shallow area affected by high wave exposure
and sedimentation rates [55], both of which are parameters considered detrimental to coral
development. However, the site harbors the highest scleractinian coral coverage, where
branching Pocillopora corals are the most abundant forming reef patches, but there is also
the presence of encrusting Porites corals distributed as separated colonies contributing to
the benthic composition [30]. The high abundance of Pocillopora can be attributed to an
acclimatization response and ability to cope with daily environmental fluctuations [27],
and instead of being considered stressful conditions, it promotes other processes such as
fragmentation, which is the primary mode of reproduction of this genus [48,56], increasing
their self-recruitment process, maintaining high coral coverage, and decreasing the compe-
tition by limiting the habitable space for other benthic groups and resulting in low richness
and diversity but high functional dispersion.

Meanwhile, Isla Redonda’s physical structure has a steep slope. Therefore, the wave
exposure is lower, and the coral is distributed along a 2–18 m depth, with low coverage
of Pocillopora in the shallower areas and a high presence of encrusting and submassive
colonies such as Porites and Pavona, which are associated with rocky slopes with sandy
bottoms [29,30]. The abrupt slope limits the available substrata for Pocillopora, and the
presence of extensive coral patches favors other groups, such as octocorals, sponges, and
algae [57]. In addition, with the available substrata, the high level of inorganic nutrients,
such as nitrates and nitrites, recorded at Isla Redonda [53] promotes the growth of other
groups, such as algal turf, crustose coralline algae, and articulated calcareous algae [58,59],
increasing both the benthic groups’ richness and the benthic functional richness of the site,
as observed for the other studied benthic (J’BG) and functional metrics. This demonstrates
that a high heterogeneity of benthic organisms, which usually differ in shape and size,
could provide greater availability of refuge areas for associated fauna [60]. In addition,
due to its greater coverage of autotrophic organisms compared with Isla Larga, the pro-
duction/biomass rates and the amount of energy available to sustain the different trophic
levels were higher. Sites with such characteristics usually harbor a greater biomass of
organisms such as fish and marine invertebrates [46,61], increasing the site’s relevance as
an NPA and refuge.

Changes in the cover and diversity of benthic groups can reveal the effects of regional
changes in conditions over time. Over the study period, both La Niña and El Niño events
occurred [62]. During 2010–2011, an intense La Niña event affected the region, causing
abnormally low temperatures and the presence of high-nutrient and acidic seawater [54].
This led to coral bleaching and partial coral mortality [20,63] alongside a peak in the abun-
dance of sponges, CCA, octocorals, and hydrocorals in 2012. These organisms presumably
benefited from both the availability of new substrate (i.e., dead corals) and higher nutrient
levels [7,10,12]. As a cascade effect, herbivorous organisms such as the sea urchin Toxop-
neustes roseus and the omnivorous sea urchin Centrostephanus coronatus also increased in
density [64]. However, this trend was reversed in 2013, possibly due to top-down control
imposed by echinoderms and the recovery of non-lethally bleached coral colonies.

Later, the 2015–2016 ENSO event which affected the region was the first “extreme
El Niño” of the 21st century [62] and caused an abnormal increase in SST alongside the
lowest recorded values of Kd 490. The effect of this event was also reflected in a decrease
in cover of coral and CCA, though the former was only 1.3%. The recovery in subsequent
years was due to both natural and human efforts in the area [36], and this reflects the high
thermotolerance of the community [27]. Also, abnormally high temperatures led to a slight
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decline in CCA abundance, and it has indeed been suggested that such conditions could
elicit chronic photoinactivation in these autotrophs [65].

Although the strong 2015–2016 El Niño event led to only rather small decreases in the
cover of scleractinian corals, CCA, ACA, sponges, hydrocorals, and octocorals, there was
nevertheless a change in the benthic structure and notable decreases in the benthic groups’
richness (BGR), Shanon entropy (H’BG), Pielou evenness (J’BG), benthic functional richness,
and functional divergence. This may suggest a reduction in ecosystem function and
production and a higher functional resemblance of the functional roles of dominant benthic
groups [66]. During 2016, a reduction in the cover of heterotrophic, reef-building organisms
with a high rate of consumption/biomass and a high diversity of shapes and sizes was
evident. In 2017, the highest turf algal, CCA, and macroalgal cover were recorded, possibly
from having capitalized on newly available settlement space [20,67–69]. The following year,
the IMNP study sites showed rapid recovery in BGR, functional richness, and functional
divergence. In 2020–2021, a decrease in octocoral coverage coincided with the highest PAR
and Kd 490 values recorded. We hypothesize that the co-occurring high nutrient levels
led to greater primary production, chlorophyll concentrations, and turbidity [70,71], all
conditions under which octocorals fair poorly [72,73]. ENSO events will become ever more
intense and frequent [62], which could reduce coral ecosystem richness, diversity, structural
complexity, and ecosystem function. The latter could decrease food availability and shelter
for myriad organisms, especially as framework builders decline in abundance.

Over a decade, changes in the benthic community of IMNP were evident. Such
changes were driven not only by fluctuations in the local conditions of each site but also by
regional-scale events, such as thermal anomalies caused by ENSO events. Even a strong
ENSO in 2015–2016 affected some benthic groups, but it did not cause a permanent shift in
the composition or structure of the community. Notably, significant recovery was noted
within two years, indicating the resilience of the ecosystem. Maintenance of the coral
ecosystem depends directly on the abundance and presence of diverse benthic groups,
and at IMNP, differences in the benthic structures across islands led to differing ecological
responses to the same environmental disturbance. Moreover, on a long-term basis, these
study reefs can evidently cope with both short- and long-term environmental changes and
support the associated biomass of reef flora and fauna. This resilience highlights the value
of these reefs and provides hope for the permanence of coral communities in the region.
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www.mdpi.com/article/10.3390/d16070372/s1, Table S1. List and/or description of the benthic
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level; Table S2. PERMANOVA’s pairwise comparisons of benthic composition and benthic coverage.
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Spatio-temporal SIMPER results of the significant factors in the pairwise comparisons for benthic
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