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Abstract: Serranilla is a protected island of the Seaflower Biosphere Reserve, far from dense human

population. These characteristics could help sustain structurally complex coral reefs, often associated

with higher biodiversity, abundance, and biomass of reef-associated organisms, including reef fish.

However, the multiple threats present in Serranilla, including intense illegal fishing, can impact coral

ecosystems generally and also specific key groups, such as the parrotfish, in particular. During the

“Seaflower Research Expedition 2017”, we assessed how structural habitat complexity influences

reef fish assemblages. In addition, we explored differences in parrotfish species (family: Scaridae)

between Serranilla and San Andrés, the most populated island in the Archipelago. On Serranilla, we

found that habitat structure, rugosity, and coral cover accounted for up to 66% of variation in reef

fish diversity, abundance, and biomass, with values being higher on more complex reefs. Parrotfish

species differed between the islands, with larger species supporting higher biomasses at Serranilla,

by comparison with San Andrés; however, the abundance, biomass, and lengths of parrotfish species

were low in both areas compared with those reported from other protected Caribbean reefs. Our

study indicates that despite the evident relationship between structurally complex habitats and reef

fish, other threats in Serranilla could be affecting parrotfish populations, such as illegal fishing, a

widespread activity in the area.

Keywords: structural complexity; coral reef; Caribbean; biodiversity; overfishing; parrotfish; Seaflower

Biosphere Reserve

1. Introduction

Coral reefs are widely recognized as one of the most diverse marine ecosystems, pro-
viding essential habitats for numerous species; although coral reefs cover only 0.02% of the
ocean’s surface, they are believed to harbor nearly 30% of all known marine species [1–4].
Reef ecosystems provide multiple ecosystem services [5–7], including coastal protec-
tion [8,9] and the provision of food and livelihoods through fishing activities [10]. However,
in recent decades, coral reef ecosystems worldwide have been facing degradation due to
multiple environmental and human stressors [11,12]. Currently, ~60% of the world’s coral
reefs are considered to be threatened [13]. In the Caribbean, by 2003, at least 80% of the
coral cover registered in the 1970s was lost [14,15], while in the Atlantic, 75% of coral reefs
are considered at risk [12]. This loss of coral cover has often produced a decline in the reef’s
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structural complexity, affecting associated organisms including reef fish [16]. The replace-
ment of structurally complex coral species represents a more silent problem [17]; branching
coral species have often been replaced by “weedy” species of coral, which display less
rugosity and tridimensional structure, so that even if coral cover recovers, the system
may possess lower structural complexity [18]. On Caribbean reefs, a considerable loss of
species that provide high structural complexity, such as Acropora palmata, A. cervicornis, and
Montastrea cavernosa, was evident from the 1970s, aggravated by mass coral mortality as
the result of reef erosion caused by the sea urchin Diadema antillarum through an increasing
prevalence of coral disease and by coral bleaching events [17,19]. Such declines in structural
complexity on coral reefs can have negative consequences, including loss of ecological
function, biodiversity, and ecosystem services [2,7,20]. However, it is essential to identify,
beyond structural complexity, other features of reef ecosystems which are involved in the
maintenance of essential functions and processes [21].

Herbivory is one of the key processes in coral reefs that can prevent the overgrowth of
corals by algae through food web control over turf and macroalgae [11,22,23]. Herbivorous
fishes are considered essential to reef ecosystems’ health, especially after the radical decline
in the Caribbean of other large herbivores, including sea turtles and manatees [24], and
previously dense populations of D. antillarum [25]. Among herbivorous fish, parrotfishes
(Family: Scaridae) are considered important in promoting the recovery of coral reefs after
disturbances (i.e., bleaching events or storms) and in preventing phase shifts from coral
to algal-dominated communities [16,26–28]. Notably, in the Caribbean, some Marine Pro-
tected Areas (MPAs) have been found to possess high parrotfish biomass, low macroalgae
cover, and high coral cover, with abundant coral recruits [28,29]. However, parrotfish are
high among the fisheries’ target species, crucial for most Caribbean economies [23]. Fishing
has been found to deplete many coral reef fish species, promoting reef degradation [30–32].

The Seaflower Biosphere Reserve (Seaflower BR) is one of the largest protected areas
in the Caribbean, covering 180,000 km2 and incorporating a large percentage of Colombia’s
coral reefs [33]. Although the Seaflower BR is an extensive MPA and experiences oceanic
conditions that might be expected to support pristine coral reefs with high structural
complexity and biodiversity, the archipelago islands nevertheless experience illegal fishing,
including overfishing, together with other anthropogenic pressures [23]. Of the nine islands
in the archipelago, Serranilla, northwest of the Seaflower BR, is furthest from the mainland
and it was here that recent research efforts were focused during the “Seaflower Research
Expedition 2017”. We designed our study to evaluate the status of fish assemblages in
relation to reef habitat structural complexity, paying particular attention to comparing the
parrotfish species of Serranilla from that found at San Andrés.

2. Materials and Methods

2.1. Study Site

Serranilla island (15◦50′ N, 079◦50′ W), officially named Isla Cayos de Serranilla, is
located at the northwest end of the Seaflower Biosphere Reserve (Figure 1). Seaflower
BR, with an area of 180,000 km2, was declared as a Biosphere Reserve by UNESCO in
2000; within this larger area, the Colombian Government designated 65,000 km2 as Marine
Protected Area in 2005 [33]. In fact, Serranilla is not a single island, but a reef complex
formed on a submarine mountain, on which emerged cays are scattered. The principal
cay is Beacon Cay, located in the south east of the complex (Figure 1c). The underwater
seascape consists of a carbonate platform with reef habitats such as reef crests, coral patches,
sand flats, hardground areas, and also seagrass beds [34]. This island is located a long way
(>400 km) from the most populated island of the archipelago, San Andrés, and lies only
320 km south of Jamaica (Figure 1a,b; Figure S1). San Andrés, in contrast, has a terrestrial
area of 27 km2, with a maximum length of 12.6 km and maximum width of 3 km. On the
west side of San Andrés there is a submarine hard bottom platform extending seawards for
200–500 m, and a mainly continuous rocky shore, but no barrier reef. On the east side of
the island, the platform extends seawards for more than 2 km with some soft sand bottom
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areas, small coral patches, mangroves, and sandy beaches on the coast, and, at the east
edge of the northern part, a discontinuous barrier reefs of about 9 km in length [33].

Figure 1. Maps showing the position of the study area: (a) the location of the Seaflower BR in the

south west of the Caribbean, (b) map of the Seaflower BR showing the San Andres archipelago,

including San Andrés, Old Providence, and Serranilla island, and (c) the locations of the survey sites

at Serranilla (red points: S1–S10) together with (inserted) an aerial image of Beacon Cay, the largest

cay on Serranilla (top left).
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2.2. Data Collection

The surveys were conducted at ten sites at Serranilla during the “Seaflower Re-
search Expedition 2017”. Ten sites were selected to capture the heterogeneity of Serranilla
(Table S1). At each site, habitat structure (benthic components and rugosity) and fish as-
semblage structure and composition were assessed using underwater visual census (UVC)
techniques conducted by a paired-diver team along 50 m × 2 m belt transects (n per site = 2
or 3). On each transect, the fish species, abundance, and visual estimated size per indi-
vidual (interval length) were recorded by the first diver, following established sampling
methodologies [35–37]. To highlight the specific relationships of the key fish family of
parrotfish (Scaridae) with habitat, the abundance of parrotfish according to the size was
also calculated; we distinguished large species (>50.1 cm total length) and small species
(<50 cm total length) based on available values from FishBase [38]. Valid species names
were verified, according to Fricke et al. [39].

Habitat structure was evaluated as a combination of the percentage cover of the main
benthic components and of reef rugosity. To characterize the coral community, we selected
the percentage cover of five morpho-functional benthic groups: branching corals, brain
corals, submassive corals, spherical corals, and algae. The variables were recorded with
a video camera that was held 0.4 m above the seabed while being moved along each of
the 50 transects. From each such video transect, 40 frames were selected, and 50 points in
each frame were sampled to estimate the percentage of the benthic groups. Rugosity was
estimated with the rugosity index (RI), obtained using the chain-link method [40]. Within
each belt transect, the second diver laid down a 10 m chain over the seabed closely following
the substrate contour and then measured the linear distance occupied by the chain. This
was done three times within each transect. RI was then calculated as RI = 1 − d/L, where
d is the horizontal distance covered by the chain, and L is the chain’s true (i.e., stretched)
length. This method is quick, objective, and highly replicable [36].

Fish data for San Andrés were obtained during the same sampling period as the
Serranilla surveys (September 2017). Data were collected from transects at three sites on the
west side (Luna Verde, Wild Life and Bajo Bonito) and one on the east side (Bahía Honda)
of the island. Fish species, abundance, and estimated fish size in San Andrés were recorded
following the same UVC described above for Serranilla. To compare parrotfish, we selected
12 transects for each location (Serranilla and San Andrés), all placed parallel to the coast,
with comparable values of RI (0.19–0.49).

2.3. Analysis

We used two approaches to analyze the reef fish assemblages at Serranilla and San
Andrés. The first approach aimed to characterize the relationship of fish assemblages to
habitat structure. The second focused on the parrotfish assemblage, evaluating differences
between Serranilla and San Andrés.

2.3.1. Relationship of Reef Fish Assemblages to Habitat Structure

For each transect, we estimated diversity, abundance, and biomass. Biomass (g m−2)
was calculated using the allometric weight equation:

W = a Lb (1)

where L is the weighted mean of the estimated length for each species per transect, and a
and b are the constants of length–weight obtained from FishBase [38].

We evaluated diversity using Hill’s effective number of species of order 0, 1, and 2 [41],
where 0D is species richness, 1D considers all species and their abundance, 2D reflects the
most abundant species, and 2/1D reflects their evenness. To explore the relationships of reef
fish assemblages to habitat, we performed multiple linear regressions of fish assemblage
measures against the main explanatory variables that define habitat structure (benthic cover
and rugosity). The preferred models were selected based on the lowest values of Akaike’s
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Information Criterion (AICc). The models’ variables included the average parameters
of the models with <2 ∆AICc [42]. The p-value and adjusted R2 of the model with all
the explanatory variables and the selected variables were reported. For each model, the
validity of the linear models was examined with the normality of the residuals [43].

2.3.2. Differences in Parrotfish Assemblages between Islands (Serranilla and San Andrés)

We evaluated variation in the metrics (0D, biomass, and abundance) and composition
(abundance and biomass) of the Scaridae species present between the two islands, Serranilla
and San Andrés. We also examined the mean sizes observed for each species at Serranilla
and contrasted these with the available information about common and maximum size
obtained from FishBase [38].

Two ANOVAs based on permutations (10,000) were performed to test the differences
in biomass and abundance using Euclidean matrices from fourth-root transformed data.
We used a model with one factor:

Yij = µ + Islandi + eij (2)

where µ is the general mean; Islandi is the factor with two levels (Serranilla and San Andrés)
and 12 replicates per site, and eij is the associated error.

Two permutational multivariate analyses of variance (PERMANOVA) were performed
to assess parrotfish assemblage composition differences in biomass and abundance. We
used the previous ANOVA model and verified the homogeneity of dispersion with the
PERMDISP test and non-metric multidimensional scaling (NMDS) [44]. Similarity percent-
age analysis (SIMPER) were used to detect the parrotfish responsible for the dissimilarities
between the islands. We plotted in the NMDS the small and large parrotfish abundance and
biomass to visualize the differences in composition. For PERMANOVA, PERMDISP, SIM-
PER, and NMDS, we used a Bray–Curtis similarity matrix with a fourth root transformed
data. Statistical analyses were performed in R and Primer v6.1 PERMANOVA+ [45,46],
and plots for SIMPER results generated in SigmaPlot v11 software.

3. Results

A total of 8137 individual fish belonging to 68 species and 22 families were recorded
across the sites on Serranilla. The families represented by the most species were: Scaridae
(12 spp), Pomacentridae (9 spp), and Labridae (7 spp). Three wrasses (Labridae) were the
most abundant species, representing 50% of the total fish abundance: Halichoeres bivittatus,
H. garnoti, and Thalassoma bifasciatum. However, because of the larger sizes of individuals,
the highest mean biomasses were represented by Haemulon album, Melichthys niger, and
Mulloidichthys martinicus, which together contributed >30% of the total biomass (Table S2).

3.1. Relationship of Reef Fish Assemblages to Habitat Structure

The results of the multiple linear regressions supported the interpretation that at
Serranilla overall fish abundance, biomass, and diversity were related to habitat structure
(Table 1). Up to 66% of the variation in measures of reef fish assemblage structure was
significantly explained, except for variation in biomass and evenness. Among all the
measured explanatory variables, rugosity, and coral cover of branching and brain corals
were most often significant. Of the diversity indices, species richness (0D) was the measure
with the greatest percentage of variation described (59%), in that case by only one variable
(rugosity). In contrast, 66% of variation in the abundance of small parrotfish species was
explained by the combination of all six measures of habitat structure (Table 1).
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Table 1. Habitat structure drivers of reef fish diversity and abundance at Serranilla; regressions of fish assemblage measures

against reef habitat measures. The results shown within each pair of lines are for (upper line) linear models using all

potential explanatory variables and (lower line) for the best fit model selected using AICc criteria. p-values are shown for

the adjusted R2 estimates as well as for the entire model.

Indices
Num. of
Variables

p-Values of Variables in the Model Total Model

Rugo Bran Sphe Brain Subm Algae R2
adj p-Value

Biomass
All 0.46 0.81 0.87 0.41 0.71 0.16 0.364 0.066
5 0.54 0.34 0.37 0.87 0.22 0.378 0.427

Abundance
All 0.001 0.94 0.49 0.59 0.09 0.51 0.558 0.01
3 0.14 0.56 0.41 0.385 0.016

0D
All 0.03 0.9 0.81 0.7 0.94 0.71 0.463 0.028
1 <0.001 0.592 <0.001

1D
All 0.3 0.83 0.71 0.98 0.52 0.14 0.389 0.034
3 0.23 0.39 0.06 0.502 0.003

2D
All 0.36 0.56 0.54 0.92 0.51 0.07 0.357 0.07
3 0.02 0.73 0.01 0.459 0.006

2/1D
All 0.22 0.23 0.24 0.49 0.64 0.12 0.237 0.156
4 0.16 0.6 0.48 0.26 0.261 0.083

Small parrotfish abundance
All 0.28 <0.01 0.12 <0.01 0.082 0.83 0.661 0.002
4 0.53 <0.01 <0.01 0.49 0.408 0.006

Large parrotfish abundance
All 0.02 0.15 0.11 0.77 0.23 0.61 0.376 0.06
2 <0.01 0.22 0.408 0.006

Abbreviations. Rugo: rugosity; Bran: branching coral; Subm: submassive coral; Sphe: spherical coral; Brain: brain coral.

3.2. Parrotfish Differences between Islands (Serranilla and San Andrés)

We recorded 11 parrotfish species present within one or both of the two islands, 11 on
Serranilla and six on San Andrés (Scarus coelestinus, S. coeruleus, S. guacamaia, S. iseri, S.
taeniopterus, S. vetula, Sparisoma atomarium, S. aurofrenatum, S. chrysopterum, S. rubripinne, S.
viride). S. viride was the species with both the highest abundance and biomass on Serranilla,
and on San Andrés, S. taeniopterus and S. aurofrenatum had the highest abundance and
biomass, respectively (Table S3). Comparison of metrics between Serranilla and San Andrés
showed that there was no statistical difference in overall abundance (Pseudo-F = 2.137,
p = 0.146) or species richness per transect (0D; Pseudo-F = 2.057, p = 0.105) between the two
island areas, but there was a statistically significant difference in parrotfish biomass per
transect (Pseudo-F = 4.637; p = 0.040).

Nevertheless, parrotfish assemblage composition did appear significantly different
between the two islands when examined both in terms of abundance (Pseudo-F = 16.031,
p < 0.001) and in terms of biomass (Pseudo-F = 12.170, p < 0.001) with NMDS plots; these
showed, in relation to both measures, a strong spatial segregation between sites on the two
islands and a notably higher dispersion among the Serranilla sites (Figure 2a,b). As shown
by the sizes of the bubbles, at Serranilla, most of the parrotfish contributing to abundance
and biomass were larger species, whereas at San Andrés these were mainly small-size
parrotfish (Figure 2c–f).

The SIMPER analysis showed that just three species were responsible for >50% of
island dissimilarity, two of which had higher abundance and biomass in San Andrés
(S. taeniopterus and S. aurofrenatum), and a third which had a considerably higher abundance
in Serranilla (S. viride) (Figure 3; Table S4). Overall, the mean parrotfish size of each species
was considerably smaller than the common and maximum lengths reported in FishBase
(Figure S2).
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Figure 2. Non-metric multidimensional scaling (NMDS) plots of parrotfish abundance and biomass

at sites at Serranilla and at San Andrés. Plots of abundance are shown for (a) all parrotfish, (c) small-

size parrotfish (<50 cm), and (e) large-size parrotfish (>50.1 cm). Corresponding plots of biomass

are shown for (b) all parrotfish, (d) small-size parrotfish, and (f) large-size parrotfish. Bubble sizes

indicate the abundance or biomass values for each site.
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Figure 3. Comparison of mean (a) abundance, (b) biomass, and (c) size at Serranilla and at San Andrés

of the three Scaridae species that together contribute at least 50% to the accumulated dissimilarity

between these two study areas, as estimated by the SIMPER analysis. The contributions of the

individual species are shown adjacent to the bars in (b). The error bars are ±SE. The red lines

and written values in the lower part indicate the common size of each species, as reported from

FishBase [38].

4. Discussion

Our study demonstrates that variation in reef fish diversity, biomass, and abundance
in Serranilla can be partly explained by two benthic components, coral cover and rugosity,
that contribute to habitat complexity in coral reefs [18,19]. Nevertheless, the mean values
of parrotfish biomass and length at Serranilla were low, which could reflect the effect of
anthropogenic pressure in the area, mainly through illegal fishing [30–32].

Structural complexity in coral reefs has been evaluated for its ecological relevance,
enhancing abundance, biomass, and biodiversity [47,48]. Multiple studies have found
that the complexity of healthy coral reefs favors coastal protection, reducing the effects
of wave action and other environmental phenomena and maintaining shoreline equilib-
rium [9,49,50]. A relationship of fish assemblage with the structural complexity, such as we
observed at Serranilla in the Seaflower BR, has also been observed at other locations in the
Atlantic [51,52] and in other regions of the world [53,54].

Reef habitat structures provide microhabitats and refuge areas that benefit multiple
organisms, including reef fish [55,56], with different rugosity levels favoring multiple fish
groups [52]. Loss of habitat complexity can negatively affect multiple species [47,57], in-
cluding reef fish [58], leading to species losses [11] and localized extinctions [59], including
species of commercial interest such as parrotfish. Rogers et al. [52] predicted that a loss of
complexity could cause a more than three-fold reduction in fishery productivity. Therefore,
preserving complexity in coral reefs is crucial, particularly since structural complexity
is currently in rapid decline in the Caribbean [17], with one of the largest protected ar-
eas in the Caribbean, the Seaflower BR, remaining highly vulnerable to anthropogenic
pressure [33].
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Coral reef degradation may also result from the loss of critical groups, such as the
parrotfish. Their loss, through increased in macroalgae, decreased coral cover, and sub-
sequently a diminished habitat complexity, may lead to a decline in associated organ-
isms [22,60]. At Serranilla it was found that transects closer to Beacon Cay showed lower
rugosity and diversity of reef fish. Although greater habitat complexity may have helped
maintain higher abundance and biomass on Serranilla’s reefs compared with those on San
Andrés, direct anthropogenic pressure may still limit any positive effect, and lead to a
lower abundance and diversity of reef fish, including parrotfish [22,46,47,52].

Anthropogenic pressure is among the most recurrent threats to coastal ecosystems,
since human populations reside nearby and depend on coastal areas for commerce and
survival [61,62]. Studies have found a relationship between reef fish assemblages and
the distance from dense human populations [63], and found that sites closer to human
populations tend to have lower abundance, biomass, and richness of reef fish than areas
that are more remote, with an exponential increase in reef fish biomass as the distance from
the significant human population increases [64,65].

Considering that Serranilla is far from any significant human population, we expected
to find higher biomasses of reef fish, particularly of key coral reef groups such as the
parrotfish. Beacon Cay, Serranilla, has only around 12 permanent inhabitants (equivalent
to 9.2 inhabitants per 0.1 km2), while San Andrés has more than 65,000 (equivalent to
241 inhabitants per 0.1 km2 [33]. Additionally, more than 730,000 tourists visit San Andrés
each year [65]. However, our data showed that despite the high reef rugosity, most
parrotfish at Serranilla had low biomass and abundance values, similar to those found at
San Andrés.

Differences in the size and abundance of some parrotfish species between Serranilla
and San Andrés seem likely due to a lower fishing pressure at Serranilla. Nevertheless, fish-
ing pressure may have modified the parrotfish assemblages at Serranilla. On San Andrés,
fishing is one of the most important commercial activities, and includes spearfishing tar-
geting multiple parrotfish species, such as S. coeruleus, S. coelestinus, and S. guacamaia [66],
that were rarely observed during this study. While permitted fishing activity is mainly
artisanal, illegal vessels have been reported carrying tons of illegally caught parrotfish [67].
In addition, Bruckner [34] reported illegal fishing boats at Serranilla island during the
“Global Reef Expedition” in 2011, and such boats were also observed during the present
“Seaflower Research Expedition” in 2017. Fishers have in recent years expressed concern
over the absence of large parrotfish in the lagoon as a result of overfishing [68].

Herbivorous fish biomass has been used as one of the indicators for evaluating reef
health. In the report on Mesoamerican reefs by the Healthy Reefs Initiative, they recorded
270 kg ha−1 of herbivorous fish on the healthier reefs compared with 83 kg ha−1 on reefs
in critical conditions [69]. In particular, a relationship has been reported between fishing
pressure and parrotfish biomass and size, making parrotfish abundance a useful biological
indicator of fishing pressure [63]. On a small island in the Caribbean, exploited reefs,
with areas open to artisanal fisheries, were found to have a parrotfish biomass of around
320 kg ha−1, with smaller parrotfish contributing most of this biomass (~200 kg ha−1).

We found that Serranilla BR had larger parrotfish than San Andrés, though the biomass
in Serranilla BR was nevertheless lower (143 kg·ha−1) than those values reported from
other Caribbean MPAs with adequate protection and low local human populations, in
which parrotfish biomass values can exceed 500 kg·ha−1 [70]. In contrast, in areas with
high local human population densities and inadequate protection, parrotfish biomass can
be rapidly reduced to 50 kg·ha−1 or less [22,29]. However, other factors may also influence
herbivorous fish abundance; for example, on the Alacranes reef, an MPA in the southern
part of the Gulf of Mexico, where human activities are restricted, and fishing pressure is
low, the values of parrotfish biomass were nevertheless relatively low (~58–128 kg h−1),
although the parrotfish present had larger sizes than those observed on Caribbean reefs [71].

As with many other species, small individuals have become a target of fisheries
due to the loss of larger individuals and the decline of other commercial fish species
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more generally, leading to decreased sizes [67]. Parrotfish size is likely related to reef
resilience [23,57], since larger individuals can remove more algae from the reef and have
more effect on benthic communities than smaller ones [24,29]. In the present study, we
found that 90% of the parrotfish species at Serranilla had smaller mean sizes than the
typical size reported in FishBase [38]. Notably, the observed mean size of S. viride and S.
chrysopterum were both below the size at first maturity (L50), as recorded in the Colombian
Caribbean [72], suggesting a higher fishing pressure at Serranilla than expected.

5. Conclusions

This study on Serranilla island, which is part of the Seaflower BR, has demonstrated
that the overall reef fish assemblage is spatially variable with habitat structure explaining
up to 66% of this variation [53,57]. In addition, focusing on the parrotfish and their sizes
has allowed us to compare sizes and biomasses of fish on Serranilla with those on San
Andrés. In combination, the results presented here, together with the intense illegal fishing
activities observed in the reserve and other drivers not considered in this study, highlight
the need to evaluate other factors that may influence reef fish biodiversity beyond structural
complexity [26,73]. Meanwhile biological and ecological information about the current
status of most of the key groups in the Seaflower BR remains scarce [67]. Maintaining
healthy reef ecosystems is becoming critical, especially in areas where human well-being
depends on coral reef ecosystem services, such as food production [73], so that the need for
effective management and active surveillance at the Serranilla MPA is urgent.
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