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Abstract: While benthic characteristics of coral reef habitats are a major driver of the structure of
coral reef fish assemblages, non-reef habitats adjacent to coral reefs (e.g., mangroves, seagrass beds,
and macroalgal beds) can affect reef fish assemblages. Here, we investigate how reef fish assemblages
respond to local-scale benthic habitats within a coral reef and larger-scale adjacent seascape features
(habitats within 500 m of coral reefs) on Siquijor Island in the Philippines. We examined an abundance
of species for the entire reef fish assemblage and within the assemblages of parrotfishes (subfamily
Scarinae) and wrasses (family Labridae). Five distinct habitat types were identified in a cluster
analysis, which incorporated benthic characteristics within coral reefs and habitats adjacent to coral
reefs. We found that the diversity and structure of coral reef fish assemblages were affected by benthic
characteristics within coral reefs and also by benthic habitat types adjacent to coral reefs. Individual
species responses and juveniles of certain species demonstrated uniquely high abundances in habitat
clusters characterized by the non-reef habitats surrounding coral reefs. Considering coral reef habitats
and adjacent non-reef habitats as a holistic, interconnected seascape will provide better estimations
of the drivers of the structures of coral reef fish assemblages.

Keywords: adjacent habitats; seascape configuration; macroalgae; seagrass; mangrove; parrotfish; wrasse

Key Contribution: Coral reef fish assemblage structure and diversity are influenced by both the
characteristics within the reef itself and the types of habitats present at 500 m (e.g., mangroves,
seagrass beds, and macroalgae beds).

1. Introduction

Understanding the spatial scale at which organisms use habitats has been a funda-
mental component of ecology [1–3]. The spatial scale at which species use habitat affects
population dynamics, species distribution, and community structure [4,5]. In demersal
marine fishes, the importance of different habitats available at different spatial scales has
long been recognized for many species [6–9]. Recently, this topic has gained renewed
interest from marine ecologists, stimulated by improved methods of habitat mapping
such as remote sensing and spatial analysis techniques [10,11]. Stemming from landscape
ecology, seascape ecology takes an organism-based perspective to explore how the spatial
distribution of habitats affects species patterns and processes [12,13]. A specific focus is
understanding the extent to which density, biomass, diversity, and assemblage structure
of coral reef fishes are influenced by within-coral reef habitats and the availability and
spatial configuration of other benthic habitats adjacent to coral reefs [14–18]. While the
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characteristics of coral reef benthos are known to influence populations and assemblages of
coral reef fish [19–21], the effect of other benthic habitats adjacent to coral reefs remains
equivocal and highly variable, both among species and seascapes [22,23].

For benthic habitats across a seascape to impact coral reef fishes, the assumption
is that individuals can travel large distances (hundreds to thousands of meters), move
across habitat boundaries, and use a range of habitats for things such as food and shelter.
Therefore, the proximity and total area of different habitats adjacent to coral reefs are
spatial metrics that are expected to have the greatest influence on reef fish populations
and assemblages of reef fishes [24]. However, the spatial scale at which species of reef fish
respond to the seascape is still relatively unknown [25,26]. This scale may vary for different
species [27,28], and it can be location- or region-specific [22]. Many reef fishes exhibit
regular migrations between habitats, such as emperors (family Lethrinidae) and grunts
(family Haemulidae), which travel diurnally from coral reef habitats to seagrass beds to
feed [6,29,30]. Perhaps the best-documented link between habitats in a tropical seascape is
ontogenetic migrations, where reef fishes use non-reef habitats as juveniles before migrating
to coral reefs as adults [9,31–34]. The movement of reef fishes among benthic habitats is a
major mechanism for connectivity that contributes to ecosystem processes such as nutrient
transport [35], trophic transfers [36], and population replenishment [37].

In shallow tropical seascapes, the most conspicuous non-reef habitats available to
fish are mangroves, seagrass beds, and macroalgal beds. Mangroves are well known to
harbor high densities of juvenile reef fish and can contribute to an increased biomass of
certain species of fishes on coral reefs [8,38–40]. The importance of mangroves as habitats
for reef fish is most pronounced in regions like the Caribbean, where mangroves do not
experience large tidal ranges, compared to the Indo-Pacific, where mangroves are often
exposed at low tide [22,41], thus limiting the time that individuals can use this habitat. The
connectivity of seagrass beds and coral reefs is well documented, affecting the presence,
density, and diversity of fish species on coral reefs [42–44] and altering the feeding patterns
of some coral reef fish [45,46]. Macroalgal beds have recently been highlighted as an
important habitat for reef fish [47–50], and there is increasing evidence supporting the role
of macroalgal beds as a reef fish nursery [51]. Many tropical seascape studies focus on
coral reefs and one other non-reef benthic habitat. Some studies evaluate the ecological
connections of both mangroves and seagrasses to coral reefs. But very few evaluate the
combined effects of mangroves, seagrass beds, and macroalgal beds on coral reef fish
assemblages [52]. Incorporating spatial characteristics of multiple benthic habitats can
improve our understanding of the effects of marine reserves [53–55], ecological processes
like herbivory [15,56–58], and patterns in fish assemblage structure [16,59].

This study investigated how different benthic habitats at multiple spatial scales affect
the assemblage structure of coral reef fishes on an island in the Philippines. Spatial measures
of different coral reef and non-reef habitats (mangroves, seagrass beds, macroalgal beds,
coral reef, reef flat, and sand) combined with percent cover benthos within coral reefs
(hard coral, soft coral, rubble, EAM (epilithic algal matrix), structural complexity, and
depth) were incorporated into a multi-scale approach to explore the combined effects
of within-coral reef metrics and adjacent habitat metrics at the seascape scale. We first
investigated such effects on the entire assemblage of non-cryptic diurnally active coral reef
fish, and then on the parrotfishes (family Labridae, subfamily Scarinae) and wrasses (family
Labridae). Parrotfishes are well documented to use multiple benthic habitats and are
present in tropical non-reef habitats as juveniles [43,49,60]. Wrasses have also demonstrated
significant responses to the spatial arrangement of multiple habitats in tropical seascapes,
such as altered assemblage structure [61,62], increased densities when non-reef habitats
are near coral reefs [50], and utilization of non-reef habitats as juveniles [63]. Specifically,
we aimed to achieve the following: 1. Understand how coral reef habitats and multiple
adjacent benthic habitats affect coral reef fish assemblages; 2. identify which species are
most strongly affected by the adjacent benthic habitats; and 3. explore whether fish diversity
on coral reefs is influenced by adjacent benthic habitats.
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2. Materials and Methods
2.1. Study Area and Coral Reef Surveys

Siquijor Island is a relatively small island in the Central Visayas region of the Philip-
pines and is characterized by a range of submerged benthic marine habitats that vary
in occurrence and total area (Figure 1). Some areas have expansive areas of seagrass,
macroalgal beds, lagoons, and reef flats (e.g., the western corner of the island), whereas
other areas around the island (e.g., the southeast portion of the island) have much more
narrow strips of shallow non-reef habitats. Siquijor has a relatively low tidal range of 2.2 m
(ArcGIS Global Tidal Range), where small areas of shallow seagrass and macroalgae areas
are exposed at low tide, with limited submerged channels present during low tides. Here,
a coral reef habitat is defined as coral reef crest (5–8 m) and coral reef slope (10–15) areas,
which are dominated by hard coral cover. Non-reef habitats are defined as those that are
not dominated by hard coral cover, and they include mangrove stands, lagoons, seagrass
beds, macroalgae beds, reef flats, and sand areas.
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Figure 1. Map of Siquijor Island with classified submerged habitats. Black dots indicate the locations
of fish and benthic habitat surveys conducted on coral reefs. For each location, a fished and no take
marine reserve (NTMR) site was surveyed. Numbers represent habitat cluster identification based
on k-means clustering analysis. Cluster describes the habitats within 500 m of survey sites, which
characterizes the area identified by hierarchical cluster analysis.
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2.2. Coral Reef Surveys

Surveys of coral reef fishes and benthic habitat on coral reefs were conducted in
April–July 2016. Locations for coral reef survey sites were selected with a diversity of
non-reef habitats surrounding coral reefs. Each location had an established No-Take
Marine Reserve (NTMR) and a fished control site with similar adjacent habitats to the
NTMR. This allowed us to evaluate any potential fish assemblage differences driven by
NTMR effects. At each of the eight locations, a fished and NTMR site were selected,
resulting in a total of 16 survey sites on Siquijor Island (Figure 1). NTMR and fished
sites within the eight pairs of locations were no more than 500 m from one another, and
the benthic habitats between NTMR and fished sites were matched as closely as possible,
resulting in relatively similar benthic cover composition between adjacent NTMR and
fished sites (Supplementary Materials Table S1) [64]. Surveys of fish and benthic habitats
were conducted only on coral reef habitats. At each site, three to four transects were laid
following the in of the reef by an observer simultaneously surveying fish, first on the coral
reef slope (10–15 m depth), then the coral reef crest (5–8 m depth), resulting in 6–8 transects
per site. The number of transects was dictated by the size of the NTMR, as most NTMRs
on Siquijor Island are small (less than 250 m wide). In total, there were 108 transects.
Fish surveys were conducted during daytime hours between 9 a.m. and 3 p.m., where
large mobile reef fishes were identified and counted on a 50-meter-long and 5-meter-wide
transect. On the return swim, smaller reef fish (<10 cm TL) were identified and counted
on a 2-meter-wide belt. When present, juveniles were recorded and identified by genus
due to difficulties in identifying some juvenile fishes to the species level in situ (e.g.,
parrotfishes). To estimate the percent cover of the benthos, substrates were identified every
50 cm along the 50 m transect and classified based on benthic categories of rubble, crustose
coralline algae, epilithic algal matrix (EAM), macroalgae, soft coral, hard coral, and others.
Macroalgae and soft coral were identified by the genus when possible. Hard coral was
identified by the genus and classified into a growth form (e.g., branching, tabulate, massive,
and encrusting). The ‘other’ category included sponges, tunicates, and gorgonians. Depth
and structural complexity were also measured for the transect, and structural complexity
was estimated on a 0–5 scale, where 0 represented flat (i.e., no vertical relief) and 5 equated
to a highly complex structure [65].

2.3. Seascape-Level Spatial Analysis

The availability of benthic habitats adjacent to coral reefs (total area of the habitat
within 500 m radius of the coral reef) across the Siquijor seascape was calculated using
satellite-derived habitat maps. The methodology of the habitat classification process is
detailed in Sievers et al., 2020b [62]. Briefly, adjacent habitats were classified using the
maximum likelihood classification method in ArcGIS v.10.0, informed by geo-referenced
habitat data points collected in situ. Classified submerged benthic habitats were macroalgal
beds, seagrass beds, mangroves, reef flats, sand, and coral reefs. Lagoons were not included
in this analysis due to lagoon habitats being beyond the 500 m distance from coral reef
survey sites. The total area (km2) of each habitat type was measured within a 500 m radius
of each site for fish and benthic surveys on coral reef (Supplementary Materials Table S2).
The 500 m scale was selected, as it was previously identified as the most relevant distance
for describing fish abundance and biomass patterns in this location [50]. A rectangular
polygon (50 m long × 5 m wide) was drawn around the perimeter of all survey transects
at a coral reef site, and 500 m Euclidian distance buffers from the boundary of each site
polygon were created. Buffer polygons were then clipped by deep water (approximately
20 m depth) and the shoreline to represent the total submerged shallow marine benthic
habitat within a 500 m distance to coral reef sites. The proportional area of each adjacent
habitat type was calculated at the site level as the total area of the habitat divided by the
total area of the clipped 500 m buffer polygon, representing the availability of that habitat
type within the seascape. Global Moran’s I was calculated for habitats within 500 m of each
survey site to evaluate potential spatial autocorrelation among sites and locations.
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2.4. Statistical Analysis

Sites around Siquijor were classified into habitat clusters to estimate how reef fish
assemblages may vary based on the combination of local (within coral reef) and broad-scale
(area of adjacent benthic habitats) seascape characteristics. A hierarchical clustering analysis
using percent cover of benthic variables from coral reef transects and the proportion of
adjacent areas from seascape variables at the location level was generated using the pvclust
package v.2.2.0 [66] to group individual habitat metrics and identify habitat clusters [67].
Rather than group sites by environmental, geographic, or location effects, we sought to
understand how the benthic habitats surrounding a coral reef may influence fish assemblage
structures on that reef, and therefore, we classified each transect replicated by the coral
reef benthic features as well as the adjacent benthic habitat characteristics. Clustering
analysis enables such classification using statistical methods to group similar transects
based on their habitat features. Pvclust uses scaled and centered standardized habitat values,
assesses uncertainty in hierarchical cluster analysis, and allows for bootstrapping and
calculated probability analyses to assign p-values to the clusters. p-values were calculated
using 10,000 multi-scale bootstrapping, and clusters were considered significant when the
approximately unbiased (AU) p-value was greater than 0.95. Each individual transect
was assigned to a cluster irrespective of location by using a k-means partial clustering
process using the k-means function in the cluster package v. 2.1.0 [68] All 108 transects
were assigned to a cluster type to confirm clusters and visualize their relationships with
specific habitat variables, and a correlation-based multivariate redundancy analysis (RDA)
was performed using the vegan package v. 2.5.6 [69] in R. Predictor variables were square-
root transformed if necessary to ensure normality and achieve heterogeneity in the data.
Variables were centered and scaled for the RDA analysis (Figure 2B).

To investigate how fish assemblages differed by habitat cluster, non-metric multidi-
mensional scaling (nMDS) ordination analysis based on Bray–Curtis dissimilarity was
performed to compare reef fish assemblages among clusters. nMDS analyses were run on
fish density (count per 1000 m2) for 1. all fish species; 2. parrotfishes (family Labridae;
subfamily Scarinae); and 3. wrasses (family Labridae). Parrotfishes and wrasses were se-
lected as they demonstrated the strongest population responses to the presence of non-reef
benthic habitats adjacent to coral reefs in our study area [50]. Fish species density (count per
1000 m2) was fourth-root-transformed and standardized using Wisconsin standardization
to reduce the influence of highly abundant species. nMDS was also used to compare fish
assemblages between fished and NTMR sites.

To identify which fish species and habitat variables were significantly driving mul-
tivariate patterns, the envfit function from the vegan package v.2.5.6 was run for scores
of fish species and scores for coral reef benthos and adjacent benthic habitats. Vectors of
scores were plotted to visualize the relationship between fish and habitat variables. Fish
species and habitat variables with significant correlations (p < 0.05) were selected and
plotted using the permutation feature in envfit to calculate a p-value. Differences in fish
assemblages between habitat clusters and between fishing effects (NTMR versus fished
areas) were tested using a one-way PERMANOVA for each fish group (permutations = 999)
using the adonis function in the vegan package v.2.5.6, applied to fourth-root-transformed
and Wisconsin standardized data. To assess significant differences in fish assemblages
between habitat clusters, pairwise comparisons were conducted using the pairwise.adonis
function in pairwiseAdonis v.0.0.1, which uses Bray–Curtis distance measures and Bonferroni
corrections to compare clusters.

A similarity percentage analysis (SIMPER) was used to identify the dissimilarity
among assemblages across habitat clusters. SIMPER was conducted in R with 999 permuta-
tions, which provide p-values to identify species significantly driving differences between
assemblage groups. The permutation results are less influenced by species with a high
variability in density or very high abundances, which might otherwise give them high
contributions, even though they do not differ among groups. Species that were repeatedly
observed at the top of the contribution list and had significant p-values were interpreted
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as fish species significantly driving differences between clusters. For parrotfishes, with
only 19 species, all significant contrasts were considered. For wrasses, with 52 species,
the top 20 from the contribution list were considered. And for the all-species analysis,
with 248 species, the top 50 contributions were considered. We then explored if there were
consistencies in habitat cluster comparisons, where certain fish species were repeatedly
observed as significantly describing the dissimilarities in fish assemblages for each cluster
compared to all other clusters.
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Figure 2. (A) Hierarchical cluster dendrogram of within reef benthic habitats and seascape measures
of multiple habitats. At each branch, the left value (red) is the approximately unbiased (AU) p-
value, and the right value (green) is the bootstrap probability (BP) p-value. The AU value is used to
define habitat clusters, where branches with AU > 95% are significant. The numbers on the habitat
cluster legend are the same as in Figure 1. A.MG = area of mangrove; A.MA = area of macroalgae;
A.SG = area of seagrass; A.CR = area of coral reef; and A.RF = area of reef flat. SC = structural
complexity. Frag C = fragile coral. HC = hard coral. Robust C = robust coral. MA = macroalgae.
(B) Redundancy analysis (RDA) visualizing the variation in habitat variables along two principal
component axes. Dots are individual transects, and vectors are plotted variables. (C) RDA grouped
by habitat cluster identified in the hierarchical cluster analysis. Points are individual transects.
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Finally, to understand any effect of habitat clusters on the diversity of reef fishes,
we calculated a Shannon–Wiener diversity index for each fish species group (all species,
parrotfishes, and wrasses). We then explored the effect of habitat clusters on fish diversity
using generalized linear models with glm in the MASS package v. 7.3.51.5 (Venables and
Ripley 2002), using the habitat clusters as the predictors and the Shannon–Wiener index
values as the response variables. Post hoc multiple comparison Tukey tests were used to
identify the differences in fish species diversity between habitat clusters.

3. Results

A total of 5297 individual fish from 248 species were recorded in the coral reef habitat,
with 52 wrasse species and 19 parrotfish species observed (Supplementary Materials Table S3).
Hierarchical clustering identified five significant habitat clusters (Figure 2A). For some
clusters, the classifications of the clusters were based solely on coral reef benthos variables
or solely on benthic habitats adjacent to coral reefs. However, in two of the five cases, the
classifications comprised a combination of both types of habitat data (Table 1, Figure 2).

Table 1. Classification of habitat clusters from k-means clustering analysis results. Columns identify
which coral reef habitat variables and which seascape variables are associated to each cluster, as well
as the number of transects allocated to each cluster.

Cluster Name Coral Reef Level
Habitat Variables

Seascape-Level
Habitat Variables

Location
(see Figure 1) Number of Transects

A.SG/Soft coral Soft coral cover Area of seagrass 1 28

A.MG/A.Sand None Area of mangrove; area
of sand 2 23

Coral/A.MA Hard coral cover Area of macroalgae 3 32

A.CR/A.RF None Area of coral reef; area
of reef flat 4 12

Rubble/EAM Rubble cover, EAM
cover None 5 13

The first habitat cluster, “Area Seagrass/Soft Coral”, was characterized by a dominance
of seagrass habitat within 500 m of transects as well as a high percent cover of soft coral on
transects. The second cluster, “Area Mangrove/Area Sand”, was uniquely classified by a
greater area of sand and mangroves within 500 m of coral reef survey transects compared to
other clusters. Additionally, this cluster had a relatively high percent cover of rubble, EAM,
and sand on coral reef transects (Figure 3). The third cluster, “Coral/Area Macroalgae”,
was characterized by a higher percent live hard coral cover on transects, greater structural
complexity, and the largest area of macroalgae adjacent to the coral reef than any other
cluster. The fourth cluster, “Area Coral Reef/Area Reef Flat”, was represented as having
large areas of coral reef surrounding coral reef transects as well as large areas of reef flat
within 500 m of sites, representing areas with consolidated reef substratum. Although this
final cluster also has large areas of seagrass (Figure 3), it was classified by its unique habitat
cluster, which represents a greater area of coral reef and reef flat habitats compared to other
clusters. It is also defined by its relatively even distribution of benthic habitat types on
coral reefs, where no single benthic type dominates with more than 40% cover (Figure 3).
The final cluster, “Rubble/EAM”, was characterized by a high percent cover of rubble
and epilithic algal matrix (EAM) and a lack of hard coral on benthic transects from coral
reef surveys (Figures 2 and 3). Statistical analysis identified these clusters as unique, and
we acknowledge that all habitat types are present within each cluster. As expected, these
clusters are predominately grouped by location (Figure 1), indicating that the clustering
analysis does have some location effect in addition to the influence of benthic and seascape
habitat variation. However, spatial data were not significantly spatially autocorrelated
(Moran’s I = 0.370, p = 0.24).
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Figure 3. Average (mean) and variation (standard deviation) of percent cover or area of seascape
variables (km2) within each habitat cluster. The left column (blue) is the mean percent cover of benthic
coral reef habitat variables observed on coral reef transects. The right column (green) is the mean
total area of habitat types within 500 m of fish and benthic survey locations. Colored bars above each
pair of graphs is to easily reference the habitat clusters when comparing with other figures.
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When evaluating the potential effects of fishing, nMDS and SIMPER results indicated
weakly significant differences in the assemblage structure of reef fish between fished and
NTMR locations, explaining only 3–4% of the total variation. Furthermore, no effect of
protection status (fished vs. NTMRs) was observed on fish diversity.

The primary factors separating habitat clusters and consequently assemblages of fishes
seemed to be benthic cover characteristics such as live hard coral cover or lack thereof,
resulting in higher cover of EAM and rubble (Figure 4, column C). The secondary drivers
were the adjacent habitat types within 500 m of coral reef surveys.

Fishes 2024, 9, x FOR PEER REVIEW 10 of 22 
 

 

NTMR locations, explaining only 3–4% of the total variation. Furthermore, no effect of 
protection status (fished vs. NTMRs) was observed on fish diversity.  

The primary factors separating habitat clusters and consequently assemblages of 
fishes seemed to be benthic cover characteristics such as live hard coral cover or lack 
thereof, resulting in higher cover of EAM and rubble (Figure 4, column C). The secondary 
drivers were the adjacent habitat types within 500 m of coral reef surveys.  

For all fish species observed (n = 248 species), there was clear separation in 
assemblage structure between most habitat cluster groups, with the only significant 
overlap between the “Rubble/EAM” and “Area Seagrass/Soft Coral” clusters (Figure 
4(1A)). To further refine the species list, the species presented from the envfit analysis were 
those with a significance of p < 0.001 (Figure 4(1B)). When examined in conjunction with 
the habitat vectors (Figure 4(1C)), there was a clear separation of habitat vectors, which 
aligned with fish species.  

 
Figure 4. Fish assemblage results for all species observed (row 1), parrotfish (row 2), and wrasses 
(row 3). Column (A) displays the nonmetric multidimensional scaling (nMDS) analysis depicting 
similarities in fish assemblage structure among habitat clusters. Colored polygons are the different 
habitat clusters. MA = macroalgae; MG = mangrove; SG = seagrass; CR = coral reef; RF = reef flat. 
EAM = epilithic algal matrix. Column (B) displays the vectors of individual fish species with 
significant (p < 0.05) correlations resulting from the envfit analysis. Column (C) displays habitat 
variables significantly (p < 0.05) correlated to fish assemblage structure. Blue vectors and variables 
are within-habitat benthic variables describing coral reef habitat, and the green vectors are seascape-

Figure 4. Fish assemblage results for all species observed (row 1), parrotfish (row 2), and wrasses
(row 3). Column (A) displays the nonmetric multidimensional scaling (nMDS) analysis depicting
similarities in fish assemblage structure among habitat clusters. Colored polygons are the different
habitat clusters. MA = macroalgae; MG = mangrove; SG = seagrass; CR = coral reef; RF = reef
flat. EAM = epilithic algal matrix. Column (B) displays the vectors of individual fish species with
significant (p < 0.05) correlations resulting from the envfit analysis. Column (C) displays habitat
variables significantly (p < 0.05) correlated to fish assemblage structure. Blue vectors and variables are
within-habitat benthic variables describing coral reef habitat, and the green vectors are seascape-level
variables describing the area of different habitat types. Fragile C = fragile coral; robust C = robust
coral. HC = hard coral; SC = structural complexity.



Fishes 2024, 9, 137 10 of 20

For all fish species observed (n = 248 species), there was clear separation in assemblage
structure between most habitat cluster groups, with the only significant overlap between
the “Rubble/EAM” and “Area Seagrass/Soft Coral” clusters (Figure 4(1A)). To further
refine the species list, the species presented from the envfit analysis were those with a
significance of p < 0.001 (Figure 4(1B)). When examined in conjunction with the habitat
vectors (Figure 4(1C)), there was a clear separation of habitat vectors, which aligned with
fish species.

The pairwise PERMANOVA comparisons also indicated that reef fish assemblages
were significantly different among all five habitat clusters (Supplementary Materials Table S4).
SIMPER analysis indicated that particular species were consistently driving significant
differences between habitat cluster comparisons (Table 2, Supplementary Materials Table
S5). “Area Seagrass/Soft Coral” had a few unique species characterizing that cluster.
For the habitat cluster “Area Mangrove/Area Sand”, the species that were significantly
driving the dissimilarity of this cluster were Ctenochaetus striatus, Acanthurus nigrofuscus,
and adult and juvenile Plectorhinchus spp. Fish species that differentiated the habitat cluster
“Coral/Area Macroalgae” were Naso lituratus, Zebrasoma scopas, and Naso unicornis. For
the “Area Coral Reef/Area Reef Flat” cluster, the species driving the unique assemblage
structure were Pterocaesio tile, Caesio caerulaurea, Caesio teres, and Naso vlamingii. The species
described in the “Rubble/EAM” cluster were Ctenochaetus binotatus and Naso minor.

Table 2. Fish species results from the percentage similarity analysis (SIMPER) identify species
uniquely attributed to each habitat cluster. Species are selected from the entire SIMPER output,
and the species listed here are only species that were significant in the SIMPER output and were
repeatedly selected as describing that habitat cluster across all cluster comparisons. Full SIMPER
comparisons are listed in Supplementary Materials Table S5.

Habitat Cluster All Species Parrotfish Wrasse

Area Seagrass Chaetodon baronessa Scarus tricolor Choerodon spp.
Soft Coral Scarus ghobban Cheilio inermis

Scarus rivulatus Epibulus brevis
Cheilinus trilobatus

Area Mangrove Ctenochaetus striatus Chlorurus spp. Anampses sp.
Area Sand Acanthurus nigrofuscus Scarus chameleon Anampses meleagrides

Plectorhinchus sp. Scarus hypselopterus Cheilinus chlorurous

Coral Cover Naso lituratus Scarus spp. Bodianus mesothorax,
Area Macroalgae Zebrasoma scopas Scarus dimidiatus Labrichthys unilineatus

Naso unicornis Scarus niger Cheilinus oxychephalus
Chlorurus bleekeri

Area Coral Reef Pterocaesio tile Chlorurus microrhinos Bodianus dictynna
Area Reef Flat Caesio caerulaurea Scarus psittacus Coris gaimard

Caesio teres Gomphosus varius
Naso vlamingii

Rubble Ctenochaetus binotatus Chlorurus bowersi Coris batuensis
EAM Naso minor Chlorurus bleekeri Hemigymnus melapterus

Novaculichthys taeniourus
Oxycheilinus celebicus
Cheilinus fasciatus

For parrotfishes (subfamily Scarinae), the clusters had a very different structure in
nMDS space compared to the analysis that considered all species (Figure 4). Most clusters
were noticeably more constrained in nMDS space and had greater overlap compared to the
all-species analysis. However, the cluster “Area Mangrove/Area Sand” was spread over a
large area of the MDS space, encapsulating all other habitat clusters. These results were
further confirmed by the pairwise PERMANOVA results, which revealed that four of the
ten cluster comparisons were not statistically different from one another (Supplementary
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Materials Table S4). The clusters “Area Coral Reef/Area Reef Flat”, “Area Seagrass/Soft
Coral”, and “Rubble/EAM” had fish assemblages that were not statistically different from
one another.

When evaluating the wrasse assemblages, the clusters had greater separation across
nMDS space compared to parrotfish (Figure 4(3A)). The PERMANOVA pairwise compar-
isons identified that the fish assemblage from the “Rubble/EAM” cluster was similar to
most other fish assemblage clusters, sitting in the middle of MDS space (Figure 4(3A)).
However, fish assemblages from “Rubble/EAM” and “Coral/Area Macroalgae” were
significantly different from one another. There was a strong separation in the nMDS space
between significant habitat variables (Figure 4(3C)). One habitat grouping was for live
hard coral cover, structural complexity, area of macroalgae, and area of reef flat, whereas
in the opposite direction, it was rubble, EAM, sand, and area of mangrove habitat. The
SIMPER analysis again revealed distinct species driving assemblage differences among
habitat clusters (Table 2).

The Shannon–Weiner diversity of reef fishes differed significantly between habitat
clusters for all three species groups analyzed (Figure 5). When evaluating the entire fish
assemblage, the “Rubble/EAM” cluster and the “Area Mangrove/Area Sand” cluster
had significantly lower fish species diversity compared to the other three clusters. For
parrotfish, there were more nuanced diversity results, but the highest diversity was ob-
served on the sites characterized by “Rubble/EAM”, with the lowest on sites from the
“Area Mangrove/Area Sand” cluster. Wrasses, interestingly, showed an opposite diversity
response to parrotfishes, with the highest wrasse density in sites from the habitat cluster
“Area Mangrove/Area Sand” and “Coral/Area Macroalgae”, with the lowest diversity for
“Area Coral Reef/Area Reef Flat”.
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4. Discussion

This study investigates the combined effect of coral reef benthos and the area of
different habitats adjacent to the coral reefs on assemblages of coral reef fish. It differs
from most previous studies that focused on the effect on reef fish assemblages of only one
non-reef habitat adjacent to coral reefs [69,70]. While it is well known that within-coral reef
benthic habitats drive species patterns and assemblages [19–21,71], the effects of multiple
adjacent habitats at a seascape scale and the combined effects of benthic habitat across
spatial scales (within reefs and adjacent to reefs) are understudied. Using a cluster analysis
to identify habitat clusters allowed for an improved understanding of how the relative
differences in benthic habitats on coral reefs and adjacent habitats surrounding those
reefs may affect fish assemblage structure. Here, we demonstrate that non-reef habitats
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within 500 m of coral reef habitat can meaningfully describe differences in fish assemblage
structures and species diversity of fishes on coral reefs. These results support the notion
that benthic habitats in seascapes are inextricably linked.

For all fish species observed, adjacent habitat metrics occupied unique sections of
the multivariate space in the nMDS plots and had a strong relationship with many of the
species driving differences in fish assemblages among habitat clusters. For example, two
conspicuous and abundant surgeonfish species observed on coral reefs, Ctenochaetus striatus
and Acanthurus nigrofuscus, were attributed to the cluster described by the area of mangrove
and area of sand habitat near coral reefs (Table 2). C. striatus is a common detritivore [72],
and A. nigrofuscus is an herbivore that feeds on turf algae [73]. Mangrove habitats are soft
sediment habitats that experience tidally driven changes that transport organic material
and detritus from estuarine and intertidal systems out onto submerged reef habitats [74,75].
Potentially, here, coral reefs near mangroves have higher levels of detritus and nutrients,
which support the growth of turf algae. Another detritivorous surgeonfish, Ctenochaetus
binotatus, was distinct for the “Rubble/EAM” cluster, which has shown clear correlations
with the cover of dead substrata over long periods [72]. Interestingly, Naso minor was
associated with the “Rubble/EAM” cluster. Naso minor is a mid-water reef-associated,
nominally planktivorous species that has been anecdotally recorded to feed on benthic
algae and is more common on reef slopes, which have high rubble and sand cover compared
to slopes with high coral cover in the central Philippines [76]. The cluster “Area Coral
Reef/Area Reef Flat” identified a few fusilier species (Caesionidae) and Naso vlamingii as
distinctive to this habitat group. The reef sites in this cluster had steep reef slopes suitable
for these midwater, mobile, reef-associated planktivorous species. Fusiliers (Pterocaesio,
Caesio) are highly mobile, but they require complex coral reef structures to sleep [77], and
Naso vlamingii is a moderately mobile species, but it is highly territorial [78,79]. Perhaps
Naso vlamingii needs large areas of reef to reduce density-dependent competition. For
the cluster characterized by live coral cover and adjacent macroalgal habitat “Coral/Area
Macroalgae”, three herbivorous fishes, Naso lituratus, Zebrasoma scopas, and Naso unicornis,
were identified as distinct to this habitat cluster. These species are abundant grazers and
browsers, with the two Naso species known to feed on fleshy brown macroalgae [80,81].
Naso unicornis has been shown to travel hundreds of meters to foraging areas to feed on
fleshy macroaglae [82]. Across an entire coral reef fish assemblage, we see strong and
distinct correlations between the abundance of coral reef fish and habitats beyond the coral
reef, emphasizing the importance of including multiple habitats across a seascape in studies
of the structure of reef fish assemblages.

For parrotfishes, assemblages between habitat clusters were quite similar to each other,
which is unsurprising given that there were only 19 species of parrotfishes observed. How-
ever, the habitat cluster characterized by the area of mangrove and sand in the surrounding
seascape had much greater assemblage space than the other clusters. Although mangroves
can be important for parrotfish habitats in the Caribbean [83,84] and east Africa [43,85],
mangroves seem to be less influential on reef fish assemblages in the Coral Triangle [22,49],
especially assemblages of parrotfishes. The benthic composition of the reef in the mangrove
and sand cluster was similar to other clusters (e.g., “Rubble/EAM”), suggesting that differ-
ences in the benthic structure between the clusters were important in driving differences in
fish assemblage structures for parrotfishes. The remaining habitat clusters had relatively
small nMDS space. Parrotfishes have highly specialized feeding modes, where they target
microautotrophs [86,87], and are therefore tightly linked to the benthic composition of the
reef [88]. The three most compact assemblage spaces were the habitat clusters describing
benthic coral reef habitat (“Rubble/EAM”, “Coral/Area Macroalgae”, and “Area Coral
Reef/Area Reef Flat”). Although the benthic composition varies substantially among these
groups, we hypothesize that parrotfishes are so tightly linked to their benthic food resource
needs that species in these clusters target the necessary food sources irrespective of their
abundance, and thus, they maintain a similar assemblage structure. For example, adult
Chlorurus microrhinos, a parrotfish species highly associated with coral reefs, will change
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their feeding behavior and home range depending on the availability of resources to main-
tain access to their specific resources [89]. Furthermore, some species change their feeding
behaviors based on the structural connectivity of surrounding habitats (e.g., the distance
to adjacent seagrass beds). Eggertsen et al. (2020) [90] observed increased bite rates for
Scarus ghobban when near seagrass beds. We too found that Scarus ghobban contributed
strongly to the assemblage structure of parrotfish in the seagrass habitat cluster (Table 2).
Although parrotfish assemblages are tightly clustered within coral reef habitats, distinct
species characterizing clusters are driven by both coral reef benthic composition and non-
reef habitats adjacent to those coral reefs in a seascape. Perhaps non-reef habitats function
as complimentary nurseries for the juveniles of a diversity of parrotfish species [60], and
the degree to which they are utilized likely depends on their context, connectivity, and
condition. The results here provide further evidence that parrotfish diversity is linked to
the presence and diversity of specific non-reef habitats near coral reef habitats.

Wrasses had a much larger assemblage area in nMDS space compared to parrotfishes
while still exhibiting differences in species composition among habitat clusters (Figure 4).
Wrasses are a diverse group of fishes with varied feeding and swimming strategies [91,92].
While wrasses respond to changes in benthic composition [91,93,94], they seem to be
less tightly coupled to the benthic habitat [94,95], potentially explaining the overlap in
assemblage space among the habitat clusters. It is interesting to note that Thalassoma
spp. did not appear in any of the SIMPER analyses. Thalassoma hardwicke was listed
as significantly correlated to live coral and structural complexity, which corroborates
relationships found on the Great Barrier Reef [94] but is contrary to the responses observed
for Thalassoma spp. from other islands in the Philippines [93]. The lack of Thalassoma
spp. in the SIMPER analysis is likely because this genus is abundant, highly mobile [92],
and a habitat generalist [96], allowing them to be evenly distributed across most or all
habitat clusters. Some wrasse species selected as distinct from a habitat cluster are clearly
responding to within-coral reef benthic characteristics (Table 2). For example, Novaculichthys
taeniourus, the rockmover wrasse, was associated with the “Rubble/EAM” cluster, and
Labrichthys unilineatus, a corallivore [97], with the “Coral/Area Macroalgae” cluster. Yet,
other species correlate with the area of non-reef habitats adjacent to coral reefs. Coris
gaimard was correlated with the area of sand in the nMDS and characterized the habitat
cluster “Area Coral Reef/Area Reef Flat”. C. gaimard has previously shown low associations
with any coral reef benthic type [91,98], and therefore might be more strongly associated
with the non-reef habitats adjacent to coral reefs, including reef flat habitats which are
characterized by coral interspersed within sandy patches. Cheilio inermis was characteristic
of the habitat cluster as “Area Seagrass/Soft Coral”. C. inermis has higher densities on reefs
close to seagrass habitats [43,99], is a common predator in seagrass beds [100–102], and
its juveniles use seagrass beds [103]. Cheilinus chlorurus characterized the habitat cluster
“Area Mangrove/Area Sand”. This species has inconsistent responses to within-coral reef
benthic characteristics [94] and has one of the largest foraging distances among wrasses [91],
suggesting a high potential to use multiple benthic habitats across a connected seascape.
The spatial arrangement of a habitat can alter the assemblage structure of wrasses in the
western and eastern Indian Ocean [43,62,104], and we demonstrate that this may also be
the case on the island of Siquijor in the Philippines. Further exploration of the extent with
which coral reef wrasses are reliant on non-reef habitats adjacent to coral reefs is warranted.
It is possible that wrasses maintain important ecological connections of benthic habitats
within tropical seascapes.

Our findings suggest that incorporating a combination of within-coral reef benthic
habitat and adjacent benthic habitat metrics is useful for describing coral reef fish assem-
blages in a diverse seascape. Some studies show that seascape-level metrics, like adjacent
habitats, are highly influential in describing fish assemblage patterns [16], while others
observe a secondary influence of seascape context [45,105,106]. Interestingly, we did not
find a significant effect of NTMRs on the assemblage structure of reef fish. While posi-
tive NTMR effects on the abundance of species targeted by fishing and on the catch of
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reef fish have been shown in the area [107,108], NTMRs can have less influence on fish
abundances compared to geographical and environmental influences [64] or the strong
bottom-up influence of the benthos [109]. Perhaps the small size of reserves and the large
diversity of species (target and non-target) also influenced the limited effects of NTMRs on
the assemblage structure of reef fish in this study.

Species groups, as well as life stages, seem to alter the order in which habitat scales
are prioritized, and a combination of fine- and broad-scale metrics are likely the best
predictors [17,46]. For example, for juvenile wrasses in non-reef habitats such as macroalgal
beds or seagrasses, within-patch metrics (e.g., canopy structure) were the primary factors
affecting density and abundance, but adults were more influenced by seascape-level metrics
such as patch area and isolation [62]. It is therefore critical to consider the focal habitat
of interest with respect to the species and life stage evaluated. Here, we focused on
adult fishes in coral reefs, but relationships with juvenile fishes emerged in two notable
instances. Sweetlips (Plectorhinchus spp.) and parrotfish (Chlorurus spp. and Scarus spp.)
juveniles were listed as distinct for habitat clusters, which were characterized by their
surrounding habitats (Table 2). Plectorhinchus spp. had strong relationships with the area of
mangrove habitat and sand within 500 m of coral reefs. Previous research has recorded
mangrove use from a few species of this genus (P. gibbosus and P. albovittatus) [22,104]
and occasionally in other non-reef habitats, such as seagrass beds [25,42,61]. Alternatively,
it may be equally likely that the strong relationship is the result of this taxa’s tendency
to associate with isolated coral patches (i.e., large coral bommies) within extensive areas
of sand habitats. Other related species from the grunt family (Haemulidae) are well
known to use non-reef habitats, predominately seagrass beds and sand, for daily foraging
migrations and as nursery habitats [25,46,49,110,111]. Here, we find that reef sites with a
greater proportion of mangroves and sand near coral reefs had higher numbers of juvenile
Plectorhinchus. We hypothesize that ontogenetic migrations may create linkages between
mangroves and coral reefs, and further exploration into specific fish movements and
physical environmental dynamics (e.g., tidal movement and organic matter exchange)
should be explored. For parrotfishes, macroalgal beds have previously been identified
as important habitats, affecting density and biomass on coral reefs in this area [50], and
they are a particularly valuable habitat for juveniles [60]. Macroalgal beds have recently
been recognized as an important habitat in a tropical seascape and as potential nursery
grounds for many coral reef species [48,101]. It is important to note that these surveys
were conducted in April–July when there was a dense canopy structure in Sargassum
beds. Seasonal variations in biomass per unit area of macroalgae will likely have some
effect on the dynamics of fish that utilize this adjacent non-reef habitat. Further research
on the seasonal variability of the abundance of benthic habitats adjacent to coral reefs is
recommended. While some species and life stages might be more associated with fine-scale
within-coral reef metrics, it is important to consider the context in which these relationships
are explored and the potential connectivity with other benthic habitats occurring across
a seascape.

Whether a species or assemblage responds to within-coral reef or adjacent benthic
habitat variables depends heavily on the context of the seascape, which species are being
evaluated, and which life stages are observed. Ultimately, incorporating multiple spatial
scales provides better estimations of species patterns [12,112], ensuring that researchers
are capturing the relevant spatial scale [26,113]. In our study system on Siquijor, all habi-
tats within 500 m of coral reef sites should be considered potentially influential. Among
the five habitat clusters, the coral reef benthic composition was similar between many of
them (e.g., “Rubble/EAM” and “Area Mangrove/Area Sand”). If within-coral reef benthic
characteristics were the only drivers of fish assemblages, one would expect fish assemblage
structure and diversity to be similar in these instances. However, the differences between
clusters were apparent and significant across the entire fish assemblage, including wrasses
and parrotfishes, which implies the importance of the adjacent non-reef habitats. Addi-
tionally, if the effect of location on Siquijor was the sole influence for fish assemblages,
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the nMDS plots would have very little overlap with one another. The all-species anal-
ysis did exhibit the strongest location effect, with the most distinct assemblages among
clusters (Figure 4). However, both parrotfishes and wrasses showed greater overlap in
nMDS clusters, indicating a stronger habitat effect relative to the location. While certainly
geomorphology and location are important in structuring species assemblage patterns, the
location effect is weaker for parrotfishes and wrasses compared to the all-species analysis,
confirming that variability in habitat is a driver of assemblage structure. Certainly, location
effects do exist, but one of the largest causes of location effects on reef fish assemblages is
the benthos, and therefore, these factors are difficult to tease apart. While environmental
(e.g., temperature), biophysical (e.g., larval supply) and geomorphological (e.g., aspect)
variation likely influence species assemblages on Siquijor, it does not negate the importance
of evaluating the relative influence of benthic habitats across multiple spatial scales and
was beyond the current scope of these exploratory results. We acknowledge the importance
of these drivers and suggest further research to develop these datasets for incorporation
into broad-scale seascape studies.

Here, the combination of coral reef benthos and adjacent habitats affected the structure
of reef fish assemblages on coral reefs, suggesting the linked nature of many benthic
habitats in this tropical seascape. It is also necessary to be cautious of interpretations of the
relative importance of different habitat scales, as responses of species to spatial scales are
usually the consequence of different ecological processes. For example, fish relationships
to within-habitat benthic composition (e.g., coral cover) are probably a fish’s response to
shelter or food. In contrast, the presence, extent, and configuration of adjacent non-reef
habitats across a seascape likely influence processes like fish migrations (including foraging)
and ontogenetic habitat shifts of fish, which operate at different temporal scales and life
stages. Considering non-reef habitats adjacent to coral reefs and coral reef habitats as
a holistic, interconnected seascape will provide better estimations of the drivers of reef
fish assemblages.

5. Conclusions

This study investigated how reef fish assemblages on coral reefs are influenced by both
the characteristics within the reef itself and the surrounding areas (e.g., mangroves, seagrass
beds, and macroalgae beds) within 500 m. Five distinct habitat clusters identified habitat
types that consisted of a combination of benthic cover and the area of different habitats
adjacent to coral reefs. Within these clusters, coral reef fish assemblages varied significantly,
indicating that a combination of within-reef benthic habitat and seascape-level measures
of the surrounding habitats operate in conjunction to influence fish assemblages. Species
significantly driving assemblage differences between habitat clusters reflected species po-
tential relationships to adjacent non-reef habitats. For example, detritivorous surgeonfish
species uniquely described the habitat clusters with high cover of rubble and EAM, but
also for sites with large areas of adjacent mangrove habitat. Responses to adjacent habitat
variables were less conspicuous for parrotfishes, perhaps due to their tight link to specific
dietary needs (i.e., as microautotrophs). Wrasses demonstrated specific relationships that
may be driven by the influence of adjacent non-reef habitats; for example, Cheilio inermis’
unique abundance level in the habitat cluster with large areas of adjacent seagrass habi-
tat. Individual species responses and juveniles of certain species demonstrated uniquely
high abundances in habitat clusters characterized by the non-reef habitats surrounding
coral reefs. While we cannot fully eliminate the location effects driving these differences,
there were nuanced habitat differences irrespective of location in our results. Including
data on adjacent habitats alongside reef characteristics provides a more comprehensive
understanding of factors shaping fish communities. Investigating the specific movements
and ecological processes connecting fish populations across the seascape would provide
valuable future insights. This study emphasizes the crucial role of considering coral reefs
and adjacent areas as a unified seascape for effective conservation and management of
these vital ecosystems.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/fishes9040137/s1, Table S1: Average percent cover of benthic
habitat at each site; Table S2: Total area (km2) of each habitat within 500 meters of coral reef fish
and benthic survey sites.; Table S3: Full species list from survey transects of fishes on coral reef
habitat.; Table S4: Pairwise post-hoc comparison tests from PERMANOVA analysis comparing the
fish assemblage structure between habitat clusters for all species, parrotfishes, and wrasses; Table S5:
Output for SIMPER analysis for all species (A), parrotfish (B), and wrasse (C).
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