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Abstract

The Eastern Tropical Pacific (ETP) comprises several coral ecosystems, which are distributed
across a variety of coastal zones and oceanic islands. In these ecosystems, reef fish play
key roles in their functioning. In ETP, there is a paucity of studies that have evaluated fish
functional diversity (FD) and compared oceanic and coastal systems from a predominantly
trophic perspective. A comparative analysis was conducted on fish FD in seven coral
ecosystems, encompassing three distinct environmental contexts: (1) Oceanic, (2) Coastal-
influenced, and (3) Coastal. The hypothesis that FD varies spatially along this oceanic—
coastal gradient is predicated on the premise that such variation is attributable to differences
in disturbance regimes and environmental conditions. Our results show that not all
functional x-diversity indices exhibited significant variation among zones. However,
analysis of functional dominance, divergence, dispersion, and 3-diversity analyses revealed
clear spatial variation in functional structure, partially supporting expectations related to
disturbance regimes across the oceanic—coastal gradient. These patterns may be indicative
of increasing disturbance intensity, in conjunction with other interacting processes such as
variability in larval supply, recruitment dynamics, and environmental conditions, including
fishing pressure, sedimentation, nutrient inputs, and coastal upwelling. The findings of
this study demonstrate the efficacy of functional diversity metrics in assessing reef fish
responses to both natural and anthropogenic disturbances. In addition, the present study
offers actionable insights with regard to the formulation of conservation and management
strategies in the Mexican Eastern Tropical Pacific.
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1. Introduction

The shaping of functional diversity by environmental gradients, geographic isolation,
and the permeability of biogeographic barriers has been demonstrated [1]. These factors
regulate fundamental ecological processes, including dispersal, colonization, speciation,
and extinction [2]. The Eastern Tropical Pacific (ETP), extending from the Gulf of California
(Mexico) to northern Peru, is characterized by a multitude of oceanic islands and archipela-
gos. The separation of these bodies of water is primarily due to the presence of significant
geographic and oceanographic barriers, including the Isthmus of Panama, the Eastern
Pacific Barrier, and the California and Humboldt currents [3,4]. Conventional wisdom has
long posited that these barriers function as isolating agents for marine communities [5,6].
However, accumulating evidence suggests that many of these barriers are permeable to
a range of taxonomic groups, including hermatypic corals, crustaceans, mollusks, echin-
oderms, and fishes [7-12]. The connectivity of reef fish populations is typically stronger
among coastal systems than between coastal and oceanic reefs. It is evident that this pattern
plays a significant role in the physical and biological isolation of offshore islands and
archipelagos [13,14]. In addition, disparities in connectivity and environmental conditions
have the potential to engender spatial variation in community structure. This, in turn, may
serve to heighten susceptibility to various forms of disturbance, including, but not limited
to, habitat degradation, overfishing, and biological invasions. Nonetheless, it has been
demonstrated that isolated geographical areas frequently exhibit high levels of endemism
and productivity [15-17]. It is imperative to comprehend the manner in which these his-
torical, biogeographic, and environmental gradients interact to structure biodiversity, as
this has become a central challenge in the region. Recent regional-scale analyses in the
ETP have demonstrated that reef fish species richness and functional diversity are jointly
shaped by historical, biogeographic, energetic, and anthropogenic drivers, including sea
surface temperature, shelf area, human population gravity, as well as processes such as
larval supply, recruitment dynamics, and physicochemical variability (e.g., salinity). These
factors often covary along coastal-oceanic gradients and interact with disturbance to shape
community structure [18].

Reef fishes fulfill diverse functional roles that are critical to ecosystem functioning and
stability [19,20]. In the ETP, the presence of diverse trophic groups is a critical component
of ecosystem dynamics. For instance, corallivorous fishes regulate coral growth, and the
fragmentation they induce may also facilitate asexual propagation and enhance live coral
cover [21]. It has been demonstrated that large fish, particularly those that feed on benthic
and pelagic organisms, have the capacity to exert top-down control over organisms of
varying sizes and trophic levels. This influence results in alterations to the structure of reef
trophic networks [22]. Functional and energetic traits, including body size, production-to-
biomass ratio (P/B), consumption-to-biomass ratio (Q/B), and trophic level (TL), provide
critical insights into ecosystem functioning and condition [23]. The P/B ratio is a measure
of the turnover rate of biomass and provides an approximation of population productivity
expressed in biomass units. In contrast, the Q/B ratio represents the amount of food
consumed relative to biomass. Together with dietary information, this ratio allocates food
consumption across the food web, thereby informing biomass flows (in terms of energy
or mass) and trophic relationships [24]. Trophic energy flow is a fundamental aspect of
ecosystem growth and development, reflecting the degree of system organization and
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activity, as conceptualized in network-based approaches [25]. Shifts in these properties
may be indicative of anthropogenic pressures. At the species or functional group level, the
relationship between trophic level and body size offers further indicators of fishing impacts
on marine assemblages, as illustrated by the “fishing down the food web” phenomenon [26].

The classification of species into groups that share similar traits facilitates the evalua-
tion of functional diversity and allows the characterization of ecological roles present within
communities [27]. In addition, the quantification of functional traits weighted by species
biomass facilitates the calculation of indices that describe the distribution and relative
contribution of species in a multidimensional functional space [28]. These approaches have
been extensively employed to analyze ecological processes such as food-web structure,
primary productivity, and ecosystem resistance [29-31]. Even though combinations of
life-history traits do not directly represent ecological functions, variations in functional
composition among communities serve as valuable proxies for environmental filtering and
spatiotemporal dynamics [32].

Disturbances, both natural and anthropogenic, have the potential to affect functional
diversity (FD). This is because species traits determine the persistence of organisms under
changing environmental conditions [23,33,34]. The Mexican Eastern Tropical Pacific, in
the northern portion of the ETP, is characterized by high habitat diversity, including coral
and rocky reefs, mangroves, and sandy beaches. In addition, it has a high degree of
environmental variability, with a notable frequency of tropical storms and hurricanes [35].
Furthermore, the region experiences coastal upwelling and the convergence of currents
and water masses [36]. ENSO events and heatwaves also exert a significant influence on
the region [37,38]. These disturbances operate across multiple spatial and temporal scales
and may contribute to high functional diversity within the ETP [1].

At a broad spatial scale, the ETP exhibits low functional redundancy and high vul-
nerability, reflecting lower species richness compared with other tropical regions [1]. In
contrast, at local scale within the Mexican Eastern Tropical Pacific, reef systems exhibit high
temporal turnover in species composition while maintaining stable functional structure.
This phenomenon suggests redundancy among species that fulfill analogous functional
roles [39—41]. The presence of these contrasting patterns underscores the scale-dependent
nature of functional redundancy within the region.

Research conducted on oceanic islands within ETP has demonstrated that functional
diversity is frequently associated with species endemism and geographic isolation. Fur-
thermore, it has been observed that functional diversity may increase with greater distance
from the continent [42,43]. Conversely, coastal reefs and archipelagos influenced by coastal
processes tend to experience comparable environmental conditions and disturbances, in-
cluding upwelling, river runoff, fishing pressure, and tourism. These factors potentially
promote functional similarity among assemblages.

Based on these patterns, we hypothesize that reef fish functional diversity in the
Mexican Eastern Tropical Pacific varies spatially among oceanic islands, coastal-influenced
reefs, and coastal systems along a gradient of environmental conditions and disturbance
regimes. Specifically, it is hypothesized that higher functional redundancy will be observed
in coastal-influenced reefs due to intermediate disturbance levels. In contrast, higher
functional vulnerability is expected in oceanic reefs due to isolation and lower connectivity.
To test this, seven coral reef ecosystems were evaluated. These ecosystems included
Oceanic, Coastal-influenced, and Coastal environments in the Mexican Eastern Tropical
Pacific. Patterns of functional «- and p-diversity were quantified. This was done to
assess differences in functional structure, redundancy, and vulnerability among reef fish
assemblages [1,28,44-47].
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2. Materials and Methods
2.1. Sampling Area

We surveyed coral reef ecosystems in the northern Eastern Tropical Pacific and classi-
fied them into three categories according to distance from the mainland and exposure to
coastal processes and disturbances, including upwelling, river plumes, and anthropogenic
activities (Figure 1). Coastal sites are typically subject to elevated fishing pressure and
terrestrial inputs, whereas oceanic systems such as Clipperton Atoll, due to their more
isolated nature, may still be influenced by offshore fisheries. (1) Oceanic Zone. The Clipper-
ton Atoll (CLI) is the sole atoll reef in the Eastern Tropical Pacific, located approximately
1300 km from the Mexican mainland (Figure 1A). The site is distinguished by extensive live
coral cover [48] and a high degree of species endemism [15,49,50]. (2) Coastal-Influenced
Zone. This category includes the Marias Islands (IMR), Isabel Island (ISA), and the Marietas
Islands (MAR). The Marias Archipelago, situated approximately 112 km offshore at the
mouth of the Gulf of California (Figure 1B), is influenced by regional upwelling processes
associated with Bahia de Banderas [51]. Sampling in the Marias Islands was conducted on
the southeastern side of the archipelago (i.e., Marfa Cleofas Island) due to access restrictions
associated with the presence of a high-security federal prison on Maria Madre Island, as
well as its isolation and operational costs. Consequently, biological monitoring across the
different islands of the archipelago has been limited. Because of that, we focus on the
Maria Cleofas Island’s sampling sites, which was one of the least explored islands and
had a potentially higher conservation value. However, it is important to note that these
sampling sites feature coral ecosystem habitats that are representative of the archipelago.
Isabel Island is located 28 km from the coast (Figure 1C), while the Marietas Islands are
situated about 8 km offshore (Figure 1D), and both are subject to seasonal coastal upwelling
from February to April [52]. During periods of substantial rainfall, these systems may
experience increased sedimentation and nutrient inputs from river discharge, particularly
from the Ameca River. Despite their protected status, these areas experience varying de-
grees of anthropogenic disturbance, including tourism and fishing. (3) The Coastal Zone
encompasses Chamela Bay (CHA), Carrizales (CAR), and La Boquita (BOQ). Chamela
Bay, which is part of the Islas de la Bahia de Chamela Sanctuary on the southern coast of
Jalisco (Figure 1E), features reef habitats situated near the shore that may be influenced
by river runoff and sedimentation [53]. Carrizales is a small, semi-protected cove in Bahia
de Ceniceros near Manzanillo, Colima (Figure 1F), characterized by relatively high coral
cover and limited fishing and tourism pressure. La Boquita, situated in Bahia Santiago
(Figure 1G), is subject to substantial anthropogenic influence, encompassing activities such
as fishing, tourism, and nutrient inputs from the Juluapan lagoon and urban wastewater.
These activities contribute to sedimentation and eutrophication [53].

2.2. Sampling Design and Data Collection

Fieldwork was conducted across the designated study areas between 2005 and 2015
(Supplementary Material S1, Table S1). Although this region is influenced by seasonal
upwelling and interannual variability (e.g., ENSO), previous studies in the Eastern Tropical
Pacific indicate that reef fish functional structure remains relatively stable over time despite
temporal variation in species composition [40]. Consequently, the analysis concentrated on
spatial patterns in functional diversity. Temporal variation was considered secondary to
spatial comparisons among sites. A total of 166 underwater visual censuses were conducted
using belt transects (4 x 25 m; 100 m?). Within each transect, the fish species composition,
abundance, and body size were recorded. Body size was estimated in situ and classified
into 13 intervals: four 5 cm categories (0-5, 5-10, 10-15, 15-20 c¢m), followed by 10 cm
increments up to >60 cm. The abundance and biomass were expressed per unit area (m?).
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The species biomass (g m~2) was estimated using established length-weight relationships
(Supplementary Material S1). The assessment of the sampling effort representativeness
at each site was conducted through the implementation of sample-based rarefactions and
nonparametric estimators (Chao2, Jackknife 1, and Jackknife 2). The species accumulation
curves were constructed using 10,000 permutations in PRIMER v6.1.11 + PERMANOVA

v1.01 [54].
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Figure 1. Study area and reef sites in the Eastern Tropical Pacific (ETP). Bold dots with letters in
the main figure represent the site locations: (A) Clipperton Atoll (CLI), (B) Marias Islands (IMR),
(C) Isabel Island, (D) Marietas Islands (MAR), (E) Chamela Bay (CHA), (F) Carrizales (CAR), and
(G) La Boquita (BOQ). The bold dots in figures (A-G) correspond to the sampling points.

2.3. Functional a-Diversity Analysis

In the field of multispecies trophic modeling, functional-energetic traits have emerged
as a prevalent approach for elucidating the functional roles of reef-associated fishes [23].
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We analyzed four functional-energetic traits: (1) body size (Wmax/ Lmax3; [55]), (2) trophic
level (TL), (3) production-to-biomass ratio (P/B, yearfl), and (4) consumption-to-biomass
ratio (Q/B, yearfl). Trait information was obtained from FishBase v11/2025 [56]. Trophic
level (TL) and Q/B values were retrieved from the “Life History Tools” section, where
they are derived from empirical models and literature-based estimates. The P/B ratio
was estimated using total mortality (Z), as outlined by Allen [57], under the assumption
that P/B ~ Z in equilibrium conditions. In instances where species-specific data were not
available, trait values were assigned based on closely related species (e.g., congeners) or
existing literature. These cases constituted a negligible proportion of the dataset. These
traits are directly linked to energy flow and ecosystem functioning, representing the key
dimensions of reef ecosystem structure. While additional traits (e.g., reproductive strategies
or mobility) may offer complementary ecological insights, they were not included due
to limited data availability and because they are less directly related to the trophic and
energetic processes that were the focus of this study. These traits were selected because
they capture the key aspects of energy flow and trophic structure in reef fish assemblages.

Functional groups were defined using cluster analysis based on these traits. For this
purpose, we constructed a Euclidean distance matrix from standardized (Z-values) trait
values. The identification of functional groups was achieved through the implementation
of complete linkage clustering and SIMPROF analysis (10,000 permutations, « = 0.05),
employing the PRIMER v6.1.11 + PERMANOVA v1.01 [54]. This analysis yielded 15 distinct
functional groups, which collectively represent the diverse combinations of body size,
trophic level, and energetic traits. These groups represent distinct functional roles within
assemblages. The resulting functional groups and trait values for all species are detailed in
Supplementary Material S2 (Table S2).

We assessed functional x-diversity at each site using four indices: number of func-
tional groups (S¢), functional Shannon diversity (H'¢), functional Pielou evenness (J's), and
functional Simpson dominance (Dy). The calculation of these indices was based on the
relative abundance or biomass of the previously defined functional groups, rather than
species identities. Consequently, they reflect the distribution and dominance of functional
roles within fish assemblages. Additionally, multidimensional functional indices were
calculated, including functional richness (FRic), functional evenness (FEve), functional
divergence (FDiv), functional dispersion (FDis), and community-weighted means (CWM).
These indices describe functional composition based on trait values weighted by species
biomass [28,46]. FRic, FEve, FDiv, FDis, and CWM were estimated using the “mFD” func-
tion [58] and the “dbFD” function from the R package FD [59]. A two-way fully nested
permutational analysis of variance based on Euclidean distance matrices was employed
to compare all indices among zones (Oceanic, Coastal-influenced, and Coastal; fixed fac-
tor) and among sites nested within zones (fixed factor). The statistical significance was
determined by means of 10,000 permutations under a reduced model with Type IIl sums of
squares. The analyses were performed in PRIMER v6.1.11 + PERMANOVA v1.01 [60].

Functional vulnerability (FV) is defined as the percentage of functional groups in which
only a single species is present. In other words, it refers to the percentage of functional
roles performed by only one species within the assemblage. Functional redundancy (FR)
is defined as the average number of species per functional group. These concepts were
calculated following Mouillot et al. [1]. The complete database of functional diversity
indices estimated per transect is accessible in the Supplementary Material S2 (Table S3).

2.4. Functional B-Diversity Analysis

We compare the functional group composition and biomass among Zones and Sites
nested within Zones using a two-way fully nested permutational multivariate analysis of
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variance (PERMANOVA). This analysis was conducted in accordance with the experimental
design outlined for the functional x-diversity analyses. A Bray—Curtis similarity matrix
was constructed using functional group biomass data, which were transformed to the
fourth root to reduce the influence of dominant groups. When the number of permutations
was less than 100, Monte-Carlo resampling was used to estimate statistical significance [60].

The contribution of functional groups to average dissimilarity among zones was as-
sessed using similarity percentage analysis (SIMPER), applying a cumulative contribution
cutoff of 90%. The identification of functional groups that exhibited the most significant
disparities was conducted through the implementation of both quantitative and qualita-
tive criteria [23]. These criteria encompassed the incidence of dissimilarities, the mean
contribution, and the biomass disparities among the Zones. The present study sought
to explore the relationships between functional group composition and functional diver-
sity metrics. For this purpose, principal coordinates analysis (PCoA) was employed as a
methodological framework. The functional a-diversity indices (S¢, H'y, J's, Dy, FRic, FEve,
FDiv, and FDis) were projected as vectors based on Spearman correlations. PCoA and
SIMPER analyses were performed using the same data pretreatment and resemblance
matrix as in the PERMANOVA. All multivariate analyses were performed using PRIMER
v6.1.11 + PERMANOVA v1.01 [60].

Total functional -diversity was estimated using Serensen dissimilarity (3¢sor) and
partitioned into turnover (3¢sim) and nestedness (3tnes) components following the meth-
ods of Baselga [45] and Villéger et al. [47]. The objective of the present analysis was to
assess whether the variation in functional -diversity among sites was mainly driven by
turnover, with nestedness playing a secondary role. This finding indicates that environ-
mental heterogeneity may promote the replacement of functional groups rather than the
simple loss of functions.

3. Results

The sampling effort achieved an average representativeness of 64.6-95.0% of the
expected species richness across sites (Supplementary Material S3, Figure S1). We recorded
132 fish species across all sites. Species richness was highest at the Marietas Islands
(66 species) and Isabel Island (65 species), and lowest at Carrizales (29 species). Intermediate
richness values were documented at La Boquita (58 species), Marias Islands (59 species),
Chamela Bay (46 species), and Clipperton Atoll (43 species) (Supplementary Material S3,
Figure S1).

We identified 15 functional groups across the study area. Permutational ANOVA
showed that Zone explained most variation in functional «-diversity metrics, except for
functional evenness (FEve), where site-level differences were greater. The H'y, J'¢, and FEve
exhibited no significant differences among the Oceanic, Coastal-influenced, and Coastal
zones (Figure 2B,C,F; Supplementary Material S3, Table S4). At the site level, FEve was
observed to be greater at the Marias Islands than at the Marietas and Isabel Islands. In the
context of coastal sites, Chamela Bay exhibited lower FEve values in comparison to Carriza-
les and La Boquita (Figure 2F; Supplementary Material S3, Tables S4 and S5). The functional
group richness (S¢) was highest at Coastal-influenced sites, lowest at Coastal sites, and
intermediate at the Oceanic site (Figure 2A; Supplementary Material S3, Tables S4 and S6).
The Dy, FRic, and FDiv were generally higher in Oceanic and Coastal-influenced sites
compared with Coastal sites (Figure 2D,E,G; Supplementary Material S3, Tables 54-56).
In contrast, the FDis exhibited higher values in Oceanic and Coastal sites compared to
Coastal-influenced sites (Figure 2H; Supplementary Material S3, Tables S4 and S6).
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Figure 2. Box plots showing variation in functional diversity indices: (A) functional group richness
(Sf), (B) functional Shannon diversity (H'f), (C) functional Pielou evenness (J';), (D) functional
Simpson dominance (Dy), (E) functional richness (FRic), (F) functional evenness (FEve), (G) functional
divergence (FDiv) and (H) functional dispersion (FDis) between sites nested by zone: Clipperton
Atoll (CLI) of the Oceanic zone; Marias Islands (IMR), Isabel Island (ISA), and Marietas Islands (MAR)
of the Coastal-influence zone; and Chamela Bay (CHA), Carrizales (CAR), and La Boquita (BOQ) of
the Coastal zone. The solid line represents the median, orange circles indicate the mean, and dots
represent outliers. Different uppercase letters indicate significant differences among zones, whereas
lowercase letters indicate significant differences among sites within zones based on PERMANOVA
pairwise comparisons (p < 0.05).

Permutational ANOVAs of community-weighted means (CWM) revealed that the
majority of functional-energetic traits exhibited significant variation among Zones and
among Sites nested within Zones. Both factors accounted for a substantial proportion
of the total variation (33.7-66.5%), with the exception of trophic level (TL) (Figure 3A-D;
Supplementary Material S3, Table S7). Community-weighted mean body size increased
along the oceanic—coastal gradient, with the smallest values at Clipperton Atoll and
the largest at Isabel Island and La Boquita (Figure 3A; Supplementary Material S3,
Tables S8 and S9). This contrasted with the expectation of larger body sizes in oceanic
systems. The results of the study indicated that the trophic level was lower at coastal
sites and higher at the Oceanic site. In addition, the Coastal-influenced sites did not differ
significantly from the other zones (Figure 3B; Supplementary Material S3, Table S8). The
production-to-biomass ratio (P/B) exhibited its greatest value at the Oceanic site, followed
by the Coastal sites, and its least value at Coastal-influenced sites. In the Coastal-influenced
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zone, the Marias Islands exhibited the highest P/B values, while Isabel Island showed
the lowest. Among coastal sites, Carrizales and La Boquita exhibited higher P/B values
compared to Chamela Bay (Figure 3C; Supplementary Material S3, Tables S8 and S9). The
consumption-to-biomass ratio (Q/B) exhibited a marked increase at Coastal sites, while
Oceanic and Coastal-influenced sites demonstrated comparable values. Differences among
sites were detected only within the Coastal zone. In this particular zone, Chamela Bay
exhibited the most minimal Q/B values (Figure 3D; Supplementary Material S3, Table S9).
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Figure 3. Box plots showing variation in functional-energetic traits based on the community-weighted
means (CWM) analysis. (A) body size, (B) trophic level (TL), (C) the production-to-biomass ratio
(P/B), and (D) the consumption-to-biomass ratio (Q/B) between sites nested by zone: Clipperton
Atoll (CLI) in the Oceanic zone; Marfas Islands (IMR), Isabel Island (ISA), and Marietas Islands (MAR)
in the Coastal-influence zone; and Chamela Bay (CHA), Carrizales (CAR), and La Boquita (BOQ)
in the Coastal zone. The solid line represents the median, orange circles indicate the mean, and the
dots represent outliers. Different uppercase letters represent significant differences among Zones,
whereas lowercase letters indicate significant differences among Sites within Zones, based on the
PERMANOVA pairwise comparison results (p < 0.05).

Functional vulnerability (FV) was greatest at Clipperton Atoll (33.3%), where five func-
tional groups were represented by only one species: Zanclus cornutus, Acanthurus xan-
thopterus, Acanthurus nigricans, Kyphosus vaigiensis, and Stethojulis bandanensis. This indi-
cates that the loss of a single species could eliminate an entire functional role in Oceanic
zone, where the loss of a single species has the potential to disrupt an entire ecosystem
function. Intermediate FV values were observed at the Coastal sites Chamela Bay (26.7%),
Carrizales (20%), and La Boquita (13.3%), while Coastal-influenced sites showed the lowest
values (0-6.7%) (Figure 4A). The functional redundancy (FR) varied across sites, with an
observed range of two to four species per functional group. A statistical analysis revealed
that this variation did not differ significantly among Zones or among Sites nested within
Zones (Figure 4B; Supplementary Material 53, Table 510).
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Figure 4. (A) Functional vulnerability (FV; percentage of functional groups represented by a single
species) and (B) functional redundancy (FR, average number of species per functional group) by
site. Sites and Zones: Clipperton Atoll (CLI) in the Oceanic zone; Marias Islands (IMR), Isabel Island
(ISA), and Marietas Islands (MAR) in the Coastal-influence zone; and Chamela Bay (CHA), Carrizales
(CAR), and La Boquita (BOQ) in the Coastal zone. Error bars represent standard deviation (SD).

The PERMANOVA revealed that both Zone and Site (nested within Zone) contributed
significantly to the variation in functional group composition and biomass, explaining
35.5% and 26% of the total variation, respectively (Supplementary Material S3, Table S10).
Pairwise comparisons revealed significant variations among Zones and among Coastal-
influenced sites, with the Marias Islands exhibiting distinct values compared to the Isabel
and Marietas Islands (Supplementary Material S3, Table S11). The SIMPER analysis indi-
cated that small benthic carnivores (functional group m) contributed most to the average
dissimilarity among Zones, with higher biomass recorded at the Oceanic site. Subsequent
to this observation, further analysis revealed that functional groups ¢ (medium herbivores
with low consumption) and n (medium carnivores with high trophic level and consump-
tion), exhibited increased biomass in coastal regions (Table 1). Additional functional
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groups, which exhibit diminished contributions, are further delineated in Table 1. The
PCoA revealed differences in functional group structure among Zones, with the Oceanic
site showing the greatest separation, while Coastal and Coastal-influenced sites were more
similar (Figure 5). The first two axes accounted for 52.7% of the total variation. The overlay
of functional «-diversity metrics indicated clear associations with ordination axes. H'y, J's,
FEve, FDis, and FDiv were positively correlated with the region of the ordination space
where Coastal reef sites are distributed, suggesting higher values of these indices in these
systems. Conversely, a positive correlation was observed between S¢ and FRic with the
region of the ordination associated with Coastal-influenced sites. The functional Simpson
dominance (D¢) exhibited a low correlation, thereby contributing to variation along both
axes and overlapping with Oceanic and Coastal-influenced sites (Figure 5A).

Table 1. SIMPER results. Ql; (Incidence of dissimilarities) represents the number of incidences in
the dissimilarities among the study sites, Qn; (Average contribution, %) is the average contribution
to dissimilarity, and Qn, (Biomass difference) is the value of differences in biomass among sites.
Functional groups (letters) denote distinct functional roles defined by multivariate combinations
of body size, trophic level, production-to-biomass ratio (P/B), and consumption-to-biomass ratio
(Q/B). Detailed descriptions of each group are provided in Supplementary Material S2 (Table S2). The
groups contributing most to the differences between the study zones (Oceanic, Coastal-influenced,
and Coastal) are highlighted in bold.

Functional Incidence of Dissimilarities = Average Contribution Percentage Biomass Difference

Group (Qly) (Qny) (Qny)
m 2 20.3 8.71

c 3 13.3 8.66

n 2 12.6 8.54

a 2 11.3 7.56

f 2 13.1 5.62

d 3 7.2 4.84

1 3 6.3 4.04

h 1 9.0 3.91

g 1 8.3 3.65

0 2 41 1.81

i 2 47 1.66

e 1 39 0.65

Additive partitioning of functional 3-diversity based on functional groups indicated
generally low dissimilarity among sites (3¢sor = 0-0.12). The highest dissimilarities were ob-
served at transitions between environmental conditions, particularly between the Oceanic
and Coastal-influenced zones and among Coastal sites. In this analysis, the nestedness
component (3mes) contributed more than turnover in transitions involving coastal sites,
especially between coastal-influenced and coastal reefs (Figure 5B), suggesting a partial
homogenization of functional structure among coastal systems. When (3-diversity was
estimated using convex hull volume (species-level functional space), dissimilarity values
were higher (B¢sor = 0.02-0.42), but the spatial pattern remained consistent (Figure 6). This
is visually supported by the degree of overlap and separation among convex hulls, which
illustrate differences in functional space occupation among sites. The turnover component
(B¢sim) was more important in comparisons involving Oceanic and Coastal-influenced sites,
whereas nestedness predominated in comparisons among Coastal sites and in transitions
between Coastal-influenced and Coastal reefs (Figure 6).
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Figure 5. (A) Principal coordinates analysis (PCoA) ordination based on functional group composition
and biomass at the Site level, nested by Zones. Oceanic sites are represented by dark blue triangles,
Coastal-influenced sites by light blue triangles, and Coastal sites by blue squares. Functional «-
diversity indices—functional group richness [S¢], functional Shannon diversity [H'¢], functional
Pielou evenness [J'¢], functional Simpson dominance [Dy], functional richness [FRic], functional
evenness [FEve], functional divergence [FDiv], and functional dispersion [FDis]—are shown as
vectors based on Spearman’s correlations. (B) Additive partitioning of functional group p-diversity
by Site, based on pairwise comparisons along the ocean-coastal gradient. Total functional B-diversity
was represented by Serensen dissimilarity (B¢sor), partitioned into functional turnover (Simpson
dissimilarity, 3¢sim) and functional nestedness (3¢nes). All indices are presented on a common y-axis
to facilitate comparison among Sites and Zones; overlapping points indicate similar values. Sites and
Zones: Clipperton Atoll (CLI) of the Oceanic zone; Marias Islands (IMR), Isabel Island (ISA), and
Marietas Islands (MAR) of the Coastal-influence zone; and Chamela Bay (CHA), Carrizales (CAR),
and La Boquita (BOQ) of the Coastal zone.
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Figure 6. Additive partitioning of functional 3-diversity, providing a visual comparison of functional
space overlap and differentiation of functional structure between sites, based on the volume of the
convex hull occupied by fish assemblages. (A) CLI vs. ISA; (B) IMR vs. ISA; (C) ISA vs. MAR;
(D) MAR vs. CHA; (E) CHA vs. CAR; (F) CAR vs. BOQ. The volume occupied by each assemblage
represents the total functional -diversity (expressed as a percentage), while the shaded overlapping
area represents functional nestedness among assemblages. Differently colored polygons correspond to
assemblages at each site, and the polygon outlined with a dotted line represents the overall functional
space occupied by all species. Points represent individual fish species within each assemblage. Sites
and Zones: Clipperton Atoll (CLI) of the Oceanic zone; Marias Islands (IMR), Isabel Island (ISA), and
Marietas Islands (MAR) of the Coastal-influence zone; and Chamela Bay (CHA), Carrizales (CAR),
and La Boquita (BOQ) of the Coastal zone.

4. Discussion

The findings of this study demonstrate that reef fish functional diversity in the Mexi-
can Eastern Tropical Pacific exhibits spatial variation among Oceanic, Coastal-influenced,
and Coastal environments. However, it should be noted that not all functional c-diversity
indices exhibited a uniform response to these environmental differences. The Mexican
Eastern Tropical Pacific is distinguished by a broad spectrum of environmental conditions
and disturbances, encompassing habitat heterogeneity, oceanographic processes, and an-
thropogenic activities [61]. These factors are projected to influence the patterns of functional
diversity. The indices H'f, J';, and FEve exhibited minimal variability across Zones. This
phenomenon may be associated with the observed low species richness in specific oceanic
and coastal regions, which can generate comparable functional diversity values [62]. These
outcomes are consistent with previous research in the region that reported no significant
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differences in functional diversity between coastal reefs and sites influenced by coastal
processes [41].

Recent regional analyses across the ETP demonstrated that functional richness is
largely reflective of species richness, with no observed deviations from the predictions
of the null model. This finding suggests that, at broad spatial scales, functional space
occupancy is primarily constrained by taxonomic diversity [18]. Similarly, a comparative
analysis of Mexican Pacific biogeographic provinces revealed that, despite significant dis-
parities in species richness, assemblages occupied over 70% of the total regional functional
volume. This finding suggests a substantial conservation of ecological roles across envi-
ronmental gradients [63]. However, the findings of this study suggest that FRic, FDiv, and
Dy exhibit variation across different environmental conditions. This observation indicates
that, at more refined spatial scales, environmental filtering and disturbance regimes can
influence the distribution of functional traits beyond the constrains imposed by simple tax-
onomic classifications. The relatively high contribution of site-level variation suggests that
local environmental heterogeneity plays an important role in shaping functional diversity
patterns. However, this pattern may also be influenced by the unbalanced design of the
study, particularly the representation of the oceanic condition by a single site.

A synthesis of the findings indicates that the results are only partially consistent with
the initial expectations. In accordance with predictions, Coastal-influenced reefs exhibited
reduced functional vulnerability and comparatively elevated redundancy, consistent with
intermediate disturbance conditions that may facilitate the coexistence of multiple func-
tional strategies. Conversely, oceanic reefs exhibited elevated functional vulnerability, a
phenomenon that is presumably attributable to factors such as isolation and diminished
connectivity. Nevertheless, certain patterns, such as the lower-than-expected body size in
oceanic systems, underscore the impact of supplementary processes, including selective
fishing pressure and shifts in trophic structure.

In Oceanic reefs, fish biomass was concentrated in functional groups characterized
by higher trophic levels and smaller body sizes. Interestingly, this contrasts with the
expectation of larger-bodied individuals in oceanic reefs, which are often associated with
a higher abundance of large predators. In contrast, Coastal-influenced and Coastal reefs
were dominated by larger-bodied species occupying lower trophic levels, particularly
herbivores. This phenomenon can be attributed, at least in part, to the increased presence of
large-bodied herbivores in coastal environments, as well as the potential impact of fishing
pressure on large predatory species, even in relatively isolated systems. In the present
study, the hypothesis interpretation is supported by the observed reduction in body size
and lower representation of higher trophic levels in oceanic reefs. These variations are
presumably indicative of disparities in disturbance regimes and fishing pressure across
diverse environmental contexts. Herbivorous fish have been observed to demonstrate a
rapid response to disturbances, such as storms and hurricanes, due to their high mobility
and recolonization capacity [64]. Conversely, isolated oceanic reefs may demonstrate higher
vulnerability due to their limited connectivity and reduced recolonization potential [13,16].
This has led to a reconfiguration of the functional structure [26,65], which carries significant
ramifications for fisheries management in the Mexican Eastern Tropical Pacific. At an
intermediate spatial scale within the Mexican Eastern Tropical Pacific, previous studies
have demonstrated that functional diversity exhibits high variability among localities
but relatively low regional functional turnover, with nestedness predominating [66]. The
findings, when considered collectively, suggest that regional functional space may be
broadly constrained by species richness. However, local environmental conditions and
anthropogenic pressures modulate trait dominance at finer scales. This scale-dependent
pattern is consistent with the contrasting levels of functional redundancy reported at
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regional and local scales in the Eastern Tropical Pacific, thereby reinforcing the importance
of spatial scale when interpreting functional diversity patterns.

Comparable scale-dependent patterns have been documented within the Gulf of
California, where distinct subregions are dominated by species with contrasting ecological
trait combinations despite similar overall diversity levels [67]. Likewise, evidence from the
Eastern Tropical Pacific indicates that functional diversity increases with species richness
but tends to saturate at elevated diversity levels [68].

At the species level, spatial variation in reef fish assemblages in the Eastern Tropical
Pacific is closely linked to habitat heterogeneity [69,70]. In contrast, at the functional level,
large-scale processes such as oceanographic variability and ENSO events may play an
important role in shaping assemblage structure. These processes have the capacity to
influence recruitment, mortality, migration, and consumption rates, as well as physiological
and biochemical traits that determine species performance and energy use [71-73]. In this
context, the isolation of Clipperton Atoll—coupled with its relatively low habitat hetero-
geneity, potential exposure to high-seas fishing affecting large and mobile predatory species,
and frequent exposure to storms, hurricanes, and ENSO-related disturbances [48]—may
contribute to the elevated functional vulnerability observed in this study. Conversely,
Coastal and Coastal-influenced sites, which are also subject to disturbances such as up-
welling, fishing pressure, sedimentation, and eutrophication [61], exhibit a higher degree
of interconnectedness, suggesting the potential for enhanced functional buffering. These
patterns are consistent with the results of the functional -diversity analyses, which identi-
fied nestedness as a major component in comparisons involving Coastal sites. This finding
suggests that there is partial functional homogenization under similar environmental con-
ditions and disturbance regimes. The persistence of spatial patterns when p-diversity
was estimated using convex hull volume further indicates that these nestedness patterns
are not solely driven by species richness differences but rather reflect shifts in functional
space occupancy. Documented comparable regional contrasts in the relationship between
coral cover and fish functional diversity have been reported between the Mexican Eastern
Tropical Pacific and the Tropical Western Atlantic [74]. Recent findings from the Mexican
Central Pacific demonstrate a counterintuitive relationship between structural simplicity in
coral habitats and elevated levels of functional 3-diversity, despite diminished local func-
tional richness [70]. This underscores the notion that the configuration of habitats can, in a
given context, impose limitations on the local functional space available while concurrently
fostering the diversification of sites. This observation serves to underscore the significance
of incorporating spatial context when elucidating patterns in functional diversity.

Despite the limited replication of oceanic reefs in this study, the Oceanic category is
represented by Clipperton Atoll, which is regarded as one of the most isolated coral reef
systems in the Eastern Tropical Pacific and is considered an ecologically distinct oceanic
reference within the region. The integration of site-level comparisons and functional 3-
diversity analyses enable the discernment of distinct functional structures to be identified
among Oceanic, Coastal-influenced, and Coastal reef systems. A salient finding of this
study is the revelation of an unexpected pattern, which indicates that oceanic reefs are
not dominated by larger-bodied species. Rather, these reefs exhibit reduced body size and
lower representation of higher trophic levels. This finding provides novel insight into the
functional organization of reef fish assemblages in the Mexican Eastern Tropical Pacific. The
intermediate functional patterns observed at reefs influenced by the coast further support
the hypothesis that reef fish functional diversity in the Mexican Eastern Tropical Pacific
varies along gradients of isolation and environmental disturbance. These spatial patterns
likely reflect increasing disturbance intensity along the oceanic—coastal gradient, driven
by fishing pressure, sedimentation, nutrient enrichment, and coastal upwelling. Such
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disturbances have been shown to have a disproportionate effect on coastal reefs, leading to
a reduction in functional richness and an increase in functional divergence. The observed
patterns are consistent with the findings of regional-scale evidence, which indicates that
sea surface temperature and biogeographic context structure reef fish biodiversity across
the Eastern Tropical Pacific [18]. This evidence served to reinforce the role of large-scale
environmental gradients interacting with local disturbance regimes. Understanding the
influence of these drivers on functional diversity is essential for improving the management
and conservation of reef ecosystems in the region. The findings underscore the necessity
for enhanced management strategies that promote the conservation of ecological integrity
and resilience in reef fish assemblages, particularly in view of the diminished functional
diversity and augmented vulnerability evident in select coastal locations. Likewise, the
elevated functional vulnerability exhibited by oceanic systems, as exemplified by the Clip-
perton Atoll, indicates that these reefs may possess heightened sensitivity to species loss.
This observation underscores the necessity for the implementation of targeted conservation
initiatives. In general, effective management ought to take into account spatial variations
in functional structure and prioritize the conservation of functionally significant species
and trophic groups, particularly within the context of fishing pressure. The present study
indicates that the functional structure of the Eastern Tropical Pacific is not solely a reflection
of species richness. Rather, it is the outcome of scale-dependent assembly processes in
which dispersal limitation, environmental filtering, and anthropogenic pressures interact
to shape ecological roles within communities.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/d18040219/s1. Table S1: Fish census numbers and sample
dates for each study site; Table S2: Functional traits of each functional group (FG) and species. Lmax
corresponds to the maximum fish size reported (cm); Wmax the maximum fish wet weight reported
(g); Size = Wax/Lmax3 (Johnstone 1912 [55]); TL trophic level; P/B production/biomass rate (yearfl)
and; Q/B consumption/biomass rate (year‘l). Lmax, Wmax, TL, and Q/B were obtained from Froese
and Pauly (2025) [56]. Fish census numbers and sample dates for each study site; Table S3: Func-
tional indices at the transect level by zone and site. CLI: Clipperton Atoll of the Oceanic zone (O);
IMR: Islas Marias, ISA: Isla Isabel, and MAR: Islas Marietas of the Coastal Influence zone (CI); and
CHA: Chamela Bay, CAR: Carrizales, and BOQ: La Boquita of the Coastal zone (C); Figure S1: Sample-
based rarefaction curves at each study site. Sgp,g correspond to the field-recorded species. Expected
species richness was estimated using nonparametric estimators: Chao 2, Jackknife 1, and Jackknife 2;
Table S4: Two-way fully nested permutational ANOVA outputs. Bold values highlight significant
differences between factors (p < 0.05). C.V.% corresponds to the component of variation represented
as a percentage; Table S5: Site (Zone) pairwise comparisons of two-way fully nested permutational
ANOVAs. Bold values highlight significant differences between factors (p < 0.05); Table S6: Zone
pairwise comparisons of two-way fully nested permutational ANOVAs. Bold values indicate signifi-
cant differences by factor level (p < 0.05); Table S7: Two-way fully nested permutational ANOVA
outputs of Community Weighted Mean (CWM). Bold values highlight significant differences between
factors (p < 0.05). C.V.% corresponds to the component of variation represented as a percentage;
Table S8: Zone pairwise comparisons of two-way fully nested permutational ANOVAs of Community
Weighted Mean (CWM). Bold values highlight significant differences between factors (p < 0.05);
Table S9: Site (Zone) pairwise comparisons of two-way fully nested permutational ANOVAs of
Community Weighted Mean (CWM). Bold values highlight significant differences between factors
(p < 0.05); Table S10: Results of two-way fully nested permutational ANOVA of functional re-
dundancy (FR) and PERMANOVA of functional groups composition and abundance. Bold values
highlight significant differences between factors (p < 0.05). C.V.% corresponds to the component of
the variation; Table S11: Zones and sites nested by zone pairwise comparisons of two-way fully nested
PERMANOVA ANOVAs of functional group composition and abundance. Bold values highlight
significant differences between factors (p < 0.05).
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