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Human activities alter marine ecosystems by modifying their biodiversity, often disrupting trophic interactions
that determine their structure and functioning. Human influence on trophic interactions mediated by fishes have
traditionally been investigated through the lens of indirect proxies, such as the biomass of trophic groups.
However, fish biomass alone may not adequately capture the nuanced responses of fish to different levels of
human pressures, such as changes in the nature and intensity of trophic interactions. Here, we combined visual
counts and remote video surveys to assess how human pressures influence spatial patterns in reef fish biomass
and feeding pressure in an oceanic island in the eastern Atlantic Ocean. The biomass and feeding pressure of reef
fish assemblages strongly declined across the human pressure gradient, by two- and five-fold, respectively. These
patterns were primarily driven by fishery targeted species, which comprised 87 % of fish biomass and 93 % of
fish feeding pressure. Despite this marked imprint of human pressures, we found distinct responses among
trophic groups. The biomass of omnivores and herbivores declined by 19- and 3-fold respectively, while feeding
pressure by these groups declined by 6- and 4-fold, respectively. In contrast, the effect of human pressures on
piscivores, invertivores and planktivores was weak or negligible. Importantly, some trophic groups exhibited
stronger declines in fish feeding pressure than biomass, whilst others exhibited lower declines. This highlights
the nuanced responses of fishes to human exploitation, with compensatory mechanisms, and calls for more
detailed studies to identify how humans disrupt trophic interactions and their potential flow on effects on energy
and material fluxes.

1. Introduction life history traits (e.g., age at maturity, lifespan, and offspring size,

Jgrgensen et al., 2009; Lewin et al., 2019) can alter population dynamics

Human activities can severely alter the structure and functioning of
marine ecosystems. Overfishing, for instance, has caused the collapse of
fish populations across the global oceans (Costello et al., 2016; Myers
and Worm, 2003), particularly for targeted species that are appreciated
by both professional and recreational fishers for their economic and
cultural value (Eggertsen et al., 2024; Yadav et al., 2021). Fishing is
essentially selective (Sampson, 2014), with different gears (e.g., hook
and line, traps, seines, speargun) capturing species with specific traits (i.
e., morphological, life history, behavioural and physiological) that
makes them particularly vulnerable to a certain fishing modality
(Barbosa et al., 2021; Mbaru et al., 2020; Trindade-Santos et al., 2020).
At the population level, fisheries-induced changes in key morphological
(e.g., body size structure, Bosch et al., 2021; Robinson et al., 2017) and

(Barrowman and Myers, 1996; Barneche et al., 2018), thereby
increasing their vulnerability to environmental variation (Hixon et al.,
2014). At the community level, changes in trait dominance, such as
declines in the trophic level of the catch (Pauly et al., 1998), can have
cascading effects with often uncertain consequences for core ecological
processes that mediate the flux of energy and materials within and
across ecological systems (Pinnegar et al., 2000; Mumby, 2006). This
duality in which traits mediate both the “response” of species to human
and environmental stressors, as well as their “effect” in mediating tro-
phic interactions, has prompted a shift in fisheries management and
conservation (Barnett et al., 2019; Stuart-Smith et al., 2015) — from
protecting species, populations, and communities to preserving trait
configurations that promote ecosystem multifunctionality. To date,
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however, advances in effectively implementing this framework have
been hampered by the limited geographical coverage of studies that
empirically quantify the nature and intensity of trophic interactions, and
their flow-on effects on ecosystem functioning, in marine systems
(Bellwood et al., 2019b; Brandl et al., 2019).

Trophic interactions are fundamental in ecological systems, as they
mediate the transfer of energy and materials within food webs
(Lindeman, 1942; Brown and Gillooly, 2003). In marine ecosystems, the
impacts of fishing on trophic interactions have mostly been inferred
from studies on the diversity, abundance, and biomass of species clas-
sified into predefined trophic groups, mainly based on their trophic
ecology and behaviour (Morais et al., 2017; Mora et al., 2011). At
biogeographical scales, this trophic group approach has been a corner-
stone to identify areas that are particularly vulnerable to the effects of
overexploitation — i.e., characterized by a limited number of species
within each trophic group (i.e., low redundancy, Micheli and Halpern,
2005; Mouillot et al., 2014). Limited redundancy within trophic groups
renders an ecosystem vulnerable to human exploitation, as the removal
of one or two key species that are involved in critical trophic interactions
cannot be replace by any community member (Leitao et al., 2016;
Coulon et al., 2023); thereby potentially altering pathways of energy
and material fluxes (i.e., ecosystem functions) (Bellwood et al., 2019b;
Brandl et al., 2019). Further, the number of species within each trophic
group is not the only key factor in inferring vulnerability, but also the
extent to which trophic interactions are sustained by very abundant or
rare species (Mouillot et al., 2013). Ecological theory predicts that
dominant species contribute disproportionately to trophic interactions
(i.e., mass-ratio hypothesis), but detailed empirical studies have ques-
tioned the generality of this pattern (Magneville et al., 2023; Della Marta
et al.,, 2023). For instance, a rare reef fish species not previously
observed in traditional surveys was found to account for the majority of
algal biomass removal in the Great Barrier Reef (Fox and Bellwood,
2007). This and other studies exemplify the importance of direct
quantification of trophic interactions, rather than relying on gradients in
the distribution of richness, abundance, and biomass of species within
particular trophic groups (Tebbett et al., 2021).

The advent of video methods in ecological research has greatly
enhanced our ability to quantify trophic interactions in reef systems
(Longo and Floeter, 2012; Mallet and Pelletier, 2014). Specifically, these
methods have been used to quantify feeding rates and to understand
changes in reef fish behaviour across various environmental and human
pressure gradients (Della Marta et al., 2023; Longo et al., 2014; Nunes
et al., 2021). While video methods can serve as a proxy for quantifying
ecological processes (e.g., herbivory and predation; Bellwood et al.,
2019a; Della Marta et al., 2023), challenges persist in accurately
measuring parameters such as bite size or the amount of material
removed (e.g., algal biomass, Tebbett et al., 2024). Feeding pressure (i.
e., the intensity of feeding interactions within an ecosystem) is mostly
influenced by dominant species (Tebbett et al., 2020; Ferrari et al.,
2024) and modulated by a suite of environmental and biological factors,
such as temperature (Nunes et al., 2021; Barneche et al., 2009; Bosch
et al., 2022c¢), habitat composition (Canterle et al., 2020), and anthro-
pogenic activities (Longo et al., 2014). Although previous studies have
investigated human effects on reef fish feeding pressure as a proxy of
trophic interactions (Ferguson et al., 2016; Della Marta et al., 2023;
Longo et al., 2014), the context dependency of the contribution of
different reef fish species to these processes warrants further exploration
across diverse biogeographic, environmental, and socio-economic
settings.

Oceanic islands are characterized by their geographic isolation from
continental regions and typically exhibit low functional redundancy
(Canterle et al., 2020; Floeter et al., 2008; Mendes et al., 2019). In these
oceanic regions, high species dominance leads to the concentration of
critical trophic interactions on a few species (Ferrari et al., 2024),
increasing their vulnerability to human pressures. Specifically, the di-
versity of reef fishes supporting trophic interactions in the Atlantic
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Ocean is low compared to the species-rich regions of the Indo-Pacific,
where several reef species can be involved in the same trophic in-
teractions (Mouillot et al., 2014). Traditionally, studies have used
proxies such as richness, abundance, and biomass of species within
trophic groups (Williams et al., 2015; Quimbayo et al., 2017) to un-
derstand the dynamics of these systems in response to environmental
and human perturbations, whilst recent studies have focused on quan-
tifying more direct proxies, such as feeding pressure via video methods
(e.g., Canterle et al., 2020; Ferrari et al., 2024). Given their intrinsic
vulnerability, expanding our knowledge on reef fish contributions to
critical trophic interactions and their response to varying levels of
human exploitation, across distinct environmental, evolutionary and
socio-economic contexts represent a critical area of research to ensure
their sustainable management in an era of pervasive human-driven
changes to natural ecosystems.

Here, we investigated the role of human pressures on the biomass
and feeding pressure of reef fish species on an oceanic island, using a
trophic group approach to indirectly infer their potential implications in
rates of energy and material fluxes. Our study was conducted along the
perimeter of Gran Canaria Island, a densely populated island in the
subtropical eastern Atlantic Ocean with a long history of fisheries
overexploitation (Couce-Montero et al., 2015; Jiménez-Alvarado et al.,
2019). The low diversity of species sustaining distinct trophic in-
teractions on this island (Bosch et al., 2021), coupled with the complex
nature of the artisanal and recreational fisheries sector, which targeted
multiple species through a combination of gears (Castro et al., 2019),
makes this an ideal scenario to test the vulnerability of fish trophic in-
teractions to varying levels of human exploitation. To the best of our
knowledge, this is the first study to analyse human impacts through the
lens of quantitative measures of trophic interactions in the region,
particularly focusing on interactions with the benthos. We hypothesized
that (i) reef fish biomass and feeding pressure would exhibit a marked
response to human pressure gradients, (ii) human effects would be
largely driven by dominant targeted species, and (iii) human pressures
would differentially affect trophic groups, mediated by both changes in
biomass and feeding interactions.

2. Methods
2.1. Study region and sampling design

Our study was conducted at Gran Canaria Island, a volcanic oceanic
island in the subtropical northeastern Atlantic Ocean (27.9°N, 15.5°W,
Fig. 1). The island forms part of the Canarian archipelago, a group of
seven major islands and four islets that originated ca. 20.5 Ma through
successive volcanic events (Anguita and Hernan, 2000). Their isolation
from the African continent, being geologically independent and sepa-
rated by depths approaching 2000 m, coupled with their age and con-
tinental shelf area, has shaped the evolution of their extant reef fish
communities (Floeter et al., 2008; Ferrari et al., 2023; Tuya et al., 2021).
Geophysical and environmental conditions vary strongly across the is-
land perimeter, predominantly influenced by north-northwest swells
and north-northeast trade winds, which in turn affect local nutrient
levels and temperature (Barton et al., 1998; Azorin-Molina et al., 2018).

Fisheries in nearshore waters of the Canarian Archipelago are com-
plex, comprising multiple gears and targeted species, that include both
artisanal and recreational fishers (Santamaria et al., 2013).
Bentho-demersal finfish species comprise ca. 50 % of the total artisanal
fisheries catch (Zeller and Pauly, 2015), mainly caught through traps or
pots, gillnets and longlines. Nearly 70 % of wild caught fishes comes
from marine recreational fishers (Castro et al., 2019), with roughly 90,
000 individuals practicing this fishing modality across the archipelago
(Bilbao-Sieyro et al., 2022). Over the past 70 years, there has been a
decline in the number of artisanal fishers, whilst recreational fishing has
increased substantially, driven by the establishment of secondary ports
or access points, technological advancements, and the growth of the
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Fig. 1. Map of study sites around Gran Canaria Island (Canary Islands, NE Atlantic Ocean) with their corresponding category of human pressure (low = blue, mid =
orange, high = red) based on the HAPI index. The colour palette overlaid on the island represents human population densities on a log scale, with yellow tones
indicating high-density areas and dark blue indicating low-density areas. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

tourism and leisure industry in the archipelago (Castro et al., 2019).
Both sectors exert strong selection pressures in nearshore fish commu-
nities, which have profoundly altered the composition and trophic level
of the catch, stock population size, and community- and species-specific
size frequency distributions (Alos et al., 2014; Castro et al., 2019;
Jiménez-Alvarado et al., 2019; Tuya et al., 2006a). Various fisheries
management and conservation measures have been implemented to
restore fish biomass in the last decades, such as minimum legal sizes,
quotas per individual fisher and establishment of marine protected areas
(Law 17/2003 of Fishing in the Canary Islands, of 10 April). However,
considerable challenges persist, such as the increase in catch and release
of undersized fish (Alos et al., 2009), variations in size-selectivity among
fishing modalities (Frisch et al., 2008), and the high cost of enforcing
fisheries regulations (e.g., size and catch limits), which complicates the
management of the fisheries (Ahrens et al., 2020).

Our sampling design consisted of 13 sites (i.e., reefs) around the is-
land perimeter that capture variations in human pressures, as well as
geophysical and environmental drivers (Fig. 1b). Currently, there is a
lack of spatiotemporal comprehensive information on the artisanal and
recreational fishing effort at the scales investigated for the island, with
only a few recent studies reporting fishing effort data for specific gears
(e.g., traps, Cruces et al., 2024). We thus decided to use several indirect
proxies of human pressures that have been previously linked to the
response of fish assemblages to varying levels of human exploitation:
human population density (Cinner et al., 2013), human gravity (Cinner
et al., 2018; Bosch et al., 2021), and the Human Activities and Pressures
Index (HAPI) (Blanfuné et al., 2017). The human population density was
sourced from the LandScan 2022 population density grid, which pro-
vides highly resolved (ca. 1 km) daily average population counts derived
from remote-sensing data and mapping (Sims et al., 2023). Human
population values for each reef site were then extracted by summing
population counts around a 5 km buffer via the “raster” R package
(Hijmans, 2023). As a measure of accessibility to the reef (Cinner et al.,

2018), we extracted the minimum travel distance in km to the nearest
port, industrial or recreational, or boat ramp via the “sf” R package
(Pebesma and Bivand, 2023). Human gravity was computed using a
modification of the original proposed by Cinner et al. (2018), by
dividing the human population values at each reef site by their distance
to the nearest access point. Finally, we considered the HAPI index
(Blanfuné et al., 2017), an aggregated metric of cumulative human
pressures from both terrestrial (urban, industrial, and agricultural areas)
and marine (percentage of shoreline infrastructures, as well as aqua-
culture facilities and discharge of waste waters) sources, which have
previously been quantified for the study region at a 5 x 5 km grid res-
olution (Valdazo et al., 2017). We must note that the selection of 5 km
buffers and grid cells to capture local human pressures was somehow
arbitrary, based on the most likely distance travelled by fishers on a
daily basis in the study region. We found a moderate correlation coef-
ficient (r > 0.5, Figs. S1 and S2), and high variance inflation factors (VIF
>5, Fig. S3) between human pressure metrics. Therefore, we retained
only the HAPI index for analysis to avoid multicollinearity issues in
statistical modelling (Dormann et al., 2013), given its comprehensive
coverage of a broad spectrum of human pressures (Blanfuné et al.,
2017). Given that our study design involves a limited number of sites (n
= 12-13) covering the range of HAPI values, we decided to convert this
into a categorical factor, using the “cluster” R package (Maechler et al.,
2023) to find natural breaks in the data. This resulted in three levels of
human pressure: low (0.0-2.1), mid (2.5-4.5), and high (5.6-5.9). All
surveys were conducted between September and November 2023, at
shallow (2 m-15m, 8.0 m + 0.5 m) reefs and during daylight hours (9 a.
m.-14 p.m.), to minimize depth and within-day variability in fish
assemblage structure (Azzurro et al., 2007; Bosch et al., 2023). Studied
reefs were mainly dominated by algal turf (aggregations of algae less
than 2 cm in height with low structural complexity that form a
conglomerate of algae, detritus and cyanobacteria, Mourin et al., 2025).
This pattern was consistent across the study region (Tuya and Haroun,
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2006), which exhibited only sparse coverage of structurally complex
brown and red foliose algae (Fig. S4). To reduce spatial dependency
between survey sites, we selected those that were at least 1 km apart.

2.2. Surveys of fish biomass

We estimated the biomass of each fish individual through under-
water visual census techniques (UVCs), a non-destructive method that
provides information on the identity, abundance, and size of conspicu-
ous fish species. At each site, we conducted six belt transects of 25 m
length x 4 m wide (100 m?) across two depth strata (approximately 5 m
and 10 m). All sampling was conducted by the same observer, following
established protocols for the study region and elsewhere (Bosch et al.,
2017, 2021). Briefly, the diver identified and quantified the abundance
of each species within the field of view, omitting individuals that entered
from behind to reduce the likelihood of double counting. Fish size was
estimated visually by placing the individuals in predefined size cate-
gories of increasing increments (2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 30, 35,
40, 50, 62.5, 75 cm), following globally standardized survey protocols
that minimize inaccuracies in size estimation (Edgar et al., 2004, 2020;
Edgar and Stuart-Smith, 2014). The abundance of schooling fish (i.e.,
>20 individuals) was estimated by assessing a subset and combining it
with an estimate of the overall proportion (ca. 20 % of the individuals,
except for very large schools where a maximum of 20 fish is tallied).
Transects were replicated at distances of, at least, 10 m to minimize the
non-independence of fish counts. To obtain each fish individual biomass,
we applied standard length-weight relationships recovered from a
dataset of Atlantic reef fishes (Quimbayo et al., 2021).

2.3. Video surveys of feeding pressure

We quantified fish feeding pressure on the benthos via Remote Un-
derwater Videos (RUVs), collected for 12 out of the 13 study sites.
Feeding pressure was used as an indirect, quantitative, proxy of trophic
interactions mediated by fishes via their feeding patterns (e.g., (Longo
et al., 2014). At each site, n = 4 GoPro Hero 9 cameras (1080 p and 60
fps resolution) were haphazardly placed in the seabed, at a height of
approximately 50 cm above the bottom to maximize the field of view, for
quantifying interactions between fishes and the benthos. Within each
site, we consistently targeted patches of the seabed dominated by algal
turf, as this was the dominant benthic habitat across the study region. To
standardize the sampling area, the diver first placed a 2-m transect tape
perpendicular to the camera, then swam with a 1-m rope stretched out,
and marked every 20 cm, towards the camera. In this way, the obser-
vation area per video sample was limited to 2 m?, whilst the marks
provided a calibration method to estimate fish sizes (Fig. S5) (Longo
etal., 2014, 2019). After this procedure, the divers removed the transect
and rope, and left the survey area, setting each camera recording to 15
min of video (Canterle et al., 2020).

We analysed the central 10 min of each video recording to minimize
the influence of the diver’s presence (Longo and Floeter, 2012, 2014).
For each video sample, we identified each fish that entered the field of
view, measured its size, and quantified the number of bites taken in the
substratum per observation, which was defined as the time a single fish
entered and left the sampling area. We considered a bite as an instance
when a fish touched the benthos with its jaws open and subsequently
closed its mouth (Longo and Floeter, 2012). Biomass conversion of each
individual fish size was done using published length-weight relation-
ships for the Atlantic (Quimbayo et al., 2021). When a school of fish
appeared in the video, we analysed five random individuals and
extrapolated by the number of fish forming the school to estimate total
feeding pressure (Bosch et al., 2022c). Because identifying, sizing, and
estimating the size of small-bodied individuals tend to be imprecise in
RUV samples (Canterle et al., 2020; Longo and Floeter, 2012), we
focused our analysis exclusively on individuals larger than 5 cm in total
length. We calculated feeding pressure as the product of the number of
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bites taken and the biomass (kg) of each fish (Longo et al., 2014, 2015),
to account for body size variations in trophic interactions (i.e., mass
ratio hypothesis, Cardinale et al., 2007). In brief, we quantified fish
feeding pressure, per unit of time and area (n° bites x Biomass (kg))/(2
m? x 10 min) (Longo et al., 2014, 2015), for a total of 47 video samples
(i.e., a total of 470 min of video observations).

2.4. Statistical modelling

We tested for the effect of human pressure, measured through the
HAPI index (i.e., a fixed factor with three levels: low, mid, high), on the
biomass and feeding pressure of reef fish assemblages using Generalized
Linear Mixed Models (GLMMs). To explore how human pressures may
disrupt the critical trophic pathways through which fishes transfer en-
ergy and materials in coastal food webs (Bellwood et al., 2019a; Brandl
et al., 2019; Bosch et al., 2022a), we run models both at the assemblage
level (i.e., values pooled for all species in a sample) and by major trophic
groups: piscivores, invertivores, herbivores, planktivores, and omni-
vores. Then, for each group (i.e., response variable), we run three sets of
models: (i) global (all species pooled, i.e., summed), (ii) targeted species
by both professional and recreational fisheries, and (iii) non-targeted
species. The latter served as a pseudo-control to decouple the influ-
ence of fisheries exploitation from other human-related stressors (e.g.,
pollution, coastal urbanization, sewage outfalls) (Bosch et al., 2021).
Fishery targeted species were defined based on lists compiled from
previous studies in the region (Santamaria et al., 2013; Castro et al.,
2015; Jiménez-Alvarado et al., 2019), as well as the author’s combined
expertise. We must note that some groups had insufficient data for this
partitioning, such as non-targeted piscivores for biomass models, and
planktivorous fishes for feeding pressure. Site nested in sector (i.e., a
factor representing each 5 x 5 km HAPI pressure grid), was included as a
random effect term, to account for spatial dependency of samples taken
within each site and sites within each sector. During the data explora-
tion, three for biomass and one for feeding pressure outlying samples
were detected. These resulted from the presence of (i) large schools of
small pelagic, such as the bogue (Boops boops), and herbivorous species,
such as Sarpa salpa, with erratic behaviour and patchy distributions, and
(ii) species typically associated with sand-reef ecotones, such as the
bastard grunt (Pomadasys incisus) and the axillary seabream (Pagellus
acarne).

For each model, we included a series of environmental and habitat
covariates that have been previously shown to affect reef fish assem-
blage structure and feeding behaviour: depth (Fox and Bellwood, 2007;
Bosch et al., 2023), sea surface temperature (Nunes et al., 2021), habitat
composition (Bosch et al., 2022b; Ferrari et al., 2023), and agonistic
biotic interactions (Canterle et al., 2020). Depth was obtained from in
situ field observations using a dive computer. Temperature data for
feeding pressure was obtained from HOBO TitBit loggers, which recor-
ded data at 1-min intervals and were deployed concurrently with the
video plots. For biomass data, we retrieved the average annual SST, at
the study sites, from satellite observations in the MARSPEC dataset
(Sbrocco and Barber, 2013). The total number of agonistic (i.e., nega-
tive) interactions per sample, defined as an instance when one fish
swiftly swam towards another causing the latter to escape (Canterle
et al., 2020), was quantified from the video plots. Finally, we quantified
variation in the composition and structure of benthic habitats at two
spatial scales: reef (i.e., site) and video plot, to use in the biomass and
feeding pressure models, respectively. This data was obtained from
co-located photoquadrats, taken every 2.5 m along the transect line, at
approximately 50 cm above the seabed (ca. 30 x 30 cm area, 0.09 m?),
for biomass models; and, from n = 5 haphazardly placed PQs, of 25 x 25
cm (0.06 m?), on the video plot area for feeding pressure models. The
percent cover of benthic morpho-functional groups derived from the
“Collaborative and Annotation Tools for Analysis of Marine Imagery and
Video” (CATAMI) (Althaus et al., 2015) (e.g., foliose brown algae,
foliose red algae, crustose coralline algae, and algal turf) and substrate
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types (e.g., conglomerates, gravel, sand, and bare rock) was quantified
by overlaying a mesh of 5 x 5 squares of equal dimensions via the GIMP
software (http://www.gimp.org.es/), and scoring the habitat located
directly below each intersection (n = 16 points per image). To visualize
and quantify variation in benthic assemblage structure, we performed a
principal coordinate analysis (PCoA) on a bray-Curtis matrix summa-
rising dissimilarity in benthic cover across samples, using the ‘labdsv’
(Roberts, 2023) and ‘vegan’ (Oksanen et al., 2022) R packages. We
retained the first two PCoA axes, which cumulatively accounted for 89
% of the original variability, and then extracted the position of the
samples (i.e., centroids) along these to be used as explanatory variables
in the models.

All models were implemented in the ‘glmmTMB’ R package (Brooks
et al., 2017), and were fitted using a gamma, lognormal, and Tweedie
error distribution with a log-link function, depending on the underlying
distributional properties of the response variables (Tables S1 and S2). To
avoid multicollinearity problems in parameter estimation, we excluded
predictors with a Pearson correlation >0.7, which resulted in the
exclusion of depth, as it was strongly (r = 0.7) correlated with the HAPI
index (Fig. S2). All continuous predictor variables were standardized
(mean O and SD 1), prior to analysis, to account for differences in
scaling. We used the ‘DHARMA’ R package (Hartig, 2020) to explore
violations of model assumptions, which included QQ plots, plots of re-
siduals vs. fitted values., Kolmogorov-Smirnov tests, outlier tests
(Figs. S6 and S7), and Moran’s I to test for spatial autocorrelation in
model residuals. We performed all statistical analysis using the R soft-
ware version 4.3.1.

3. Results
3.1. Island-scale patterns and drivers in fish biomass

A total of 6003 fish (from 37 species, Table S1) were censused, with
five species contributing up to 50 % of the total biomass: the white
seabream (Diplodus sargus), the common two-banded seabream (Dip-
lodus vulgaris), the zebra seabream (Diplodus cervinus), the parrotfish
Sparisoma cretense, and the salema (Sarpa salpa). Of the 37 species
identified, fishery targeted species comprised up to 87 % of the total
assemblage biomass (Fig. 2a), which was dominated by omnivores (46
%), mainly composed of targeted species, and herbivores (27 %) (Fig. 2b
and c). Invertivores accounted for 18 % of the total biomass, represented
mostly by targeted species (77 %) (Fig. 2d); piscivores comprised 5 %, of
which 76 % corresponded to fishery-targeted species (Fig. 2e). The least
represented group was planktivores, comprising only 3 % of the total
biomass, primarily constituted by non-targeted species. Within each
trophic group, biomass was strongly dominated by one or two fishery
targeted species: Diplodus sargus (47.6 %) and Diplodus vulgaris (41.6 %)
for omnivores, Sparisoma cretense (43.4 %) and Sarpa salpa (41.2 %) for
herbivores, Diplodus cervinus (48.2 %) for invertivores, and Mycteroperca
fusca (27.5 %) and Epinephelus marginatus (19.4 %) for piscivores.

The biomass of reef fishes strongly varied across the island perimeter,
with nearly a 13-fold decrease from the highest to the lowest biomass
site (30-2.3 kg 100 m~2). Human pressure significantly contributed to
variation in assemblage-level fish biomass patterns (Table 1), with a
nearly two-fold (18.2-8.8 kg 100 m~2) decrease with increasing human
pressure (Fig. 3a—c). Importantly, this pattern was solely attributed to
targeted species, whose biomasses decreased by 2.5-fold (17.2-7.0 kg
100 m~2) from low to high human pressure sites (Fig. 3b). In contrast,
the response of non-targeted fish biomass to human pressure was
negligible (Fig. 3c).

The response of fish biomass to human pressure varied across fish
trophic groups, a pattern influenced by their degree of human exploi-
tation (Table 1). Omnivores and herbivores were the main trophic
groups driving the observed assemblage-level response to human pres-
sure (Table 1), with omnivores declining by 19-fold (13.0-0.7 kg 100
m’z) and herbivores by three-fold (5.1-1.6 kg 100 m’z) (Fig. 3e-g). For
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the former, fish biomass was almost entirely comprised of targeted
species, so we only modelled this group; for the latter, targeted species
were mostly responsible for the observed pattern with a 2.3-fold decline
in biomass (3.9-1.7 kg 100 rn’z; Fig. 3f). In contrast, human pressure
had no significant effect on non-targeted species, whose biomass varied
significantly with changes in benthic habitat composition (Table 1;
Fig. S4). Piscivores, comprised entirely by targeted species, also dis-
played a marked response to human pressure, declining by five-fold
(0.5-0.1 kg 100 m’z) (Fig. 3k), although there was high uncertainty
in the estimates due to their relatively low biomass (5 % of the total),
which resulted in non-significant effects (Table 1). However, our models
did retrieve a significant effect of depth on this group. A similar response
was observed for invertivorous fishes, with biomass decreasing two-fold
(2.7-1.4 kg 100 m~2) as human pressure increased (Fig. 3h). This
decline was driven equally by both targeted and non-targeted fishes,
although the high uncertainty in parameter estimates led to non-
significant patterns. Finally, the biomass of small-bodied, non-tar-
geted, planktivorous fishes did not respond significantly to human
pressure, being mainly driven by depth gradients.

Overall, there was substantial variation in the variance explained by
our models, from 1.0 % to 62 % explained by the fixed components for
the assemblage-level models and planktivores, respectively (Table 1).
Incorporating the variance explained by the random effect of site, nested
in sector, generally slightly improved the goodness-of-fit of the models,
for instance to 2.2 % in the targeted and 12 % in non-targeted models.

3.2. Island-scale patterns and drivers in fish feeding pressure

A total of 1956 individuals (from 19 species) were recorded biting on
the benthos, with the most intense feeding interactions (i.e., bites in the
substratum weighted by biomass) reported for the common two-banded
seabream (Diplodus vulgaris), the white seabream (Diplodus sargus), and
the parrotfish Sparisoma cretense, accounting for up to 85 % of the total
feeding pressure (Table S2). Fish feeding pressure was strongly domi-
nated by fishery targeted species, which accounted for up to 93 % of the
total feeding pressure on the benthos (Table S2; Fig. 4a). The contri-
bution of fish trophic groups varied, with targeted omnivores exerting
the highest feeding pressure, with up to 70 % of the total feeding pres-
sure (Fig. 4a). Herbivores were the second-ranked trophic group,
contributing up to 18 %, of which 90 % corresponded to targeted spe-
cies. Finally, invertivores had a relatively small contribution, 12 % of the
total, of which 55 % corresponded to targeted and 45 % to non-targeted
species. Within each trophic group, feeding pressure was dominated by
one or two targeted species: Diplodus vulgaris (75 %) and Diplodus sargus
(24.1 %) for omnivores (Fig. 4b), Sparisoma cretense (88.3 %) for her-
bivores, and Diplodus cervinus (37.8 %) and Mullus surmuletus (17.2 %)
for invertivores (Fig. 4c).

Fish feeding pressure on the benthos varied markedly across the is-
land perimeter, with nearly a 95-fold (2.84-0.03 kg m2 min )
decrease from the lowest to the highest feeding pressure site. Human
pressure had a pronounced effect on spatial patterns in feeding pressure,
primarily driven by targeted species (Table 2). Considering all fish in-
dividuals (i.e., assemblage-level models), feeding pressure declined by
five-fold (0.9-0.2 kg m ™2 min~*) from low to high human pressure areas
(Fig. 5a), a pattern that was almost exclusively attributed to declines in
the feeding pressure exerted by targeted fishes (0.80-0.13 kg m 2
min 1) (Fig. 5b). In contrast, there was a negligible effect of human
pressure on non-targeted species, whose spatial variation in feeding
pressure was mainly attributed to habitat composition and the strength
of agonistic biotic interactions.

Similarly to fish biomass, the response of fish feeding pressure to
human pressure generally varied across trophic groups and the fishery
status. Herbivores and omnivores exhibited the strongest response to
human pressure, with up to four-fold (0.18-0.05 kg m~2 min~!) decline
in herbivores and six-fold (0.52-0.09 kg m~2 min~1) decline in omni-
vores. In both groups, these patterns were almost solely driven by


http://www.gimp.org.es/

L Barroso et al.

Estuarine, Coastal and Shelf Science 320 (2025) 109305

(@)
Omnivores
Herbivores \ Piscivores
- >0
A /
s
Targeted
Invertivores Planktivores Non targeted
(b) ()
Diplodus sargus Sparisoma cretense
50, N 50.
a7 5‘
25 | 25
125 \ 125
/ oA
Diplodus vulgaris <-- Ll > Stephanolepis hispida Sarpa salpa < > Ophioblennius atlanticus
v
Diplodus puntazzo Similiparma lurida
(d) ()
Diplodus cervinus
Aulostomus strigosus
5?,'.‘ 40
Oblada melanurus ) Pagrus pagrus Mycteroperca fusca 305 Synodus saurus
y = 2
M
< 125-._ | 10
s \ [
» I‘ ! \
Thalassoma pavo « Y » Mullus & { SN Synodus synodus
- A . v
= \ |
N4
Lithognathus mormyrus Canthigaster capistrata Sphyraena viridensis Pseudocaranx dentex
Pagrus auriga Seriola rivoliana

Fig. 2. (a) Radar plot illustrating the percent contribution of each fish trophic group, according to its fishery status (red = targeted; green = non-targeted), to total
assemblage biomass. (b-e) Percent contribution of fish species, according to its fishery status (red = targeted; green = non-targeted), to total biomass within each
trophic group: (b) omnivores, (c) herbivores, (d) invertivores, and (e) piscivores. Note, planktivores were not represented as they only comprised a single non-
targeted species (Chromis limbata). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Summary of GLMM results testing for the effect of human pressure, habitat composition, sea surface temperature, and depth on the biomass of reef fish assemblages.
Predictor effect (estimate + SE), z-statistic, p-value, and R2 (marginal and conditional) are reported for model comparisons. For categorical factors, i.e., HAPI, “high

human pressure” level is used as the reference value.

Response variable Predictor Estimate + SE Z statistic p value R marginal R Conditional
(Intercept) 2.14 + 0.25 8.59 <0.001
HAPI_Categorylow 0.73 +£0.29 2.52 0.012
HAPI_Categorymid —0.10 £+ 0.28 —0.37 0.714
Habitat_ PCoAl 0.01 £0.11 0.13 0.897
SST 0.19 £ 0.12 1.51 0.130
Assemblage-level Depth 0.07 + 0.09 0.74 0.460 1.0 % -
(Intercept) 1.87 £ 0.36 5.16 <0.001
HAPI_Categorylow 0.90 + 0.41 2.22 0.026
HAPI_Categorymid —0.20 + 0.40 —0.51 0.611
Habitat_ PCoA1 0.05 + 0.16 0.33 0.741
SST 0.22 +0.18 1.21 0.224
Targeted Depth 0.07 + 0.11 0.61 0.539 1.4 % 2.2 %
(Intercept) 0.16 + 0.29 0.56 0.577
HAPI_Categorylow 0.20 £ 0.36 0.55 0.582
HAPI_Categorymid 0.23 + 0.34 0.69 0.491
Habitat_PCoA1l —0.06 + 0.10 —0.55 0.582
SST —0.20 +£ 0.15 -1.33 0.184
Non targeted Depth —0.03 + 0.10 —0.32 0.752 3.7 % 12 %
(Intercept) —0.44 £+ 0.60 -0.73 0.466
HAPI_Categorylow 3.00 + 0.75 4.02 <0.001
HAPI_Categorymid 0.65 £+ 0.72 0.89 0.371
Habitat_PCoA1l 0.08 +0.21 0.41 0.683
SST 0.40 + 0.26 1.52 0.129
Omnivores Depth —0.17 +£ 0.21 —0.80 0.421 54.2 % -
(Intercept) 0.34 £ 0.50 0.69 0.493
HAPI_Categorylow 1.19 £+ 0.60 1.99 0.046
HAPI_Categorymid 0.24 + 0.59 0.40 0.690
Habitat PCoA1 —0.23 £ 0.14 -1.68 0.092
SST 0.08 + 0.26 0.30 0.763
Herbivores Depth —0.01 +£0.14 —0.09 0.927 27.5% -
(Intercept) 0.50 + 0.32 1.60 0.110
HAPI_Categorylow 0.85 +0.38 2.23 0.026
HAPI_Categorymid 0.15 + 0.33 0.47 0.641
Habitat_ PCoAl 0.06 £+ 0.10 0.55 0.583
SST 0.06 + 0.13 0.48 0.628
Herbivores targeted Depth —0.13 £ 0.10 -1.33 0.183 3.2% -
(Intercept) —-1.13+0.28 -3.95 <0.001
HAPI_Categorylow 0.32 + 0.36 0.88 0.379
HAPI_Categorymid 0.59 + 0.32 1.88 0.060
Habitat_ PCoAl 0.30 £0.13 2.33 0.019
SST -0.17 £ 0.12 —1.44 0.151
Herbivores non-targeted targeted Depth -0.12+0.11 —-1.04 0.298 39.5% -
(Intercept) 0.36 + 0.41 0.87 0.384
HAPI_Categorylow 0.63 £+ 0.55 1.14 0.253
HAPI_Categorymid 0.01 + 0.49 0.03 0.977
Habitat PCoA1 —0.24 + 0.17 —1.43 0.154
SST 0.25 £ 0.20 1.21 0.225
Invertivores Depth 0.13 £0.16 0.82 0.414 14.7 % -
(Intercept) 0.10 + 0.64 0.15 0.877
HAPI_Categorylow 0.51 £ 0.84 0.61 0.543
HAPI_Categorymid —0.46 + 0.78 —0.58 0.559
Habitat_PCoA1l —0.28 + 0.25 -1.12 0.264
SST 0.52 + 0.34 1.53 0.127
Invertivores targeted Depth 0.30 + 0.26 1.15 0.251 282 % -
(Intercept) —1.19 + 0.35 -3.39 <0.001
HAPI_Categorylow 0.46 + 0.46 0.99 0.320
HAPI_Categorymid 0.42 £+ 0.40 1.04 0.299
Habitat_ PCoAl —0.12+0.10 -1.22 0.222
SST —0.06 + 0.18 —-0.34 0.733
Invertivores non-targeted Depth —0.16 &+ 0.08 -1.95 0.051 142 % -
(Intercept) —-2.36 + 1.02 —-2.32 0.020
HAPI_Categorylow 1.46 £1.18 1.23 0.217
HAPI_Categorymid —0.05+1.18 —0.05 0.963
Habitat_ PCoAl —0.33 £ 0.34 —0.96 0.335
SST 0.65 + 0.52 1.24 0.214
Piscivores targeted Depth 1.05 + 0.35 2.99 0.003 50.9 % -
(Intercept) —-2.90 +£1.71 -1.70 0.090
HAPI_Categorylow 0.68 + 1.91 0.35 0.723
HAPI_Categorymid 1.58 £1.91 0.83 0.408
Habitat_ PCoAl —0.44 + 0.40 -1.10 0.272
SST —0.67 + 0.78 —-0.86 0.392
Planktivores Depth 1.06 + 0.29 3.71 <0.001 62.2 % -
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Fig. 3. Fish biomass response to varying levels of fisheries exploitation (low = blue, mid = orange, and high = red) for assemblage-level data (a—c) and each trophic
group: omnivores (d), herbivores (e—g), invertivores (h-j), piscivores (k), and planktivores (1). For each trophic group (i.e., response variable) (left column), models
were partitioned for fishery targeted (middle column) and non-targeted (right column) species. Larger dots are model-averaged predictions from GLMs, and whiskers
are SE around the predicted mean. Violin plots and smaller dots are included within each panel to depict the distribution of replicate-level values. Significant patterns
are denoted with a letter (e.g. a or b) marking significant differences between levels of fisheries explotation within each panel. We note omnivores were exclusively
conformed of targeted species, and for simplicity were included in the global panel. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

<

(a) Omnivores

Herbivores Invertivores

(c)

Thalassoma pavo

Diplodus cervinus Oblada melanurus

Mullus surmuletus Sphoeroides marmoratus

Canthigaster capistrata Symphodus trutta

(b) Diplodus vulgaris

|

Diplodus sargus Stephanolepis hispida

Targeted

Non targeted

Fig. 4. (a) Radar plot illustrating the percent contribution of each fish trophic group, according to its fishery status (red = targeted; green = non-targeted), to total
assemblage feeding pressure. (b—c) Percent contribution of fish species, according to its fishery status (red = targeted; green = non-targeted), to total feeding pressure
within each trophic group: (b) omnivores, and (c) invertivores. Note, herbivores were not represented, as the trophic group comprised only one targeted species,
Sparisoma cretense (88.3 % of the herbivore feeding pressure), and one non-targeted species, Similiparma lurida (11.7 %). (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

targeted species (Table 2), with feeding pressure by targeted herbivo-
rous fishes declining up to three-fold (0.17-0.05 kg m~2 min™') with
increasing human pressure, whilst non-targeted species displayed non-
significant patterns. For omnivores, we observed high variability in
feeding pressure at the video plot scale, which resulted in high uncer-
tainty in parameter estimates and hence non-significant patterns (p =
0.07). In contrast to these groups, feeding pressure by invertivorous
fishes displayed non-significant associations with human pressure, being
majorly driven by the strength of agonistic biotic interactions in non-
targeted fishes.

Considering only the fixed effects, the amount of explained variance
varied from 30 % for invertivores, to 54 % for the model on non-targeted
invertivores (Table 2). Incorporating the variance explained by the
random effect of site slightly improved the goodness-of-fit of the models,
for instance to 59 % in assemblage-level models.

4. Discussion

Our study revealed a profound imprint of human activities on trophic

interactions mediated by reef fishes in an oceanic island in the eastern
Atlantic Ocean. Despite we used a compound metric of human pressures
not directly related to fishing pressure, the HAPI index (Blanfuné et al.,
2017), the contrasting response of targeted vs. non-targeted species
points towards community-wide impacts of extractive fishing activities
at an island scale, beyond a mere and direct alteration of biomass pat-
terns. Prior studies in the region have extensively reported the depletion
of fish abundances and biomasses among specific targeted species and
trophic groups due to a long-history of overexploitation by both recre-
ational and professional fisheries (Tuya et al., 2006b; Castro et al., 2019;
Jiménez-Alvarado et al., 2020). However, our study is the first to pro-
vide a quantitative comparison of the concomitant response of fish
biomass and feeding pressure to varying levels of human exploitation.
We documented a two-fold declined in fish biomass under high levels
of human pressure, whilst feeding pressure declined five-fold. The
stronger decline in feeding pressure has important implications for
management strategies aimed at preserving trophic interactions
(Bellwood et al., 2019b; Canterle et al., 2020), as it may indicate hidden
impacts of fishing on behaviour or competitive interactions that impair
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Summary of GLMM results testing for the effect of human pressure level, habitat composition, temperature, and negative biotic interactions on the feeding pressure of
reef fish assemblages. Predictor effect (estimate + SE), z-statistic, and p-value are reported for model comparisons. For categorical factors, i.e., HAPI, “high human

pressure” level is used as the reference value.

Response variable Predictor Estimate + SE Z statistic p value R Marginal R Conditional
(Intercept) —-1.86 + 0.66 —-2.80 0.005
Temp_mean —0.16 + 0.30 —0.54 0.589
Habitat_PCoAl —0.51 £ 0.21 —2.45 0.014
HAPI_Categorylow 1.68 £ 0.73 2.30 0.022
HAPI_Categorymid 1.45 £ 0.86 1.68 0.094
Assemblage-level negative.interaction 0.17 £ 0.19 0.90 0.370 329% 59.0 %
(Intercept) —2.18 +0.83 —2.62 0.009
Temp_mean —0.10 = 0.34 -0.29 0.773
Habitat_PCoA1l —0.68 + 0.24 —2.84 0.004
HAPI_Categorylow 1.77 £ 0.90 1.97 0.048
HAPI_Categorymid 1.67 £ 0.96 1.74 0.082
Targeted negative.interaction —0.11 £ 0.26 —0.44 0.661 47.3 % -
(Intercept) —3.51 +0.68 —5.14 <0.001
Temp_mean —0.30 + 0.27 -1.11 0.266
Habitat_PCoA1l 0.02 +0.17 0.09 0.925
HAPI_Categorylow 0.24 +0.82 0.28 0.776
HAPI_Categorymid 0.15 + 0.79 0.19 0.848
Non targeted negative.interaction 0.47 £ 0.12 3.77 <0.001 314 % -
(Intercept) —2.43 +1.00 —2.42 0.015
Temp_mean —0.25 + 0.38 —0.65 0.514
Habitat_PCoA1l —0.80 + 0.39 —2.06 0.040
HAPI_Categorylow 1.79 £ 1.00 1.80 0.072
HAPI_Categorymid 1.35 £1.07 1.26 0.206
Omnivores negative.interaction 0.01 +0.39 0.04 0.971 34.5% -
(Intercept) —3.11 + 0.55 —5.67 <0.001
Temp_mean —0.14 =+ 0.24 —0.59 0.553
Habitat_PCoAl —-0.32+0.21 -1.50 0.134
HAPI_Categorylow 1.39 + 0.62 2.22 0.026
HAPI_Categorymid 0.86 = 0.69 1.25 0.212
Herbivores negative.interaction —0.33 +£0.25 -1.31 0.190 40.6 % -
(Intercept) —-3.11 + 0.58 —5.32 <0.001
Temp_mean —0.19 + 0.27 -0.71 0.478
Habitat_PCoA1l —0.23 + 0.26 —0.88 0.379
HAPI_Categorylow 1.29 £ 0.63 2.05 0.041
HAPI_Categorymid 0.46 + 0.78 0.59 0.554
Herbivores targeted negative.interaction —0.55 + 0.39 —1.40 0.162 45.0 % -
(Intercept) —5.79 + 0.98 —5.94 <0.001
Temp_mean 0.55 + 0.47 1.18 0.239
Habitat_PCoA1l 0.00 +0.23 0.01 0.988
HAPI_Categorylow 0.47 £1.18 0.40 0.691
HAPI_Categorymid 1.82 +1.12 1.63 0.104
Herbivores non-targeted negative.interaction 0.18 £ 0.25 0.70 0.484 53.9 % -
(Intercept) —2.62 + 0.37 —7.01 <0.001
Temp_mean —0.31 + 0.22 —1.45 0.146
Habitat_PCoA1l —0.15 £+ 0.20 -0.76 0.446
HAPI_Categorylow —0.46 + 0.51 -0.91 0.364
HAPI_Categorymid 0.35 + 0.47 0.74 0.462
Invertivores negative.interaction 0.43 +0.19 2.25 0.025 29.7 % -
(Intercept) —3.92 + 0.90 —4.35 <0.001
Temp_mean —0.86 + 0.58 -1.49 0.137
Habitat_PCoA1l —0.91 + 0.56 -1.61 0.107
HAPI_Categorylow —0.47 £ 1.16 —0.41 0.685
HAPI_Categorymid 1.32 £1.01 1.30 0.193
Invertivores targeted negative.interaction 0.37 £ 0.50 0.74 0.459 44.1 % -
(Intercept) —3.81 +1.18 —-3.22 0.001
Temp_mean —0.59 = 0.30 -1.95 0.051
Habitat_PCoA1l —0.05 + 0.20 —-0.24 0.810
HAPI_Categorylow 0.61 + 1.40 0.44 0.662
HAPI_Categorymid —0.98 +1.39 -0.71 0.481
Invertivores non-targeted negative.interaction 0.49 +0.14 3.62 <0.001 54.4% -

feeding activities (Wilson et al., 2008). Further, we observed varying
responses to human pressure among different fish trophic groups, with
targeted herbivorous and omnivorous fish displaying the strongest re-
sponses to human pressures, while the response of invertivores, pisci-
vores and planktivores was highly stochastic. Importantly, the response
of fish omnivores and herbivores was almost solely attributed to tar-
geted species, which markedly dominated spatial patterns in fish
biomass and feeding pressure irrespective of the level of human pres-
sure. Given the importance of omnivores and herbivores in mediating

10

energy flow to higher trophic levels, our study points towards the
development of management strategies both at local and regional scales,
which consider the complex relationships between fish biomass and
trophic interactions (Bellwood et al., 2019b; Tebbett et al., 2020).

The contrasting response of target and non-target fish species to
human pressure suggested fishing as the primary anthropogenic factor
influencing spatial patterns in fish biomass and feeding pressure.
Furthermore, although the HAPI index is not a direct proxy for fishing
pressure, numerous studies have used human population density as an
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Fig. 5. Fish feeding pressure response to varying levels of fisheries exploitation (low = blue, mid = orange, and high = red) for assemblage-level data (a-c) and each
trophic groups: omnivores (d), herbivores (e-g), and invertivores (h—j). For each trophic group (i.e., response variable) (left column), models were partitioned for
fishery targeted (middle column) and non-targeted (right column) species. Larger dots are model-averaged predictions from GLMs, and whiskers are SE around the
predicted mean. Violin plots and smaller dots are included within each panel to depict the distribution of replicate-level values. Significant patterns are denoted with
a letter (e.g. a or b) marking significant differences between levels of fisheries explotation within each panel. We note omnivores were exclusively conformed of
targeted species, and for simplicity were included in the global panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

indirect proxy, demonstrating a decrease in fish biomass in more
populated areas (Cinner et al., 2013; Mora et al., 2011; Bosch et al.,
2021). The decrease in fish biomass was mostly attributed to targeted
omnivores and herbivores, while there was substantial heterogeneity in
the response of the other trophic groups. The composition of these tro-
phic groups primary consists of targeted species, such as Sparisoma
cretense and those of the genus Diplodus ssp., that are of particular in-
terest due to their economic and cultural value on the islands (Tuya
et al., 2006a; Espino et al., 2015; Jiménez-Alvarado et al., 2019, 2020;
Gonzalez et al., 2020). High selective pressures from both recreational
and professional fishers have thus likely underscored their marked
biomass reduction in the region (Jiménez-Alvarado et al., 2020; Castro
et al., 2015), as reported elsewhere (e.g., Mumby, 2006; Valles and
Oxenford, 2014; Bellwood et al., 2012).

In parallel, fish biomass reductions in response to a long history of
human exploitation are often accompanied by substantial reductions in
fish feeding pressure, a pattern also reported from other oceanic islands
regions (Ferrari et al., 2024; Robinson et al., 2020). The impact of
fishing on feeding pressure is also evident in studies of marine protected
areas. For instance, Ferguson et al. (2016) and Della Marta et al. (2023)
observed an increase in biomass and feeding pressure of the species
Girella tricuspidata in regions protected from fishing. Interestingly, in the
case of omnivores, we observed a significantly more pronounced
decrease in fish biomass than feeding pressure along the human pressure
gradient, which may point towards compensatory behavioural mecha-
nism (Tebbett et al., 2020). The major contribution of omnivores and
herbivores to reef fish-benthos interactions (i.e., feeding pressure) aligns
with research conducted in other regions of the Atlantic Ocean,
including oceanic islands (Canterle et al., 2020; Ferrari et al., 2024).
This contrasts with well recognised patterns in tropical regions, which
have highlighted herbivores as the primary contributors to feeding
pressure on the benthos (Bellwood et al., 2019a; Cook et al., 2024). This
emphasizes the context dependency of the identity and intensity of
trophic interactions, and the need to empirically quantify this in
response to a range of environmental and human perturbations (Brandl
et al., 2019; Tebbett et al., 2020).

Contrary to expectations, we found no significant effect of human
pressure on the biomass of piscivores and invertivores, despite their
intrinsic higher vulnerability (e.g., slow-growth and late maturity,
Reynolds et al, 2005) to fishing pressure (Froese, 2004;
Jiménez-Alvarado et al., 2019). The sparse presence of piscivores in the
area suggests that this trophic group has historically been subjected to
overexploitation, reducing its abundance and biomass to near collapse
(e.g., groupers, Couce-Montero et al., 2015; Jiménez-Alvarado et al.,
2019; Tuya et al., 2006b). This finding aligns with other studies attrib-
uting the decline in piscivorous fish biomass to human activities
(Jennings and Polunin, 1997; Valdivia et al., 2017). Furthermore, we
showed a significant relationship between their biomass and increasing
depth, suggesting greater abundance and size at depths where most
fishing activities are limited (Bosch et al., 2023; Jiménez-Alvarado et al.,
2020). In the case of invertivores, the lack of response to the human
pressure gradient in both biomass and feeding pressure could be further
attributed to certain species exhibiting erratic behaviour and irregular
distributions, as they typically inhabit sand-reef ecotones for feeding (e.
8., Mullus surmuletus, Labropoulou et al., 1997). Additionally, many
targeted species primarily feed on larger mobile invertebrates, such as
sea urchins (Clemente et al., 2010; Sangil et al., 2012), which are rare in
exposed turf seascapes, possibly due to a lack of refuges against
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predators. In contrast, small-bodied non-targeted species, like Tha-
lassoma pavo, are abundant and feed on small epifauna that proliferate
within turf seascapes (Fraser et al., 2020, 2021). The removal of targeted
species could reduce resource competition and increase space avail-
ability, favouring non-targeted invertivorous fish (Wilson et al., 2008).

Our results provide compelling evidence of the imprints of human
pressures on trophic interactions mediated by reef fishes, evidenced by
the response of fish biomass and feeding pressure to the HAPI index.
However, the lack of spatiotemporally resolved data on fishing effort (e.
g., capture per m~2), from both the recreational and artisanal sectors, at
fine spatial scales, limit our ability to attribute a cause-effect relation-
ship between fishing and the ecological metrics investigated here.
Furthermore, to mechanistically link realised ecosystem functions with
trophic interactions inferred from feeding pressure patterns, future
studies should employ more detailed analysis, e.g., by linking changes in
key traits of herbivores with rates of macroalgal removal and sediment
reworking. The reliance on trophic group classifications can result in
weak correlations with actual functions, as some species might differ in
behavioural or morphological traits that are often poorly defined
(Bellwood et al., 2019b; Tebbett et al., 2020). Finally, given the
vulnerability of overpopulated oceanic islands with a long history of
human exploitation, it remains essential to derive adequate proxies of
fishing pressure across spatiotemporal comprehensive scales to guide
management and conservation actions that aim to preserve ecosystem
multifunctionality.

5. Conclusions

Our study underscores the significant imprint of human pressures on
trophic interactions mediated by reef fishes. The observed decline in
feeding pressure, generally surpassing that of biomass, suggests that
fishing activities may exert additional, hidden, negative effects on these
interactions beyond what biomass variation can reveal. This highlights
the inadequacy of relying solely on biomass proxies to quantify trophic
interactions, necessitating the acquisition of more comprehensive data.
Moreover, our findings reveal varying impacts across trophic groups,
with significant declines in feeding pressure among omnivores and
herbivores. Given that these groups play a pivotal role in transferring
energy and materials from primary producers to upper trophic levels,
there is an urgent need for fostering their sustainable management and
conservation within these oceanic island ecosystems. Moreover, the
concentration of trophic interactions among a limited number of species
(low redundancy) in oceanic islands, that are highly targeted by fishers,
heighten the vulnerability of these ecosystems to intense human pres-
sures. Our study points to the critical importance of identifying and
understanding which species within trophic groups drive core trophic
interactions in oceanic island systems, highlighting the need for imple-
menting species-specific management strategies. These strategies are
crucial for protecting these species from the potential detrimental effects
of human activities and ensuring the resilience of these vulnerable
systems.
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