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Abstract: Rising sea temperatures, driven by climate change, pose significant threats to coastal
ecosystems. This study investigates the impact of thermal effluents from power plants, as proxies for
climate-driven temperature increases, on Posidonia oceanica meadows and associated fish
communities. Using a gradient-based approach, we analyzed environmental variables, seagrass
indicators, fish assemblages, and functional group (FG) dynamics across a thermal gradient
extending from the effluent outfall itself. Results indicate that temperature is the dominant factor
influencing P. oceanica, with reduced leaf length, shoot density, and rhizome weight characterising
samples closest to the effluent. Despite compensatory mechanisms, the overall photosynthetic
biomass and resilience declined under thermal stress. Fish assemblages exhibited reduced species
richness and biodiversity close to the thermal effluent, with opportunistic and thermophilic species
dominating. FG analysis revealed disrupted seasonal patterns, shifts in trophic dynamics, and
functional compensation among species, highlighting potential ecological imbalances. Notably,
transient predators thrived near the effluent, while more sedentary and temperate species were
displaced. These findings underscore the cascading effects of rising temperatures on coastal habitats
such as P. oceanica meadows and on their associated communities, emphasizing the urgency for
conservation measures. By identifying critical thresholds and adaptive responses, this study
contributes valuable insights into the consequences of localized impacts of thermal stress on coastal
biodiversity and ecosystem services.

Keywords: climate change; thermal pollution; functional ecology; seagrass; fish community

Introduction

Sea temperature increases represent a significant ecological challenge on a global scale [1].
Decades of research have highlighted growing concerns within the scientific community on such an
issue, resulting in a diverse but occasionally contentious body of literature [2]. Recent studies
employing modeling [3], remote sensing [4], and time series analysis [5] have strengthened the
consensus that the unchecked rise in water temperatures, both at and beneath the sea surface,
urgently calls for expanded monitoring programs and for emergency protocols supported by reliable
forecasting systems [6].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The Mediterranean Sea, characterized by restricted circulation dynamics, is experiencing the
effects of climate change at an intensified pace [7]. Its warming rate is 20% higher than the global
average, impacting a wide range of biomes, habitats, and ecological communities [8]. Over the past
decade, the region has witnessed frequent marine heatwave events [9], which pose significant threats
to the more vulnerable components of its ecosystems.

A substantial body of research has explored the uncertain consequences of this phenomenon
through laboratory mesocosm trials and in situ experiments conducted near hydrothermal vents.
However, both methods have inherent conceptual and practical limitations. While controlled
laboratory experiments offer convenience and precision, they lack the complex ecosystem
interactions found in natural environments, which are difficult to replicate accurately [10]. In
contrast, studies conducted at hydrothermal vents often have to grapple with confounding factors
such as CO2 and H:S enrichment, making it challenging to isolate the effects of temperature from the
additional variables [11].

Thermal discharges from power generation facilities into the marine environment remain
relatively underexplored, with only a limited number of studies available, most of which focus on
the impact on individual ecosystem components [12-17].

The Maltese archipelago has a limited power supply, making it heavily reliant on the Delimara
power station, which meets approximately 68% of the country’s energy needs [18]. Located at the
south-eastern extremity of the island of Malta, this power station discharges large volumes of cooling
water, reaching peak temperatures exceeding 38°C in summer, into a sheltered embayment. The
heated water then flows over the surrounding area and disperses into the open sea. This localized
phenomenon presents a unique opportunity to observe, on a manageable scale, the potential effects
of rising sea temperatures on a typical coastal Mediterranean ecosystem and its associated
communities [17,19].

In this study, we aimed to assess whether the in situ temperature gradient is affecting local
community components, with particular focus on Posidonia oceanica meadows and on fish
assemblages. Posidonia oceanica, a seagrass endemic to the Mediterranean Sea, is adapted to the unique
conditions of this semi-enclosed regional sea, including higher salinity levels significant seasonal
temperature fluctuations than those encountered within the open ocean [20,21]. Its crucial role in
providing numerous ecosystem services and as one of the most important infralittoral habitats makes
it an ideal model for studying the impacts of sea temperature changes [22-25] as well as for assessing
the potential economic losses associated with these changes [26,27]. Fish assemblages, being among
the most mobile components of marine ecosystems, have the ability to move away from disturbances
or toward areas with more favourable conditions [28,29]. Additionally, many fish species are closely
linked to P. oceanica meadows, which offer refuge, food, and breeding grounds [30]. This seagrass-
fish community relationship provides a valuable opportunity to explore the interactions between
habitat and fish communities within the context of potential climate change impacts.

Traditional biodiversity metrics, however, may not always capture the complexity of the
ecological relationships under scrutiny [31,32]. To address this, we analysed fish functional groups
(FGs), which can serve as proxies for ecosystem functioning [33]. This approach allows us to assess
whether functionally-similar species with varying temperature tolerance levels exhibit compensation
or redundancy within specific ecological niches.

We hypothesized that the thermal effluent would have varying effects on local habitats and on
fish communities, depending on the temperature gradient, with different responses based on
exposure levels. To test this hypothesis, we conducted analyses at three increasing distances from the
thermal effluent, comparing them with a control site located within a similar and adjacent
embayment unaffected by the thermal discharge. To differentiate between the effects of seasonality
and inter-annual consistency, the study was carried out over two years, with sampling conducted
across two distinct seasons.
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The ultimate objective of this study was to evaluate the response of the coastal community to
thermal effluents through a comprehensive approach, encompassing broad biodiversity
measurements alongside detailed analyses of individual functional groups.

Materials and Methods
Study Site and Sampling Design

The study area is located at the south-eastern extremity of the island of Malta, within the central
Mediterranean Maltese archipelago. (Figure 1). It consists of a system of twin bays, Il-Hofra z-Zghira
(HZ) and Il-Hofra 1-Kbira (HK), which share similar environmental characteristics but are separated
by a peninsula that limits water mixing between the two. The geological features of the bays are
nearly identical, with depths of approximately 15 meters towards their mouths. Although there are
no riverine inputs, both embayments are surrounded by blue clay dunes, which may influence
turbidity levels during rainy events as a result of runoff from land.

It-Tagliegha

Figure 1. Map featuring location of the study area in the Mediterranean Sea, and in the Maltese Archipelago.
The two embayments studied are Il-Hofra Z-Zghira (HZ) and IlI-Hofra 1-Kbira (HK). The red circle indicates the
thermal effluent and numbers from 1 to 4 indicates the sampling stations with 4 taken as Control.

A thermal effluent is located along the western side of the HZ embayment (but not in HK),
discharging hot water with peak temperatures reaching 38°C during the summer season. The cooling
water is drawn from Marsaxlokk Bay, located a few kilometres away from the thermal effluent, passes
through the Delimara power station's cooling system (which has been operational since 1990), and is
then released via underground pipes at sea level. Upon discharge, the cooling water flows turbulently
from the outlet, partially stratifying within the first two meters from the surface (depending on the
season) before gradually dispersing into the surrounding waters.

Access to both bays from land is restricted due to the cliffs bordering the area, making them
primarily accessible by boat. For most of the year, human activity in the bays is minimal, with
occasional visits from anglers. However, during the summer, the bays are frequently visited by boats
for bathing purposes, resulting in extensive disturbance to the seabed through anchoring, by virtue
of their sheltered nature.

A preliminary survey was conducted to characterize the embayment using a combination of
multiparametric probes and drifters, allowing for an empirical description of thermal dispersion
within the HZ bay. Based on these findings, three sampling stations were selected at increasing
distances from the effluent (50 m, 160 m, and 290 m), with water temperatures decreasing as the
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distance increased. An additional fourth sampling station (the control one) was carefully chosen in
the adjacent HK bay (Figure 1b) in order to exclude the effect of the thermal effluent while ensuring
the presence of a comparable marine ecosystem [34]. The four sampling stations are referred to as
Distance 1 (35.836457, 14.560321), 2 (35.837209, 14.561281), 3 (35.837723, 14.562980), and 4 (35.840386,
14.562899.

In order to investigate potential seasonal patterns, two sampling seasons were included: Spring
(5), conducted in early May, and Autumn (A), conducted in late October. Sampling activities were
carried out over two years (2022 and 2023), with all samples collected in triplicate. This experimental
design was consistently applied across all sampling events.

Environmental Parameters

In order to characterize the selected sampling stations and in order to differentiate them from
other confounding factors, an array of environmental variables (temperature, surface pH, dissolved
oxygen, and salinity) was recorded in situ, using a CTD multiparametric probe. All measurements
were collected from surface waters (1.5 meters deep) so as to better detect gradients caused by the
water flowing from the thermal discharge.

Posidonia Oceanica Meadows

The seagrass Posidonia oceanica and the meadows it forms were prioritized for inclusion in this
study so as to assess the thermal influence on their distribution and attributes. For each sampling
event, two SCUBA divers were deployed, with only one collecting samples in order to minimize
potential sampling bias due to subjectivity. The density of P. oceanica meadows at each sampling
station was estimated using 0.5 m? quadrats. From each quadrat, five P. oceanica shoots were sampled
and preserved at -20°C for further phenological analysis.

In the laboratory, P. oceanica shoots were dissected in order to obtain traditional biometric
measures [35]. Each leaf was classified as either adult or juvenile, based on the presence of the ligula
[35]. Leaf length (distinguishing between living and necrotic tissue) and width were measured, and
the leaves were cleaned of epiphytes. Both leaves and epiphytes were dried separately in an oven at
70°C overnight and then weighed to the nearest 0.1 mg. Rhizomes were also dried and weighed
separately.

From the phenological analysis, the photosynthetic Leaf Area Index (pLAL m?m?) was
calculated by considering the mean leaf surface area of each rhizome and the relative density of the
meadow (rhizomes per m?) [35].

Fish Assemblages Sampling, Biodiversity Metrics and Functional Groups

The fish community was sampled using stationary underwater visual censuses [36]. This
method, rather than the more traditional transect-based census, was chosen due to the limited spatial
scale of the study area and in order to focus on the observation of the fish community recorded within
the selected stations along the temperature gradient from the effluent. At each station and for each
replicate, a 10-meter radius area was adopted, and species abundances were estimated and recorded
on a slate.

Traditional biodiversity metrics were derived from the raw data matrix, including species
richness (5), number of individuals (N), and the Shannon index (H’). In order to advance beyond
merely assessing fish assemblage composition and in order to evaluate the effects of the thermal
effluent on functional groups (FGs), the raw data matrix was further processed as follows:

For each observed species, five ecologically significant traits were selected, with relevant
information obtained from FishBase.org (Table 1).
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Table 1. List of the five selected Biological Traits (BTs) with relative categories.
BTs Categories
macrofaun macrofauna/fis fish/cephalopod seagrass/alga sediment
Diet anma una/fis fish/cephalop plankton grass/alg '
a h s e macrofauna
Position open water reef associated =~ demersal
sand/roc
Habitat pelagic rock/cave seagrass k/ all
Climate .
subtropical temperate
Zone
trophic
2-4.53
Level

The list of observed species was then reorganized so as to group species with similar traits,
merging their relative abundances into nine FGs [37], as follows:

FG1 included pelagic predators, such as Caranx crysos. FG2 represented reef-associated
predators, like Serranus scriba. FG3 was primarily composed of Labridae species associated with
Posidonia oceanica meadows. FG4 featured Sparidae species with similar feeding habits and habitats,
such as Diplodus sarqus. FG5 consisted of mesopelagic planktivorous species, like Chromis chromis.
FG6 included obligate herbivorous species, Sarpa salpa and Sparisoma cretense. FG7 included species
that feed on sediment and have the highest bioturbation potential, such as Mullus surmuletus. FG8
listed two temperate species associated with seagrass meadows, Coris julis and Syngnathus typhle.
Finally, FG9 consisted of sedentary temperate species specialized in ambush feeding (e.g. Scorpaena
porcus).

Statistical Analysis

Statistical analyses were carried out within both univariate and multivariate frameworks. In
particular, a parametric species-environment non-linear model was adopted using the senlm package
in R [38]. This methodology allows for the detection of the best mean to describe a species’' response
along a gradient, paired with a statistical error distribution to account for residual variation, which
accommodates the noisy and often zero-inflated nature of ecological field data. Our analysis included
six mean functions—gaussian, beta, uniform, mixgaussian, sech, and hofIV —paired with eight error
distributions: zinb, zip, poisson, zinbl.mu, zipl.mu, zipl, zinbl, and negbin. We conducted a cross-
fitting procedure, resulting in 48 model combinations, and identified the optimal model based on the
lowest Akaike Information Criterion (AIC) value. Given the flexibility of this methodology, rather
than applying it to individual species, we used it to detect potential trends across the nine functional
groups adopted in this study, considering their distances from the thermal effluent.

Multivariate analyses were performed using the Primer 7 statistical software with the
PERMANOVA+ add-on package [39]. The environmental data matrix, featuring 4 exclusively
environmental variables and 12 Posidonia oceanica indices, was normalized prior to the application of
the Principal Component Analysis (PCA) routine [40].

The fish assemblage raw matrix was transformed using a square-root transformation after
applying a dispersion weighting technique, so as to downsize the prominence of dominant species
abundances that might mask the role of rarer species. To test for significant differences, a
PERMANOVA test with a three-factor design was adopted, featuring:

i) Distance from the effluent (four levels: Distance 1, 2, 3 and 4 as a control station), ii) Season
(two levels: S & A), and iii) Year (two levels: 2022 & 2023). For graphical representation, a bootstrap
average was used instead of a traditional nMDS plot, in order to enhance the dataset by artificially
resampling within each group (38 bootstraps per group). This approach, supported by a reliable
stress value, provided a more interpretable visual representation [41].
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The biodiversity indices, extracted from the raw matrix, were analyzed using the same three-
factor PERMANOVA design after normalization and resemblance through a Euclidean-based
distance matrix, and then visualized with boxplots.

For the analysis of the Functional Groups (FGs), the same pre-treatment routine applied to the
fish assemblage was also employed, using the same PERMANOVA design mentioned earlier, so as
to detect significant differences within the factors. Further investigation was conducted through
pairwise testing among the levels for the different factors.

In order to explore the potential influence of environmental variables in shaping the composition
of the FGs, a BEST analysis [40] was applied so as to identify the most strongly-correlated variables.
Once screened, the subset of environmental variables was used as predictors for constructing
Distance-based Linear Models (DistLM) [42], testing for any significant influences of the
environmental and Posidonia variables in shaping the composition of the FGs within the factors
included in this study.

Results

A total of 4,518 individuals belonging to 36 fish species were recorded and identified during this
study, including Chromis chromis, which accounted for 2,346 individuals and represented nearly 52%
of the entire fish assemblage (the full list of species is provided in Appendix B).

Within the PCA for the 16 environmental variables, including those related to Posidonia oceanica
indices, PC1 explained 46.5% of the total variation, while PC2 accounted for 22.3% of the variation
(Figure 2). The direction of the eigenvectors revealed that the increase in temperature was correlated
with a reduction in P. oceanica indices, particularly with the number of adult leaves and with the LAI
index. On the other hand, the length of the rhizome and the density of Posidonia shoots appeared to
be correlated with increased pH levels, in contrast to dissolved oxygen concentration and salinity.

54
DOxsurace Salinity Surf
#Ligula(Adultleaves)
Max L Leaves
Max # Leaves
8 od LAl Phot Surface Temp
o W Epiphytes
Wleaves [ Ligula
Biomass Photosqrm Posidonia Density 0.25sq
W Rhizome
pH surface
L Rhizome
-5
f T T ]
-10 -5 0 5

PC1
Figure 2. Principal Component Analysis (PCA) of the Environmental variables and the Posidonia oceanica metrics.

The results of the PERMANOVA applied to the biodiversity indices indicated significant
differences for the factors ‘Distance’ and ‘Seasons’, but not between the two years studied (Table 2).
In particular, species richness did not show any relevant difference in Spring between different
sampling stations, while in Autumn, proximity to the effluent was associated with higher species
richness compared to the other stations.
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Table 2. Diversity metrics PERMANOVA for factors ‘Distance’, ‘Season’ and “Year’. Level of significance is
indicated (p <0.001 **¥).

Diversity metrics PERMANOVA Distance x Season x Year

Source df MS P (perm)
Distance 3 8,1732 0,001***
Season 1 14,085 0,007***
Year 1 2,7891 0,185
Distance x Season 3 1,4887 0,541
Distance x Year 3 3,4462 0,05*
Season x Year 1 4,4167 0,062
Distance x Season x Year 3 8,693 0,007***

Individual fish abundances did not exhibit significant trends; however, our results (Figure 3)
suggest that the thermal effluent still attracted a higher abundance of fish, particularly Chromis
chromis, which was recorded in very low numbers at locations far from Station 1 and 2 (the closest to
the effluent). Nonetheless, the Shannon index value significantly increased with distance from the
thermal effluent, reaching its highest values at location 3, before decreasing at the control station
(Station 4).

d—mmT . AL L
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Figure 3. Boxplot of the differences for biodiversity metrics with Number of species (S), total abundance of
individuals (N) and the Shannon index (H’). Circle marks highlight outliners.

When examining the entire fish assemblage, the PERMANOVA detected significant differences
for all the factors analyzed (Table 2, Figure 4). The pairwise test showed that Location 1 was
significantly different from all other levels within the same factor, as well as in terms of seasonality.
In contrast, minor to not significant differences were detected between the other levels of distance
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from the thermal effluent. These locations were found to differ from each other only in terms of
seasonality.

Table 3. Fish assemblage PERMANOVA for factors ‘Distance’, ‘Seasons” and “Year’ with pair-wise test for pairs

of levels for the factor ‘Distance’. Level of significance is indicated (p < 0.05 *; < 0.01 **; < 0.001 ***).

Fish assemblage PERMANOVA Distance x Season x Year

Source df MS P (perm)

Distance 3 3312.3 0.0001***

Season 1 3997.5 0.0001***

Year 1 2826.6 0.00071***
Distance x Season 3 1466 0.0017**
Distance x Year 3 1470.2 0.0011**

Season x Year 1 1250.4 0.0754
Distance x Season x Year 3 1333.1 0.0042*

Pair-wise t-tests for pairs of levels of factor Distance

Within level 'S’ of factor 'Season' Within level 'A' of factor 'Season'
Groups t P(perm) Groups t P(perm)
1,2 2,1448 0,002* 1,2 1,5019 0,021*
1,3 2,5799 0,001*** 1,3 1,8861 0,011*
1,4 2,573 0,005* 1,4 1,7998 0,004*
2,3 1,0671 0,344 2,3 1,5535 0,031*
2,4 1,4874 0,062 2,4 1,3564 0,099

3,4 0,8655 0,631 3,4 1,8211 0,012*
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Figure 4. Non-metric MDS of the fish assemblage after application of bootstrap average technique. Levels of
Distance from the thermal effluent (1-4) and, Season Spring (S) and Autumn (A). Stress value indicated < 0.20.

The analysis of the assemblage in terms of functional groups (FGs) provided new insights into
the population dynamics within the studied area.

PERMANOVA applied to the entire FGs dataset showed significant differences for all the three
factors tested (Table 4). Within the same PERMANOVA design, the pairwise test results for the
Distance factor revealed that significant differences were only detected between Distance 1 and all
other levels, while no differences were recorded between other combinations (Table 4).

Table 4. FGs PERMANOVA for factors ‘Distance’, ‘Seasons’ and ‘Year” with pair-wise test for pairs of levels for
the factor ‘Season’. Level of significance is indicated (p < 0.05 *; <0.01 **; < 0.001 ***).

FGs PERMANOVA Distance x Season x Year

Source df MS P (perm)
Distance 3 1224.6 0.0003**
Season 1 2669.5 0.0001***
Year 1 1607.9 0.0011*
Distance x Season 3 455.73 0.2177
Distance x Year 3 812.43 0.0065*
Season X Year 1 1198.3 0.0091*

Distance x Season x Year 3 711.17 0.0154
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Pair-wise t-tests for pairs of levels of factor Season

Within level '1' of factor 'Distance’ Within level 2' of factor 'Distance’
Groups t P(perm) Groups t P(perm)
S, A 1.3225 0.1419 S, A 1.8668 0.035*

Within level '3' of factor 'Distance’ Within level '4' of factor 'Distance’
Groups t P(perm) Groups t P(perm)
S, A 1.5871 0.0554 S, A 2.2406 0.003**

In order to better understand the effects of Distance and Seasonality, another pairwise test was
performed for these two factors within each level of Distance. No significant differences were
recorded in terms of seasonality at the closest station to the thermal effluent (Station 1). However,
significant differences were observed at all other distances, with a p-value of 0.003 for the control site
(Station 4).

The BEST analysis applied to the environmental matrix and to the P. oceanica indices identified
five variables as the most influential in shaping the structure of the FGs dataset. Specifically, the
weight of epiphytes and water salinity were the primary factors, followed by the number of adult
leaves, the weight of the rhizome, and surface water temperature.

Based on these variables, a DistLM was run on the FGs, considering the factors Distance and
Season. The weight of epiphytes was found to be the most influential variable driving the variance
in the FGs (p = 0.001), followed by surface salinity, temperature, and the weight of the rhizome.
However, the number of adult leaves did not contribute significantly to explaining the resultant
variance in the FGs (Table 4). The model, with its first two axes, explained up to 60.51% of the total
variance, with axis 1 accounting for 31.39% and axis 2 for 29.12% of the resultant variance (Figure 5;
Table 5).

Table 5. DISTLM analysis on FGs with Marginal Test for the included variables as identified from the BEST
routine. (p <0.05*; <0.01 **).

FGs DISTLM Marginal Test

Variable Pseudo-F P R2

# Ligula (Adult leaves) 1,7235 0,142 0,036115
W Rhizome 3,1256 0,006* 0,063625
W Epiphytes 3,8116 0,001** 0,076521
Surface Temp 3,8092 0,003* 0,076476

Salinity Surf 4,2628 0,002* 0,084809
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Figure 5. FGs DISTLM graphical representation including vectors for the predictor variables as identified from
the BEST routine. Levels of Distance from the thermal effluent (1-4) and, Season Spring (S) and Autumn (A).

The senlm approach conducted for each functional group revealed trends related to the distance
from the thermal effluent (Figure 6).
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Figure 6. Species-environment non-linear model for the nine FGs. Optimal model selection based on the lowest
AIC value.
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For pelagic predators (FG1) and for mesopelagic planktivorous species (FG5), individual fish
abundances decreased as the distance from the cooling water source increased. Reef-associated
predators (FG2), on the other hand, showed a preference for locations less impacted by the effluent,
as well as Labridae species (FG3) favouring areas with minimal influence of the thermal effluent
rather than the control site. Sparidae species (FG4) exhibited no significant trends in relation to the
thermal effluent, showing little variation along the distance gradient. The abundances of herbivorous
species (FG6) and of sediment feeders (FG7) slightly decreased as the distance from the effluent
increased. Finally, temperate species (FG8 and FGY9) showed comparable trends, with their
abundances increasing with distances from the effluent.

Discussion

The effects of rising sea water temperatures due to climate change are a major concern within
both the scientific community and beyond [43]. This study highlights the complex and multifaceted
impacts that these changes may have on coastal ecosystems, particularly those characterized by
Posidonia oceanica meadows and associated fish assemblages [44]. Thermal effluents from power
plants may trigger cascading ecological responses across multiple trophic levels, serving as a useful
proxy for in situ effects of climate change [45]. In this study, we provide a detailed examination of the
observed changes in environmental variables, in the structure of P. oceanica meadows and in fish
community composition, supported by an analysis of FGs, offering valuable insights into broader
ecological implications [46].

Environmental Drivers and Impacts on Posidonia Oceanica Meadow Structure and Health

From the analysis of all environmental variables and of the phenological indices of Posidonia
oceanica, interesting relationships emerged. As expected, temperature was the dominant
environmental factor influencing P. oceanica indices. In fact, PC1 explained 46.5% of the total
variation, and by examining the orientation of the eigenvectors, significant trends were identified. As
surface temperature increased, most P. oceanica-related parameters decreased, particularly the
number and length of the leaves, the LAl index, photosynthetic biomass, and the weight of epiphytes.
Conversely, PC2, which accounted for 22.3% of the total variation, indicated that increases in
dissolved oxygen and salinity were linked with decreases in rhizome weight and meadow density.

The recorded pH values, which were lower closer to the effluent, did not fully align with typical
studies on ocean acidification's impact on meadows, suggesting that in our case, pH may not directly
affect P. oceanica [47]. However, pH variations, along with temperature, appear to influence the nature
and composition of epiphytes [48]. While epiphyte species were not exhaustively identified in this
study, a shift was observed from calcareous species dominating stations located further away from
the effluent towards turf algae which dominated stations located near the thermal discharge, a change
that could be supported by rising water temperatures [49].

The LAI index, which serves as an indicator of the meadow’s status and health, did not show
significant differences between stations along the thermal effluent gradient. However, by examining
the components used to calculate this index, opposing trends were observed, both in terms of shoot
density, leaf length and surface area. Close to the thermal effluent, P. oceanica leaves were shorter,
with a higher degree of necrotic tissue, and the shoot density was lower compared to that from other
sites. Interestingly, the number of leaves per shoot was higher at this station. As the distance from
the effluent increased, the meadow showed an increase in shoot density, leaf length, and surface area,
except for the number of leaves, which decreased until station 3 and then increased at the control site.

These findings suggest that the meadow responds to thermal stress by employing physiological
mechanisms that compensate for the loss of shoot density and leaf length through an increase in the
number of leaves [21,50]. Despite these compensatory mechanisms, the overall photosynthetic
biomass was lower closer to the effluent compared to the control site. This suggests that the warm
plume interferes with the seagrass's typical growth and ontogenetic processes [25] and may even
induce flowering events [51]. In support of this theory, the weight of the rhizomes, another key
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indicator of P. oceanica health, was significantly lower closer to the effluent. This suggests that the
seagrass is diverting its resources from storage to survival and repair mechanisms [21].

Fish Assemblage Responses to Thermal Pollution

The analysis of the fish assemblage and its biodiversity indices revealed significant trends
related to both the gradient of exposure to thermal effluents and seasonality. A noteworthy reduction
in species richness and diversity at Distance 1 highlights the detrimental effects of thermal pollution
on the local fish community. The Shannon index was the lowest near the thermal effluent, reflecting
a simplified community structure, while individuals” abundance was particularly high. This suggests
that thermal stress filters out less tolerant species, favoring those capable to adapt to the altered
conditions.

Moreover, the differences observed between Distance 1 and all other stations suggest that this
site, located closest to the effluent, may differ from the others for reasons beyond water temperature
alone. The high turbulence observed at this site could be a contributing factor. While the waters were
not enriched with external nutrient loads, the resuspension of sediment may attract opportunistic
species. Additionally, during the Underwater Visual Census (UVC), it was observed that the outfall
conduits were populated by Brachidontes pharaonis, an invasive alien species. This small bivalve likely
plays a role in sustaining local food webs through the provision of dead individuals.

Furthermore, highly mobile predatory species, such as Seriola dumerili and Caranx crysos, were
attracted to the area due to the abundance of small prey species (as for example Mugil sp. or Chromis
chromis), which could in turn be favoured by the significant turbulency of the thermal effluent. These
species are known to take advantage of such conditions, further contributing to the altered ecosystem
dynamics.

These observations, in line with those from other studies [52,53], offer a glimpse into the
potentially catastrophic cascade effects that rising temperatures could have on the ecosystem. By
favouring alien or thermophilic species, thermal stress might disrupt the local biodiversity and
ecosystem balance, exacerbating the ecological challenges posed by climate change.

Functional Group Dynamics and Ecosystem Implications

The detailed analysis of Functional Groups (FGs) proved to be an effective tool in describing the
fish communities, especially when traditional biodiversity metrics failed to provide valuable insights
or highlight hidden patterns [37]. By applying the same statistical routines used on the fish
assemblage matrix, we were able to reveal significant patterns for the distribution of FGs along the
thermal effluent gradient and across the two seasons studied.

Although it is well documented that P. oceanica plays a limited direct role in sustaining local food
webs [54], our results suggest that it is also a crucial factor in shaping the composition of the FGs.
This aligns with the findings of Lin et al. [14], who observed a similar pattern but with different
community components. Specifically, within the same study, the loss of phytoplankton caused by the
thermal discharge negatively impacted the macrobenthos, although it was found not to be directly
influenced by surface temperatures. The number of adult leaves in P. oceanica, for instance,
contributes to increasing habitat complexity and for providing refuges for more vulnerable species
[55]. Likewise, the weight of the rhizomes, an indicator of meadow health, can be linked to a more
structured and diverse community [24].

Epiphytes also emerged as a key factor in influencing the distribution of FGs, with a strong
correlation to both distance from the thermal effluent and to seasonality. Although a deeper
taxonomic identification of epiphyte species was beyond the scope of our study, we can speculate
that higher epiphyte dry weight is associated with encrusting, calcareous-dominated communities,
while lower dry weight is linked to turf algae, which tend to have higher water content values. This
pattern is consistent with that in previous relevant literature, which suggests that high water
temperature surges, often resulting from anthropogenic impacts or from seasonal changes, inhibit
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slow-growing calcareous algae while favouring faster-growing turf algae, generally more tolerant to
elevated temperatures [56].

These insights provide further evidence of the significant role that P. oceanica and its associated
epiphyte community play in shaping the broader fish assemblage and functional group distribution
in coastal ecosystems. The thermal effluent and seasonal temperature variations appear to be key
drivers in altering these dynamics, underscoring the potential cascading effects of climate change on
coastal biodiversity.

Upon reviewing the results of our model and of the PERMANOVA analysis, we observed
significant trends in the structure of the FGs across seasons (Spring and Autumn) and along the
thermal gradient. The FGs composition varied notably with distance from the thermal effluent,
which, as a proxy for temperature rise, alters the natural seasonal cycle of the impacted marine
ecosystem. At the control site in HK, which is unaffected by the effluent, the FGs structure differed
considerably between Spring and Autumn, reflecting a typical seasonal pattern of variation in
community composition. However, as we approached the effluent in HZ, the seasonal differences
became less pronounced, with no significant differences observed at the closest and warmest
sampling station.

This result strongly supports the theory that future temperature increases may lead to a
flattening of seasonal variation, potentially leading to detrimental effects on the entire community
[7]. Such a change could have broader ecological implications, as not only would marine biodiversity
be affected, but also a consequent loss of various FGs, which serve as proxies for important ecosystem
services [57], would result. These losses could have serious consequences, potentially compromising
the functionality of coastal ecosystems and the services they provide to human communities [58].

By analyzing the trends of each functional group (FG) in detail, we can gain valuable insights
into how this impacted coastal system and its associated community have responded to thermal
impacts from the effluent. As previously mentioned, the station closest to the thermal effluent
(Distance 1) exhibits distinct features when compared to all other sites, attracting a diverse array of
species across multiple trophic levels. Notably, both transient predators (FG1), such as Seriola dumerili
and Caranx crysos, and mesopelagic planktivores (FG5), appear to be more abundant sta this station,
suggesting that this location, characterized by higher temperatures and by potentially other factors,
supports a unique community structure.

The increased role of transient predators at this site aligns with findings from Zubak et al. [30],
who observed that in similar P. oceanica-dominated systems, the fish assemblage composition was
strongly influenced by the presence of transient predators. This pattern is consistent with our results,
highlighting how the thermal effluent may favour these more mobile and thermophilic species.

On the other hand, FG7, representing detritivorous species, shows a clear pattern of niche
compensation along the thermal gradient. For example, Mullus surmuletus appears to be replaced by
Mugil species closer to the effluent. While this shift helps maintain a level of functional compensation,
ensuring that sediment bioturbation persists within the system [59], it also leads to potential socio-
economic implications. M. surmuletus is a species of high market value, and its replacement by Mugil
species, which may have lower commercial appeal, could result in economic losses for local fisheries.

A similar pattern of functional compensation was observed within the herbivorous species
group (FG6). Surprisingly, only two native species belonging to this functional group were recorded
in this study, with no sightings of Siganus luridus, a well-established Invasive Alien Species (IAS)
within the Maltese archipelago [60]. The two main herbivorous species observed, Sparisoma cretense
and Sarpa salpa, exhibited contrasting trends along the thermal effluent gradient.

S. cretense was primarily recorded at sites close to the effluent, suggesting it is adapted to or even
thrives in the warmer, thermophilic conditions associated with the effluent [61]. In contrast, S. salpa
was abundant at the control site (HK, Distance 4) and at the furthest site in HZ (Distance 3), which
were associated with healthier seagrass meadows. This indicates that S. salpa may prefer areas with
more robust and intact seagrass meadows, potentially due to the presence of high-quality forage
resources.
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Interestingly, these findings contrast with those from Bufiuel et al. [62], who observed that in
conditions of sea warming, S. salpa tends to shift its feeding preference from macroalgae to P. oceanica.
Our results suggest that the preference of S. salpa for P. oceanica meadows may vary depending on
local environmental conditions and meadow health. Given the critical role of herbivory in shaping
seagrass meadows and in maintaining their overall health, we recommend that future studies should
explore this phenomenon in greater detail. This should include an examination of the interaction
between native herbivores and invasive alien species such as Siganus luridus [63], which may further
complicate the dynamics between herbivory and seagrass meadow integrity under warming
scenarios.

With regards to the FGs listing more sedentary species, the chronic exposure to the thermal
effluent seems to force these species to move to cooler waters. For example, the FG2 predators,
characterised by a reduced mobility, were recorded mainly at the furthest distances from the hot
waters. In fact, contrary to highly mobile predators, which can sustain a short exposure to thermal
stress, the more sedentary ones from FG2 might have searched cooler conditions, which in this
scenario can be obtained through a larger distance from the effluent, while in hypothetical future
warmer sea temperature scenario, these cooler conditions could be obtained through greater water
depths [64]. A similar trend was observed for the FG8 (Labridae species) whose observed distribution
in this study might be shaped by the optimal temperatures registered far from the effluent, the
healthier seagrass meadow on which they rely and/or, lower predation activity [59].

Finally, for FG8 and FG9, which represent temperate species, it is not surprising that they were
rare or absent at Distance 1, the site closest to the thermal effluent, but that they were more common
at greater distances (Distance 3 and Control). In particular, Coris julis (within FG8) showed a clear
preference for cooler sites, in line with previous studies observing a partitioning between Coris julis
and Thalassoma pavo based on depth, and consequently, on temperature range [65]. Both species are
known to have distinct thermal preferences, with Coris julis typically favouring cooler and deeper
waters, as opposed to Thalassoma pavo which better tolerates warmer conditions and is found closer
to the surface as a result.

In conclusion, this study highlights the significant impacts of rising sea temperatures, modelled
through thermal effluents, on Posidonia oceanica meadows and on associated ecosystems.
Temperature emerged as the primary driver of meadow health, with declines in key indicators such
as leaf length, shoot density, and rhizome weight being recorded near the effluent. While adaptive
mechanisms, like increased leaf numbers, partially compensated for thermal stress, overall meadow
productivity and resilience were compromised.

These changes, in turn, influence associated fish assemblages, leading to alterations in species
abundance, biodiversity, and in functional group distribution. FG analysis revealed disrupted
seasonal patterns and the displacement of temperature-sensitive species, threatening critical
ecological functions like sediment bioturbation and habitat complexity. These changes have
cascading implications for ecosystem services and economic resources.

Thermal effluents provide a valuable proxy for studying climate change effects, revealing how
rising temperatures may homogenize seasonal cycles and degrade coastal ecosystems. These findings
underscore the need for conservation strategies so as to mitigate both localized thermal impacts and
broader climate-driven changes, ensuring the preservation of P. oceanica meadows and the associated
biodiversity they support.
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Appendix A

Species Diet Position Habitat Climate zone  Trophic Level
Apogon imberbis macrofauna reef-associated rock/cave subtropical 3.55
Caranx crysos macrofauna/fish open water pelagic subtropical 413
Chromis chromis plankton reef-associated pelagic subtropical 3.38
Dentex dentex fish/cephalopods demersal all subtropical 4.53
Symphodus mediterraneus macrofauna demersal seagrass subtropical 3.15
Centrolabrus melanocercus macrofauna reef-associated seagrass subtropical 3.17
Symphodus ocellatus macrofauna reef-associated seagrass subtropical 3.34
Symphodus roissali macrofauna reef-associated seagrass subtropical 3.47
Symphodus rostratus macrofauna reef-associated seagrass subtropical 3.23
Symphodus tinca macrofauna reef-associated seagrass subtropical 3.45
Coris julis macrofauna reef-associated seagrass temperate 3.24
Thalassoma pavo macrofauna reef-associated seagrass subtropical 3.5
Boops boops plankton open water pelagic subtropical 3.11
Diplodus sargus macrofauna demersal all subtropical 3.38
Diplodus vulgaris macrofauna demersal all subtropical 3.34
Diplodus annularis macrofauna demersal seagrass subtropical 3.21
Sarpa salpa seagrass/algae demersal all subtropical 2
Gobius sp. macrofauna demersal sand/rock temperate 3.31
Mugil spp sediment macrofauna demersal sand/rock subtropical 2.48
Mullus surmuletus sediment macrofauna demersal sand/rock subtropical 3.45
Murena helena fish/cephalopods reef-associated rock/cave subtropical 4.18
Oblada melanura macrofauna open water pelagic subtropical 3.7
Pagrus pagrus macrofauna/fish demersal all subtropical 3.86
Scorpaena porcus macrofauna/fish demersal rock/cave temperate 3.78
Serranus scriba macrofauna/fish reef-associated rock/cave subtropical 3.82
Sparisoma cretense seagrass/algae reef-associated rock/cave subtropical 2.86
Spicara maena plankton open water pelagic subtropical 3.5
Spondyliosoma cantharus macrofauna demersal all subtropical 3.34
Seriola dumerilii fish/cephalopods open water pelagic subtropical 4.5
Sparus aurata macrofauna demersal all subtropical 3.7
Syngnathus typhle plankton demersal seagrass temperate 3.4
Trachinus draco macrofauna/fish demersal sand temperate 4.13
Mycteroperca rubra fish/cephalopods reef-associated rock/cave subtropical 4.18
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Lithognathus mormyrus sediment macrofauna demersal sand/rock subtropical 3.42
Sciaena umbra macrofauna/fish reef-associated rock/cave subtropical 3.75
Trachinotus ovatus macrofauna/fish open water pelagic subtropical 3.73
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