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A B S T R A C T

Coral reefs face severe threats from climate change and local stressors like wastewater pollution, which signif
icantly impact reef ecosystems but remain underexplored. Reef fish are essential for supporting human liveli
hoods through fisheries and maintaining ecosystem functions such as nutrient cycling and algae control. While 
most research focuses on wastewater's effects on benthic communities, its impact on reef fish physiology, 
behavior, and community structure is poorly understood. Few studies apply trait-based approaches to evaluate 
wastewater's influence on fish's ecological roles. This study systematically reviews 52 papers and conducts a 
meta-analysis of eight control-impact studies to assess wastewater effects on reef fish taxonomic and functional 
structure. Taxonomy-based metrics revealed mixed responses, with studies reporting declines, increases, or no 
changes in abundance, richness, and biomass in polluted sites. Functional analysis provided clearer patterns: 
polluted sites were dominated by smaller, high-resilience species at mid-trophic levels, while control sites sup
ported larger, low-resilience species at diverse depths and trophic levels. Functional richness was generally 
higher in control sites. Pollutant-specific effects varied: sediments impaired feeding efficiency and growth, while 
nutrient enrichment shifted species composition by favoring lower trophic levels. These findings demonstrate the 
limitations of taxonomy-based metrics and highlight the value of functional approaches for detecting early 
ecosystem degradation. Integrating functional ecology with wastewater characterization enhances predictions of 
ecological responses and supports targeted management strategies. This research emphasizes the urgency of 
addressing wastewater pollution to safeguard reef biodiversity and ecosystem services critical to human well- 
being.

1. Introduction

Coral reefs are rapidly approaching dangerous tipping points, with 
current projections indicating that an increase of 1.5 ◦C in temperature 
could lead to their near-total collapse (Armstrong McKay et al., 2022). 
Although climate change is the predominant driver of reef decline, local- 
scale stressors such as pollution and eutrophication can exacerbate the 
vulnerability of reefs to increasing temperatures (Ma et al., 2023). 
Among the various forms of pollution, wastewater—typically composed 
of a combination of nutrients, sediments, organic matter, and chemicals 
used in detergents, skin care products, or pharmaceuticals—stands out 
as one of the most pervasive (Tuholske et al., 2021). Wastewater often 

originates from urban sources, including domestic sewage and industrial 
discharges, and while its effects on coral and rocky reefs are profound, 
they are less understood compared to those of other pollutants like 
agricultural runoff or oil spills (Fabricius, 2005; Turner and Renegar, 
2017). While significant research has focused on the impact of waste
water on benthic communities, particularly corals, the effects on asso
ciated biota such as coral and rocky reef fish—which play crucial roles in 
maintaining ecosystem health and providing vital services to human 
communities—remain poorly understood (Wear and Thurber, 2015; 
Wenger et al., 2015). Understanding these effects is essential, given the 
significant ecological functions reef fish perform, from controlling algal 
growth to sustaining small-scale fisheries that support local economies.

* Corresponding author at: Leibniz Centre for Tropical Marine Research, Fahrenheitstrasse 6, 28359 Bremen, Germany.
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Wastewater, particularly from urban sources, can profoundly impact 
reef fish at both the individual and community levels. Physiology, 
behavior, and ecological function are all vulnerable to the various 
components of urban wastewater (hereafter referred to as wastewater). 
For instance, elevated sediment levels can impair respiration and reduce 
the foraging success of reef fish by diminishing visibility, which is crit
ical for feeding and avoiding predators (Wenger et al., 2012). Moreover, 
through nutrient enrichment, wastewater can lead to hypoxic condi
tions, severely affecting fish behavior and survival, particularly in larvae 
and juvenile stages that are less capable of escaping low-oxygen envi
ronments (Wenger et al., 2015). These impacts can lead to reduced fish 
growth, altered species distribution, and changes in fish assemblages, 
with certain species becoming more dominant due to their physiological 
or behavioral adaptability to degraded conditions (Beger and Possi
ngham, 2008; McKinley and Johnston, 2010).

The effects of wastewater on reef fish assemblages are complex and 
multifaceted. While increased nutrient loads might temporarily boost 
food availability, leading in some cases to higher fish abundance, the 
long-term effects often include declines in species richness and shifts in 
community structure (Reopanichkul et al., 2009, 2010). These shifts can 
be particularly pronounced in fish with close benthic associations, such 
as herbivores and some carnivores, and weaker on planktivores 
(Reopanichkul et al., 2009). Importantly, although some fish families 
exhibit dietary flexibility and thus may cope with changing nutrient 
loads and food availability, this flexibility may not mitigate the negative 
impacts of wastewater pollution on their habitat (Clever et al., 2024). A 
comprehensive overview of the effects of wastewater (and its different 
components) on reef fish assemblages is, however, currently lacking. A 
compilation and meta-analysis of published studies on the topic could 
shed light on whether such effects are consistent across sites.

Taxonomy-based indices, which encompass species richness and 
abundance, have traditionally been used to evaluate these impacts. 
However, these indices often fall short in detecting ecosystem degra
dation from disturbances like wastewater pollution, as they focus solely 
on species presence or abundance. This can overlook the unique con
tributions of species and the functional roles they play within their 
habitats, thereby masking early shifts in ecosystem dynamics (Mouillot 
et al., 2013). In contrast, a trait-based functional approach examines 
species traits, such as body size, trophic level, depth preference, and 
resilience, which are directly linked to ecological processes like nutrient 
cycling, energy transfer, and habitat use (Costello et al., 2015).

Functional traits —defined as morphological, physiological, or 
behavioral attributes that influence individual performance (Mouillot 
et al., 2013)— provide a powerful framework for assessing how com
munities respond to environmental pressures. Ecosystems with higher 
functional trait diversity tend to support greater biomass, higher 
biodiversity, and enhanced resilience to disturbances such as fishing and 
climate change (Duffy et al., 2016; Quimbayo et al., 2019). For example, 
large-bodied fish and apex predators play crucial roles in maintaining 
trophic regulation and preventing phase shifts, while communities 
spanning diverse trophic levels support more efficient energy flow and 
nutrient cycling (Allgeier et al., 2014; Graham et al., 2011; Schiettekatte 
et al., 2023).

Because trait-based metrics often respondto environmental change 
before species disappear, they offer a more sensitive means of detecting 
ecological degradation (Mouillot et al., 2013). This makes them partic
ularly valuable for assessing the impacts of wastewater pollution, which 
may lead to functional homogenization even when richness remains 
unchanged (Mouillot et al., 2014).With most case studies evaluating the 
effects of wastewater on taxonomic aspects of reef fish communities, 
fundamental knowledge gaps remain regarding the effects of wastewater 
pollution on the functional structure of reef fish assemblages. Further
more, there is scope to test weather emergent trait-based patterns—such 
as the dominance of mid-trophic levels over higher trophic level spe
cies— are consistent across different geographic regions and pollution 
contexts.

Here, we investigate the effects of domestic wastewater on reef fish 
assemblages and their functional structure by addressing three key 
research questions: 1) What are the reported effects of wastewater on the 
abundance, biomass, and taxonomy-based indices of reef fish assem
blages?, 2) How do different wastewater components influence reef fish 
assemblages' behavioral, physiological, and functional traits?, 3) Based 
on a meta-analysis using a trait-based functional ecology approach, 
what is the impact of wastewater on the functional structure of fish as
semblages? The two first questions are explored through a systematic 
review of 52 papers, while the third is addressed through a meta- 
analysis of a subgroup of 8 studies (25 reef sites) focused on four fish 
traits. These eight studies were selected as they provided enough data on 
fish abundance in control-impacted scenarios. The findings from this 
analysis identify knowledge gaps and underscore the urgent need to 
tackle wastewater pollution amid increasing threats to coral reefs 
globally.

2. Methods

2.1. Systematic literature review

We followed the PRISMA protocol (Liberati et al., 2009) to conduct a 
literature search on the effects of wastewater and pollutants (e.g., nu
trients, sediments, organic matter) on reef fish assemblages. Only orig
inal research manuscripts in English from 1980 to October 2023 were 
included. The selected studies fulfilled one or more of these three 
criteria: (1) they examined wastewater effects on reef fish assemblages, 
(2) assessed pollutants' effects on fish traits (e.g., behavioral, morpho
logical, physiological), or (3) provided species-level fish abundances for 
polluted vs. control sites. We focused on domestic wastewater from 
urban centers, excluding toxicity experiments targeting lethal pollutant 
concentrations or studies of PAHs, heavy metals, and pesticides. While 
tropical reef fish were the primary focus, subtropical and temperate reef 
studies (32◦ S–40◦ N) were included for comparison.

We searched Scopus and Science Direct using 10 search strings 
identified in a pilot review (Sup Table 1), screening 1135 abstracts, 154 
full texts, and ultimately selecting 52 papers based on predefined 
criteria. Two researchers independently assessed selection bias (bias in 
the criteria used when selecting or rejecting papers relevant to address 
the research questions), by re-evaluating and selecting 40 manuscripts. 
We used discrepancies to refine the criteria. The information used in this 
review was extracted from main texts, supplementary materials, and 
figures in the selected papers.

2.2. Summary of reef fish responses to wastewater pollution

We analyzed 25 out of the 52 studies which focus on the differences 
of reef fish assemblages between wastewater polluted and unpolluted 
scenarios (wastewater studies, Sup table 2). We grouped them based on 
the study area, sampling methods, water quality parameters, site se
lection criteria, type of reef, depth of reef, and the additional anthro
pogenic stressors (stressors different from wastewater affecting reef fish 
assemblages). Reported effects of wastewater on abundance, biomass, 
richness, evenness, and Shannon diversity were summarized, quanti
fying significant increases, decreases, or no change of these variables in 
polluted sites compared to control sites (unpolluted). Finally, we syn
thetized the different reported effects of wastewater on reef-fish trophic 
guilds, size, position in water column and functional indices.

2.3. Effects of the different wastewater components on fish traits

We reviewed 27 out of the 52 papers focusing on the effects of 
common wastewater pollutants such as sediments, nutrients, organic 
matter, sunscreen compounds (benzophenone-3), detergent surfactants 
(LAS: Sodium linear alkylbenzene sulfonate), estrogens (EE2: 17α- 
Ethinylestradiol), and plasticizers (BPA: Bisphenol-A), on reef-fish traits 
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(pollutant studies, Supplementary table 3). We grouped the response 
traits into four categories: feeding behavior and predations success; 
sensory and behavior; physiology and metabolism; and size and growth. 
The results were aggregated by trait category, contrasting the papers 
that were comparable in methodology, species, response traits, and 
pollutants.

2.4. Impact of wastewater on the functional structure of fish assemblages

Although our systematic review identified 52 studies examining reef 
fish responses to wastewater, only 8 studies met the criteria for inclusion 
in the trait-based meta-analysis. Specifically, we retained only those 

studies that compared impacted and control assemblages and provided 
sufficient species-level information to match abundance and trait data. 
(Sup Table 4). From these studies, we compiled a list of all reported fish 
species and retrieved their trait values from FishBase (Froese and Pauly, 
2023). Based on previous literature, we focused on four traits that may 
influence species fitness under wastewater disturbances (Hadj-Hammou 
et al., 2021; McKinley and Johnston, 2010; Plass-Johnson et al., 2016; 
Reopanichkul et al., 2010): maximum total length (the maximum size a 
species can reach in cm), trophic level, maximum depth (the deepest 
point in a species' distribution range in m), and resilience to fishing 
pressure (hereafter resilience, calculated from population increase rates, 
growth coefficient, fecundity, and age at first maturity). Besides their 
ecological relevance, these traits were selected because of their avail
ability across all reviewed species. According to (Costello et al., 2015), 
using traits with complete data across all species minimizes bias and 
ensures more robust and reliable analyses of potential changes in the 
functional structure of fish assemblages.

Using these trait values, we computed a multidimensional trait space 
(i.e., functional space) via principal coordinate analysis (PCoA), posi
tioning species according to their traits. Trait-based dissimilarities were 
calculated using Gower distance, a flexible metric suitable for 
combining categorical and numerical data (Petchey and Gaston, 2007). 
To ensure comparability, we applied a scale-center transformation and 
assigned equal weights to all traits (Hair et al., 2010).

To evaluate the quality of the functional space, we used the mad 
index, which measures the mean absolute deviation between species 
pairwise trait distances and their corresponding distances in the func
tional space. We then assessed correlations between traits and principal 
component axes using linear regression for quantitative traits (reporting 
R2 and p-values) and a Kruskal-Wallis test for qualitative traits (report
ing eta squared (η2) and p-values) (Magneville et al., 2022).

Based on the topology of this ordination, we computed functional 
richness (FRic) and functional identity (Fide) on the polluted (impacted) 
and unpolluted (control) sites in each study. FRic is defined by (Mouillot 
et al., 2013) as “the volume of multidimensional space occupied by all 
the species in a community within functional space” and Fide as “the 
mean value of functional traits, weighted by abundance, across all 
species in the community”. We standardized fish abundances to in
dividuals per m2 and created a site-by-species abundance matrix. For 
studies with multiple control or impacted areas, we averaged the 
abundances to represent a single control and impacted site. When 
studies provided multiple sampling sites along a gradient of wastewater 
influence, we selected the sites with the lowest and highest influence of 
wastewater as control and impacted sites, respectively. Functional 
indices were computed in the statistical programming environment R 
(http://cran.r-project.org) using the “mFD” R package (version 1.0.6., R 
version 4.2.2) (Magneville et al., 2022).

3. Results

We reviewed a total of 52 papers of which 25 focused on the impact 
of wastewater on reef fish assemblages (wastewater studies) and 27 on 
the effects of common wastewater pollutants on reef fish traits (pollut
ants studies). From the wastewater studies only eight provided raw fish 
abundance data to be used in the meta-analysis.

The wastewater studies spanned across 14 countries. These studies 
employed various criteria for selecting sampling sites. For instance, 12 % 
of the studies established a water quality gradient by measuring pa
rameters such as nutrient levels, organic matter, Chlorophyll-a, and/or 
sediment concentrations (n = 3). Others (44 %) based their site selection 
on a combination of water quality measurements and proximity to a 
sewage outfall (n = 6), distance from an urban center (n = 4), or the 
number of tourists in the area at a certain point in time (n = 1). The 
remaining studies (44 %) assumed a wastewater gradient based solely on 
the distance to a sewage outfall (n = 6) or an urban center (n = 5).

Sampling methods were consistent across most studies: 80 % 

Table 1 
Methodological approaches used to assess the impact of wastewater on reef-fish. 
The site selection criteria column lists the variables used to locate the sampling 
sites. Reef type shows whether the study was carried out in coral or rocky reefs. 
Anthropogenic stressors are factors other than wastewater pollution that may 
have influenced the reef-fish assemblages as reported in the reviewed studies.

Site Selection Criteria Reef 
type

Anthropogenic stressors Source

Anthropogenic 
activity + water 
quality

Coral 
reef

Fishing and industrial 
activities

(Patterson et al., 
2021)

Distance to sewage 
outfall + Water 
quality

Coral 
reef

Overfishing (Ford et al., 2017)

Coral 
reef

Land runoff (Reopanichkul 
et al., 2009)

Coral 
reef

Land runoff (Reopanichkul 
et al., 2010)

Coral 
reef

None reported (Russo, 1982)

Coral 
reef

Fishing (Grigg, 1994)

Coral 
reef

Industrial activities (Sasal et al., 2007)

Distance to urban 
center + Water 
quality

Coral 
reef

Agricultural runoff, 
coastal development, 
Land runoff

(Baum et al., 
2015)

Coral 
reef

Fishing and dredging (Polónia et al., 
2019)

Coral 
reef

Overfishing, coral 
mining, and land runoff

(Cleary, 2017)

Coral 
reef

Diving activities (Naumann et al., 
2015)

Water quality Coral 
reef

None reported (Chabanet et al., 
1995)

Coral 
reef

Fishing, golf courses 
runoff

(Foo et al., 2021)

Coral 
reef

Agricultural runoff (Adam et al., 
2021)

Distance to sewage 
outfall

Rocky 
reef

None reported (Azzurro et al., 
2010)

Rocky 
reef

Fisheries and ports' 
runoff

(Henriques et al., 
2013)

Rocky 
reef

Date-mussel fisheries (Guidetti et al., 
2002)

Rocky 
reef

Industrial activities (Nowak, 1996)

Rocky 
reef

None reported (A. K. Smith and 
Suthers, 1999)

Rocky 
reef

None reported (A. Smith et al., 
1999)

Distance to urban 
center

Coral 
reef

Land runoff, industrial 
discharges, Destructive 
fishing

(Plass-Johnson 
et al., 2016)

Coral 
reef

Agrochemical, Port, and 
industrial runoff

(Pizarro et al., 
2017)

Coral 
reef

Fishing (Durán and Claro, 
2009)

Coral 
reef

Fishing, agricultural 
runoff

(Aguilar et al., 
2008)

Coral 
reef

Anti-fouling paints, 
Beach litter

(Evans et al., 
1995)
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employed underwater visual censuses (UVC) using belt transects (n =
20), while few used alternative methods such as stationary point counts 
(n = 1), video recordings (n = 1), or manual collections (n = 3). Most of 
the studies were conducted on coral reefs (76 %, n = 19), while six 
studies (24 %) focused on rocky reefs (Table 1).

3.1. Effects of wastewater on the abundance, biomass, and taxonomy- 
based indices of reef fish assemblages

Research reveals inconsistent patterns in fish abundance between 
polluted and unpolluted sites. However, trends appear to be influenced 
by trophic guilds, more than other traits like habitat associations. 
Compared to abundance, biomass and taxonomy-based indices were less 
frequently reported, limiting our ability to identify consistent response 
patterns (Fig. 1).

3.1.1. Context-dependent changes in fish abundance
Fish abundance was lower in polluted sites in 52 % of studies (n =

13), higher in 20 % (n = 5), and unchanged in 8 % (n = 2), with one 
study reporting variable results over time. These patterns did not 
correlate clearly with site selection criteria, reef type, or additional 
anthropogenic stressors (Table 1). For example, both higher and lower 
fish abundances were reported at impacted sites, regardless of survey 
method, reef type, or other stressors (Sup Table 2).

Trophic guild appears to mediate how reef fish respond to waste
water pollution. Of the reviewed studies, 60.9 % (n = 14) reported 
significant differences in the abundance of specific trophic guilds be
tween polluted (impacted) and unpolluted sites (control). The effects of 
wastewater on carnivorous fish were inconsistent. Two studies observed 

a negative effect (Henriques et al., 2013; Patterson et al., 2021), while 
one found a positive effect (Russo, 1982). suggesting species-specific or 
context-dependent responses.

Planktivores and particulate organic matter feeders responded more 
consistently. Four studies reported increased abundance in polluted 
areas, likely due to enhanced food availability from nutrient loading 
(Grigg, 1994; Guidetti et al., 2002; A. Smith et al., 1999; A. K. Smith and 
Suthers, 1999). Moreover, omnivores and invertebrate feeders generally 
declined in abundance under polluted conditions, except for Coris julis in 
one study (Henriques et al., 2013). This suggests that responses are 
influenced by factors other than diet.

The responses among herbivorous fish were variable. While some 
studies reported declines, particularly among browsers and larger her
bivores affected by nitrogen pollution (Durán and Claro, 2009; Foo 
et al., 2021), others found positive or no effects (Ford et al., 2017; Russo, 
1982). Additionally, a study revealed how this parameter may vary 
across time, for example, herbivore abundance was significantly higher 
at polluted sites during the first year of sampling but significantly lower 
by the fourth year (Naumann et al., 2015), suggesting that fish responses 
may exhibit a non-linear response to wastewater.

Habitat association did not show a consistent influence on fish re
sponses to wastewater pollution. In Thailand, the abundance of benthic- 
associated fish was lower in polluted sites, while water-column species 
were more abundant (Reopanichkul et al., 2009). In contrast, in Hawaii, 
benthic-associated species such as surgeonfish and goatfish colonized 
the sewage outfall area, with no significant changes reported in overall 
community structure (Russo, 1982).

These contrasting findings may reflect differences in wastewater 
treatment and reef conditions. In Thailand, untreated sewage was 

Fig. 1. Percentage of wastewater studies reporting different values of abundance, biomass, evenness, richness, and Shannon diversity of reef fish assemblages be
tween wastewater polluted (impacted) and unpolluted (control) sites. Stacked bars indicate the percentage of studies reporting significantly lower values in the 
impacted sites (orange), significantly higher values in the impacted sites (green), both significantly higher and lower values at the impacted sites (red), and not 
significant (NS) differences between sites. NR: not reported values. Numbers in each box represent the number of studies (n = 25). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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discharged directly into the reef system, whereas Hawaii used advanced 
primary treatment. Additionally, surveys in Hawaii were conducted at 
the outfall structure, which may have provided a solid substrate for 
benthic communities, unlike the more diffuse impacts observed in 
Thailand.

3.1.2. Limited reports on biomass and taxonomy-based indices
Only 20 % of the studies (n = 5) quantified fish biomass: two 

observed significantly lower biomass in polluted sites (8 %), one (4 %) 
found higher values, and two (8 %) found no significant differences. 
Regarding species richness, 36 % of the studies (n = 9) observed 
significantly lower richness in impacted areas, while only 4 % (n = 1) 
reported higher values, and 24 % (n = 6) found no significant differences 
between sites. In terms of species' evenness, one study documented a 
significant decrease in polluted areas, while another found no significant 
difference. Similarly, Shannon diversity was reported to be significantly 
lower in one study but showed no significant differences in another.

3.2. Influence of wastewater components on reef fish traits

Pollutant studies (n = 27) showed that fish responses to wastewater 
pollutants are trait-specific and dependent on the type of pollutant and 
its concentration. Significant effects of common wastewater pollutants 
were reported on feeding behavior and predation success, sensory and 
behavioral traits, physiology and metabolism, and size and growth of 19 
fish species and four fish groups (Fig. 2). The most tested pollutant 
affecting these traits was sediment (sedimentation, suspended sedi
ments, and turbidity), which was discussed in 70.4 % of the studies (n =
19), followed by chemical agents such as linear alkylbenzene sulfonate 
(LAS), 17α-Ethinylestradiol (EE2), benzophenone-3 (BP-3), and 
Bisphenol A (BPA), reported in 18.5 % of the studies (n = 5), and nu
trients and organic matter in 11.1 % (n = 3). Most of the studies (n = 24) 
reported significant effects on at least one fish trait.

3.2.1. Feeding behavior and predation success
Fish abundance in polluted waters may be reduced due to various 

mechanisms that impair feeding behavior. Several studies (n = 7) 
investigated the effects of sedimentation and suspended sediments on 
the feeding behavior of reef fish (Fig. 2). Herbivores were particularly 
affected by settled sediment, with species from the Acanthuridae, 
Scaridae, and Siganidae families showing feeding rate reductions of 57 
% to 99 % in response to increased sediment loads on the epilithic algae 
matrix (85 % more sediment than the control). This reduction is pri
marily due to the fish avoiding sediments, which negatively affect food 
palatability, digestion, and overall fish health (Bellwood and Fulton, 
2008; Goatley and Bellwood, 2012). The grain size and origin of the 
sediments also play a role, with species such as Ctenochaetus striatus 
showing lower feeding rates on fine riverine silicates compared to 
coarser reefal carbonates (Tebbett et al., 2017). Nutrient enrichment 
had no significant effect on fish grazing rates (Hoop et al., 2001), 
although it did increase the gut microbial diversity of the damselfish 
Stegastes nigricans, which may negatively affect feeding efficiency and 
digestive health (Degregori et al., 2021).

Carnivores and zooplanktivores were more affected by suspended 
than settled sediments. For example, the feeding rate of the spiny 
chromis (Acanthochromis polyacanthus) was reduced by 31 % at a sedi
ment concentration of 45 mg/L, highlighting how turbidity impairs the 
ability of planktivores to visually hunt for food (Wenger et al., 2012). 
Similarly, the triggerfish (Rhinecanthus aculeatus) showed a marked 
decrease in foraging efficiency, taking nearly four times longer to find 
food in turbid waters compared to clear waters, although the turbidity 
level tested in this study (154 mg/L) was considerably higher than in 
others (Newport et al., 2021). Moreover, the predation success of 
Chromis atripectoralis was significantly reduced by suspended sediments 
at concentrations of 24 mg/L and 42 mg/L, while Neopomacentrus 
azysron and N. bankieri were only affected at the highest concentration, 
possibly due to their inshore reef habitats, which experience higher 
sedimentation compared to the outer-shelf reefs where C. atripectoralis is 

Fig. 2. Sankey diagram illustrating the traits significantly affected by different pollutants and the species or fish groups studied in the reviewed literature. Each link 
represents a study examining the impact of a specific pollutant on a particular fish trait. Abbreviations: Detergent (LAS: Linear Alkylbenzene Sulfonate), Estrogen 
(EE2: 17α-Ethinylestradiol), Sunscreen (BP-3: Benzophenone-3), Plasticizer (BPA: Bisphenol A), and Nutrients (Inorganic nitrogen and phosphorus).
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more abundant (Johansen and Jones, 2013). Conversely, the prey con
sumption rate of the Brown dottyback (Pseudochromis fuscus) did not 
change significantly under low and high turbidity (30 and 60 mg/L) and 
even increased by 25 % at a medium turbidity level (45 mg/L), illus
trating the predator's advantage over its prey on these conditions 
(Wenger et al., 2013).

3.2.2. Sensory and behavior
Suspended sediments also impair the sensory and behavioral traits of 

reef fish. When exposed to high concentrations of suspended sediments, 
Amphiprion melanopus (180 mg/L) and Acanthochromis polyacanthus (41 
mg/L) exhibited faster reaction times and higher escape speeds from 
predators than when exposed to clear waters. They also reduced 
movement and avoided open areas, likely to minimize predation risk 
(Hess et al., 2019; Leahy et al., 2011). Increased sheltering behavior in 
turbid environments was also observed in 22 large fish species, partic
ularly from the Acanthuridae, Lutjanidae, and Serranidae families, 
possibly for protection from predators (Kerry and Bellwood, 2017).

Behavioral impairment can also affect feeding and predation. 
Reduced activity in predators and increased vigilance in prey may limit 
foraging success, potentially lowering fish growth and abundance in the 
long term (Hess et al., 2019). Furthermore, sediments disrupt fish 
recruitment by impairing their ability to settle in favorable habitats, 
such as live corals. Studies showed that low to medium sediment con
centrations (15–50 mg/L) significantly reduced the number of juveniles 
settling on live coral across multiple species, including Amphiprion per
cula, Chromis viridis, Pomacentrus amboinensis, and P. moluccensis 
(O'Connor et al., 2016; Wenger et al., 2011, 2014; Wenger and McCor
mick, 2013). Disruption of sensory mechanisms, such as chemosensory 
detection and visual acuity, contributes to lower recruitment rates, 
which can lead to shifts in community composition and reduced biodi
versity (O'Connor et al., 2016; Wenger and McCormick, 2013).

Estrogens (EE2) have also been shown to affect fish behavior. High 
concentrations (100 ng/g) significantly increased the aggressive 
behavior of Amphiprion ocellaris over a 4-week period (Chen and Hsieh, 
2017). However, environmentally relevant concentrations (0.02 ng/g) 
did not affect behavior, even after six months of exposure (Gonzalez 
et al., 2021). Moreover, chemical compounds such as bisphenol A (BPA) 
at 100 ng/g reduced the aggressive behavior of clownfish towards male 
intruders after three months of exposure (Gonzalez et al., 2021). Sun
screen compounds like BP-3 showed no significant effect on aggressive 
behavior (Gonzalez et al., 2021).

3.2.3. Physiology and metabolism
Wastewater pollutants such as sediments also affect the physiology 

and metabolism of fish. The gills, being one of the most exposed organs, 
are particularly vulnerable. In Acanthochromis polyacanthus and 
Amphiprion melanopus, medium concentrations of suspended sediments 
(45 mg/L) reduced the functional lamellar length by approximately 20 
%, affecting oxygen diffusion and uptake. However, in Amphiprion per
cula, even high concentrations (180 mg/L) did not significantly affect 
the gill lamellae, indicating a potential physiological adaptation that 
may allow this species to outcompete others in turbid environments 
(Hess et al., 2017).

Chemical agents like LAS used in detergents also increased the 
metabolic rate of Siganus guttatus by 28 %, driven by an increase in 
oxygen consumption due to gill damage (Baum et al., 2016). Sunscreen 
chemicals like BP-3 at 10 μg/L for 7 days significantly increased tri
glycerides, total cholesterol, and non-esterified fatty acids in the liver of 
Amphiprion ocellaris, indicating metabolic disorders that could lead to 
long-term health issues (Zhang et al., 2023). Additionally, chemicals like 
EE2 and BPA at concentrations of 0.02 ng/g and 100 ng/g of food, 
respectively, reduced 11-ketotestosterone levels in clownfish 
(A. ocellaris), leading to gonadal feminization and impaired reproductive 
capacity in males (Gonzalez et al., 2021).

3.2.4. Size and growth
Increased suspended sediment negatively impacted the growth rate 

of Acanthochromis polyacanthus. Due to reduced food consumption, fish 
exposed to sediments had a proportional growth of 17 % and 13 % at 
concentrations of 45 mg/L and 180 mg/L, respectively, compared to a 
27 % proportional growth in clear waters (0 mg/L) (Wenger et al., 
2012). This could explain why fish assemblages in sediment-exposed 
environments tend to be composed of smaller fish compared to those 
in clearer waters (Mallela et al., 2007). Conversely, pollutants like EE2 
and BPA did not significantly affect fish size or growth (Gonzalez et al., 
2021).

3.3. Impact of wastewater on the functional structure of fish assemblages 
(meta-analysis)

We assessed the functional structure of fish assemblages from eight 
studies, of which half were tropical coral reefs and half were temperate 
reefs. These studies reported abundances from 24 sites across eight 
countries, encompassing a global pool of 314 species (Sup table 4). 
Analyses were conducted in the three-dimensional functional space with 
the best quality, i.e. with the lowest mean absolute deviation (mad =
0.017).

Species dispersion was significantly influenced by all selected fish 
traits on the first two functional axes (PC1 and PC2; p < 0.05) and, 
except for Trophic Level, on the third axis (PC3; p > 0.05; Sup Fig. 1). 
Resilience (η2 = 0.666) increased along the positive values of PC1, while 
Max Total Length (TLmax, R2 = 0.491), Trophic Level (R2 = 0.455), and 
Max Depth (dmax, R2 = 0.180) increased towards its negative values 
(Fig. 3). On PC2, Trophic Level, Resilience, and dmax (R2 = 0.488, η2 =

0.331, and R2 = 0.013, respectively) increased along positive values, 
while TLmax (R2 = 0.042) increased towards negative scores. Finally, on 
PC3, Resilience (η2 = 0.667) and dmax (R2 = 0.426) increased along 
negative values, while TLmax (R2 = 0.027) increased along positive 
values (Sup Fig. 2).

Building upon the above ordination, we observed that FRic was 
generally higher at control sites across most reviewed locations (Fig. 4). 
Differences in FRic between assemblages were primarily driven by 
species located at the most negative scores of PC1 (large size, low 
resilience), the most positive and negative scores of PC2 (higher and 
lower trophic levels, respectively), and the most negative scores of PC3 
(greater maximum depth). These species were present in control sites 
but often absent in impacted ones. For instance, clear differences along 
PC1 were observed in Colombia, Indonesia, and Italy (Fig. 4A, D, F). In 
contrast, differences along PC2 were more pronounced in Hawaii and 
Australia (Fig. 4B, E). Finally, differences along the PC3 axis were pri
marily evident in studies conducted in Colombia, Hawaii, Indonesia, and 
Italy (Sup Fig. 3A, B, D, F).

The differences observed across sites did not conclusively align with 
reef type; similar patterns were observed in both tropical coral reefs 
(Fig. 4A–D) and subtropical/temperate reefs (Fig. 4E–H). For example, 
most locations showed the presence of low trophic levels (herbivores) in 
both control and impacted sites. However, in Hawaii and Indonesia, 
large fish with low trophic levels were either absent or less abundant in 
impacted sites (Fig. 4B, D).

Moreover, few locations showed similar FRic between control and 
impacted sites. In Portugal, fish assemblages were primarily composed 
of species with mid trophic levels, small to medium sizes, and medium to 
high resilience. This composition resulted in relatively low FRic values 
for both assemblages compared to other locations. Although FRic was 
slightly higher in the control than the impacted site, these differences 
were relatively small and driven by species with medium trait values 
rather than extreme values, as observed in other locations (Fig. 4H).

In India, FRic was similar between sites; however, mean abundances 
of larger fish (TLmax >50 cm) were significantly higher at the control 
site (0.376 ± 0.014 ind/m2) compared to the impacted site (0.208 ±
0.006 ind/m2, p = 0.021). This abundance difference resulted in a lower 
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Functional Identity (FIde) for the control site along PC1 (Fig. 4C).
In Malta, FRic was also similar between sites but higher in the 

impacted site (Fig. 4G). This was driven by a greater number of small- 
sized species with high resilience and medium trophic levels at the 
impacted site (6 species) compared to the control (4 species). Their 
abundance was significantly higher at the impacted site (0.968 ± 0.164 
ind/m2) than at the control site (0.005 ± 0.001 ind/m2, p = 0.046), 
leading to a higher FIde value along PC1 for the impacted site (Fig. 4G).

There was no consistent pattern in FIde values across locations on 
any axes. While these values were similar between assemblages in most 
cases, clear differences were observed in others. For instance, in Hawaii 
(Fig. 4B) FIde values were lower on PC1, PC2, and PC3 in the control site 
compared to the impacted site. This suggests distinct trait compositions 
and/or species abundances between sites. For example, larger species 
were more abundant at the control site, pulling the mean trait values 
closer to zero on PC1, while smaller species dominated the impacted 
site, raising the FIde value along the same axis. Additionally, the lower 
FIde values on PC3 at the control site indicate a higher abundance of fish 
with greater maximum depth compared to the impacted site. A similar 
pattern was observed in Malta along PC1 and PC3, although the 

differences were smaller (Sup Fig. 3B, G).
Overall, our analysis revealed diverse responses of fish assemblages 

to wastewater pollution across locations, yet a general pattern emerged. 
Wastewater-impacted sites had lower FRic values and were typically 
composed of a higher proportion of species with greater resilience to 
fishing, smaller body sizes, medium trophic levels, and shallower depth 
ranges. In contrast, most control sites supported higher richness or 
abundance of larger-bodied species with lower resilience, spanning a 
broader range of trophic levels and depths. While specific responses 
varied by location, this general pattern provides a valuable framework 
for understanding the broad impacts of wastewater on reef fish 
assemblages.

4. Discussion

Fish responses to wastewater disturbances are varied and nuanced. 
Traditional metrics like abundance and richness fail to capture species- 
specific responses influenced by traits, pollutant types, and concentra
tions. By combining taxonomy-based metrics with a functional approach 
(trait-based analysis), we gain a more comprehensive view of the 

Fig. 3. Principal Coordinate Analysis (PCoA) of fish species (dots) based on their trait values within the first two dimensions (PC1 and PC2). Numerical traits include 
Maximum Total Length (TLmax), Trophic Level, and Maximum Depth (dmax), represented as vectors, whereas resilience to fishing pressure, a categorical trait, is 
depicted using colour codes. The distances between points represent functional dissimilarity, and the length and direction of vectors indicate the strength and di
rection of each numerical trait's influence on species dispersion within the functional space. The arrows were scaled down to 40 % for better visualization. Silhouettes 
representing vector species in the functional space along PC1 and PC2 were sourced from macrovector on Freepik.com.
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complex dynamics shaping reef fish assemblages in wastewater-polluted 
reefs. We observed contrasting scenarios in which abundance and 
richness were higher, lower, or unaffected in impacted sites compared to 
controls. Additionally, our results showed that fish responses to waste
water pollution were trait-specific and shaped by pollutant type and 
concentration. A general pattern emerged in our meta-analysis: 
impacted assemblages were characterized by a higher proportion of 
smaller fish with low to mid trophic levels, greater resilience to fishing 
pressures, and shallower depth ranges compared to those in unpolluted 
sites. This underscores the value of a functional approach, revealing that 
fish responses are more nuanced than abundance and richness metrics 
alone suggest. This trait-specific perspective provides a clearer frame
work for interpreting the ecological consequences of wastewater 
pollution, particularly regarding species resilience and functional roles 
within reef ecosystems.

4.1. Mixed responses of reef fish assemblages

Our review underscores the mixed findings regarding the effects of 
wastewater on reef fish abundance, richness, and other taxonomy-based 
metrics. This variability aligns with McKinley and Johnston's (2010)
review, which found inconclusive trends across ecosystems and waste
water sources. While they observed that industrial effluents and sewage 

often reduced fish abundance with minimal impact on richness, our 
findings showed that 36 % of studies reported lower richness in 
impacted sites. These inconsistencies suggest that abundance and rich
ness metrics may fluctuate irregularly with wastewater pollution. For 
instance, some studies describe a “rise and fall” effect in fish abundance 
following nutrient inputs, where spikes of initial productivity decline as 
eutrophication induces hypoxia or degrades benthic habitats (Naumann 
et al., 2015; Oczkowski and Nixon, 2008). Similarly, other studies 
observed that reducing organic matter through wastewater treatment 
initially decreased fish populations reliant on nutrient-rich environ
ments; however, these populations later declined further due to oxygen 
depletion and habitat degradation (Baer et al., 2017; Ribeiro et al., 
2008).

Wastewater pollution can degrade coral structures, indirectly 
impacting fish populations that depend on coral habitats to thrive 
(Pratchett et al., 2014; Reopanichkul et al., 2010). Still, nutrient input 
may boost fish abundance, especially for planktivores and particulate 
feeders, via food subsidies. This effect is seen on the Great Barrier Reef, 
where pelagic nutrient inputs accounted for 41 % of fish productivity, 
underscoring the potential for nutrient subsidies to sustain fish pro
ductivity even in degraded reefs (Morais and Bellwood, 2019). The 
apparent stability in abundance and richness may thus be partly 
attributed to the dietary flexibility that enables some reef fish to adapt to 

Fig. 4. Functional richness (FRic) and functional identity (FIde) in PC1 and PC2 of reef fish assemblages in control and impacted sites across eight locations: A) 
Colombia, B) Hawaii, C) India, D) Indonesia, E) Australia, F) Italy, G) Malta, and H) Portugal. I) Global trait distribution in the functional space (detailed description 
in Fig. 3). Gray dots represent species within a “global” pool comprised of species from all locations. Colored dots represent species present at control (blue) or 
impacted (red) sites. Dot size indicates species abundance (individuals m− 2). Colored convex hulls represent the percent volume of functional space occupied (FRic) 
by fish assemblages recorded at control (blue) and impacted sites (red), relative to the global species pool (gray). Crosses and dashed lines show the Fide values at the 
control (blue) and impacted (red) sites in both axes. (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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altered food resources in degraded environments (Clever et al., 2024).
Habitat connectivity with productive areas such as seagrass beds and 

mangroves may also buffer the adverse effects of wastewater on reef 
fish, as these areas can provide alternative resources and shelter, sta
bilizing fish communities (Gilby et al., 2016). Together, nutrient sub
sidies, dietary adaptability, and habitat connectivity help sustain fish 
populations under degraded conditions, explaining the contrasting re
sults observed here and in (McKinley and Johnston, 2010) review. These 
subsidies may, however, mask long-term ecological stress within these 
communities, emphasizing the need for a trait-based approach to detect 
nuanced impacts beyond taxonomy-based metrics such as abundance 
and richness.

A potential source of variability in the observed fish assemblage re
sponses is the methodological heterogeneity across studies. Differences 
in underwater visual census (UVC), diver-operated video, Remote 
Operated Video (RUV), and manual collection methods may influence 
results. For instance, manual collection has been shown to yield 
consistently different outcomes compared to UVC and video techniques 
(Lopez-Gonzalez et al., 2022). UVC and diver-operated video surveys 
may produce comparable results, particularly when targeting the same 
groups of species (Grane-Feliu et al., 2019). In contrast, RUV tend to 
report higher fish abundance and diversity than UVC or snorkeling- 
based methods (Dearden et al., 2010; Zarco-Perello and Enríquez, 
2019). Further research, with greater representation of alternative sur
vey approaches, is needed to assess how methodological differences may 
influence the detection of wastewater impacts on reef fish assemblages.

4.2. A functional approach reveals directional patterns

Our results indicate that fish responses to wastewater pollution are 
mediated by the four traits used in our functional analysis—maximum 
total length, trophic level, max depth, and resilience to fishing 
—revealing a more directional pattern across regions and reef types than 
taxonomy-based metrics alone. This suggests that the combination of 
specific trait values may enhance or hinder a fish's fitness in polluted 
environments. Hadj-Hammou et al. (2021) emphasized that traits like 
fish size and diet are often used to assess responses to disturbances 
(response traits) and ecosystem processes (effect traits). Although less 
studied in the context of pollution than in climate change or fishing, 
their review notes that some studies observe reductions in size and 
trophic level due to habitat degradation from pollution.

In our meta-analysis, large fish were less abundant or absent in 
impacted sites compared control sites. Size may be a disadvantage in 
oxygen-poor environments resulting from high organic matter, as larger 
fish typically have greater oxygen requirements and are less tolerant to 
hypoxia than smaller fish (Verberk et al., 2022; Xiao, 2015). Smaller 
species like gobies and blennies can tolerate oxygen levels below 3 % of 
air saturation, whereas larger fish, like damselfish, are intolerant of 
levels below 10 % (Nilsson and Östlund-Nilsson, 2004). Conversely, size 
may provide an advantage for some herbivorous fish in environments 
with high sediment loads from wastewater. For example, larger sur
geonfish (Acanthurus tractus) exhibit greater tolerance for sediment- 
covered algae than their smaller counterparts, aided by more devel
oped digestive systems that mechanically process sediment. This pro
vides larger fish with a functional advantage in consuming a broader 
range of algae, enhancing their dietary resilience in degraded habitats 
(Duran et al., 2019). This adaptability may help explain why large 
herbivores were present only in control sites in some studies but per
sisted in impacted sites in others, as they may be influenced by waste
water composition and how it affects water quality through factors like 
oxygen availability and sediment load.

Our results were more consistent for large fish with high trophic 
levels, which were either absent or exhibited lower abundances in 
impacted sites. Unlike herbivores, predator fish lack the adaptations 
needed to cope with high sediment levels in polluted environments. For 
example, large predators like the coral grouper (Plectropomus maculatus) 

may shift prey on degraded reefs, yet declines in preferred prey biomass 
can ultimately lead to population decreases (Hempson et al., 2017). 
Furthermore, turbidity in polluted waters can impair visibility, reducing 
prey capture success (Newport et al., 2021; Ortega et al., 2020; Wenger 
et al., 2013), while also affecting prey escape responses, increasing 
movement speed, and reducing reaction times to predators (Hess et al., 
2019). These combined effects make wastewater pollution particularly 
detrimental for large predators in reef ecosystems.

Our findings also show that species with a higher maximum depth 
were less abundant in impacted sites. Visual acuity adaptations may 
partially explain this trend. Species inhabiting horizon-dominated areas, 
such as deeper, less complex reefs or sandy bottoms, often have signif
icantly lower visual acuity compared to those in shallow, complex 
habitats like coral reefs (Caves et al., 2017). This may present a partic
ular disadvantage in polluted environments where visibility is 
compromised, as reduced visual capacity can hinder feeding behavior 
and predation of fish (Wenger et al., 2013; Wenger and McCormick, 
2013), compounding the effects of wastewater pollution.

We observed that fish with high and medium resilience were present 
in both impacted and control sites, while species with low or very low 
resilience were scarce or absent in impacted areas. The early age at first 
maturity, higher fecundity, and rapid growth rates of highly resilient 
fish may help them cope with the adverse effects of wastewater, 
particularly in early developmental stages. Wastewater pollution can 
significantly affect embryo viability, delaying hatching and increasing 
mortality during these critical stages (Costello and Gamble, 1992). 
Additionally, sewage pollution can impair photomotor and visual motor 
responses in embryos and larvae, resulting in behavioral impairments 
that jeopardize survival, as responsive movements are essential for 
avoiding predators and foraging effectively (Gauthier and Vijayan, 
2020). Finally, pollutants can block larvae from detecting settlement 
cues, impairing the connectivity and meta-population dynamics, vital 
for replenishing populations after disturbances (Mora et al., 2016).

The response of reef fish to wastewater pollution is thus shaped by 
the interplay of the four traits used in our analysis, where each offers a 
distinct advantage or vulnerability in impacted environments. Large, 
low-resilience species at high trophic levels are particularly disadvan
taged in polluted sites, where limited visibility, reduced prey avail
ability, and hypoxic conditions compromise their fitness and survival. 
Conversely, small, high-resilience species with flexible diets and low 
trophic levels are more likely to persist and even thrive in impacted sites, 
benefiting from nutrient subsidies and their ability to adapt to changing 
food resources.

This combination of traits allows some species to occupy new 
ecological roles in polluted reefs, but it may also mask underlying 
ecological stress. The emergence of new ecological roles does not 
necessarily imply functional redundancy or resilience at the ecosystem 
level. Trait homogenization—such as the dominance of small, resilient, 
mid-trophic level species—can lead to food web simplification and the 
erosion of key ecological processes. For example, the loss of large 
predators may weaken top-down control, enabling the proliferation of 
opportunistic species or algae and potentially triggering trophic cas
cades (Rizzari et al., 2015). Similarly, the decline of species with 
specialized habitat use or key functional roles (e.g., bioeroders, 
browsers, or detritivores) can reduce the capacity of reefs to recover 
from disturbances, maintain habitat complexity, or regulate nutrient 
cycling and energy transfer (Mor et al., 2022). Although trait-based 
compositional shifts may initially appear adaptive, they can conceal 
long-term ecological stress and declining ecosystem functionality (Ling 
et al., 2018). Recognizing these shifts is essential for anticipating 
delayed or nonlinear impacts of wastewater pollution on reef health. In 
this context, our study reinforces the value of trait-based approaches in 
uncovering the nuanced, context-dependent responses of fish assem
blages to wastewater pollution, ultimately enhancing our understanding 
of ecosystem resilience and vulnerability.
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4.3. Wastewater components as potential predictors of reef fish responses

Our review highlights the critical role of wastewater composition in 
shaping reef fish responses, as different components may affect specific 
fish traits. Interestingly, none of the reviewed studies reported the pre
cise composition of wastewater, with nearly half assuming pollution 
based solely on the distance to sewage outfalls. Though the main com
ponents of wastewater allow one to infer effects of eutrophication and 
turbidity, a more detailed analysis of wastewater could clarify and 
support the observed patterns in fish assemblages.

For instance, nutrients and organic matter from sewage may lead to 
lower trophic levels in impacted sites. These pollutants initially mask 
degradation by providing food subsidies supporting fish richness and 
abundance. However, lower trophic-level species, such as herbivores 
and planktivores, often dominate as they adapt their diets to these 
available resources, while predators shift to feeding on lower trophic- 
level prey, effectively simplifying and shortening the food web (Bozec 
et al., 2005; Hempson et al., 2017). In contrast, sediments from waste
water discharge can filter high and low trophic levels. Increased sedi
mentation and turbidity impair herbivore feeding by covering the 
epilithic algal matrix with fine particles (Goatley et al., 2016), while 
visual predators experience decreased feeding rates and capture effi
ciency due to reduced prey visibility (Ortega et al., 2020). These con
trasting outcomes highlight how different traits respond to specific 
wastewater pollutants, underscoring the importance of understanding 
wastewater composition to identify which pollutants to target for 
reducing impacts on reef fish assemblages.

Integrating wastewater composition analysis with a functional 
approach offers a powerful framework for informed wastewater man
agement and impact mitigation. By linking specific pollutants to trait- 
based responses, it becomes possible to prioritize actions that target 
the most detrimental components of wastewater, such as reducing 
sediment loads or controlling nutrient input. This targeted approach 
could prevent the dominance of lower trophic-level species and main
tain the trait diversity and ecological balance of reef fish assemblages. 
Moreover, functional metrics, which are sensitive to early ecosystem 
degradation, provide a valuable tool for monitoring the effectiveness of 
mitigation strategies. Combining wastewater profiling with a functional 
perspective could provide more precise and targeted management 
strategies, ultimately preserving both biodiversity and the essential 
ecosystem services reef fish provide.

5. Synthesis and implications for reef fish conservation

This study reveals that wastewater pollution shapes reef fish as
semblages in trait-specific ways, with impacted sites generally domi
nated by smaller, high-resilience species with mid-trophic levels and 
shallower depth ranges, while control sites support larger, low-resilience 
species spanning broader trophic levels and depths. These patterns 
emerged despite the geographical diversity of the reviewed studies and 
potential disparities in wastewater treatment among sites, reinforcing 
the limitations of taxonomy-based metrics (e.g., abundance and rich
ness) and underscoring the value of functional approaches for detecting 
ecosystem change.

Despite its clear effects on reef biodiversity and ecosystem services, 
sewage management remains underprioritized relative to threats like 
overfishing and climate change (Wear et al., 2021). Our findings provide 
a clear framework for understanding species responses to both waste
water pollution and its composition. This can support more effective 
conservation and mitigation strategies, such as prioritizing sediment 
filtration in coastal infrastructure and mandating tertiary wastewater 
treatment to reduce nutrient loads—both pollutants linked to functional 
homogenization and reef degradation.

We strongly recommend that trait-based indices (e.g., functional 
richness, functional identity) be incorporated into reef monitoring pro
grams, as they do not need additional data collection in the field, and 

they are sensitive to early ecological changes than taxonomy-based 
metrics alone (Mouillot et al., 2013). Policymakers should also 
consider setting discharge thresholds based on pollutant impacts on 
functional traits, not only total biomass or species richness.

Future research should build on these findings by expanding trait 
datasets to include reproductive strategies, diet, and home range, and by 
increasing in situ trait measurements across polluted and unpolluted 
reefs. Manipulative experiments and mesocosm studies should be 
prioritized to test dose–response relationships between specific waste
water pollutants and fish traits. This will help clarify trait–pollutant 
interactions and improve predictive models of reef fish responses to 
pollution.
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