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1 | INTRODUCTION

Understanding the dynamics of biological communities through the
lens of species' functional diversity and ecological patterns is crucial

for gaining deeper insights into ecosystem organization and

Francisco Gerson Araujo

Abstract

Functional characteristics of species are of great importance for understanding their
roles in ecosystems and can be used to detect long-term chances in the environment.
We evaluated temporal changes (1983-1985 and 2017-2019) in taxonomic and
functional indices of the fish fauna in shallow areas of a tropical bay heavily impacted
by anthropogenic activities in recent decades. The hypothesis that functional indices
change over time as a result of environmental degradation was tested. Our results
showed a significant decrease in species richness and abundance over time, and in
functional richness, while others functional diversity indices (divergency, evenness,
and originality) remained stable. Thirteen functional groups were detected, some of
which contained only one species, raising concerns about the loss of ecosystem func-
tions due to ongoing changes. We also observed an increase in beta diversity over
time, which may be the result of a decrease in local richness without leading to
regional extinctions. Turnover was the most important process in structuring the fish
fauna at the evaluated time scale. The relative stability of the functional structure
and the higher levels of turnover seem to be related to the dominance of functional
groups, within which species replace each other according to their responses to envi-
ronmental filters that select for specific functional traits. Incorporating functional
diversity indices and beta diversity variations in the fish community helped to
enhance the existing information about this coastal system by offering improved esti-
mates of biological diversity through diverse approaches. The predominance of turn-
over identified in the preset study suggests a dynamic and fluctuating species
composition within the habitat. In this sense, habitat preservation should prioritize

the protection of diverse habitats to accommodate a broad spectrum of species.
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functioning. This becomes especially significant in the present sce-
nario, where human activities pose an escalating threat to biodiversity,
often resulting in irreversible consequences. Estuarine zones stand as
some of the most productive ecosystems on a global scale, generating

a diverse array of goods and services while supporting rich biological

J Fish Biol. 2023;1-12.

wileyonlinelibrary.com/journal/jfb

© 2023 Fisheries Society of the British Isles. | 1


https://orcid.org/0000-0002-8389-9474
https://orcid.org/0000-0003-4551-1974
mailto:gersonufrrj@gmail.com
http://wileyonlinelibrary.com/journal/jfb
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjfb.15596&domain=pdf&date_stamp=2023-11-08

pE SOUSA GOMES-GONGALVES and ARAUJO

2N .....- FISH BIOLOGY

diversity. This can be attributed to their exceptional productivity and
abundant food resources, which in turn provide refuge and serve as
crucial spawning sites for numerous species (Islam et al., 2006;
Maciério et al., 2021). Despite their ecological value, these ecosystems
are among the most affected due to the rapid expansion of human
populations in their surroundings, causing significant impacts on biodi-
versity (Lotze et al., 2006). Hence, there is an urgent need to evaluate
the spatiotemporal patterns of biodiversity, investigating environmen-
tal changes and the resilience of biodiversity. Alterations in these eco-
systems can disrupt natural flows and result in habitat loss, impeding
the movement of organisms between previously interconnected habi-
tats (Barletta & Lima, 2019). These changes manifest more promi-
nently in the long run, enabling a comprehensive understanding of
biological communities and offering more robust and informative
insights into the distribution and functional significance of species
over time (e.g., Gomes-Goncalves et al., 2020; Térnroos et al., 2019;
Villeger et al., 2010).

Gaining an understanding of the patterns observed in various
diversity indices and assessing their agreement can provide valuable
insights into the relative importance of different processes that shape
biological assemblages. This knowledge is essential for evaluating the
impacts of global changes on ecosystem functions and services (Violle
et al,, 2014). Functional diversity indices, which take into account the
functional traits of different aspects of each species, have the potential
to significantly enhance our understanding of how biodiversity
responds to environmental changes (e.g., Brandl et al., 2016; Gomes-
Goncalves et al., 2020; Villeger et al., 2010). The utilization of functional
traits to characterize communities offers several advantages. First, it
possesses higher predictive potential compared to purely taxonomic
approaches that fail to consider the ecological roles played by species
in the environment (Flynn et al., 2011; Mouillot et al., 2011). Addition-
ally, it enables the evaluation of species interrelationships, such as com-
petition or membership in an interaction network, and how species
respond to similar environmental constraints (Mouillot et al., 2007). Fur-
thermore, these indices are particularly useful when comparing ecosys-
tems, as they can assess similar functions shared by ecosystems
without necessarily relying on taxonomic overlap (Mindel et al., 2016).

Beta-diversity is equally important for comparing the changes in
species composition across different locations and over time within
an ecological system (Heino et al., 2015; Jankowski et al., 2009;
Whittaker, 1972). This approach consists of two components: species
turnover and nestedness. Species turnover happens when there is a
substitution of species, meaning that some species present in one
location are not found in another location but are instead replaced by
different species that are absent at the first location (Baselga, 2010).
Turnover often prevails as a result of species replacement along envi-
ronmental gradients (Peldez et al., 2017). On the other hand, nested-
ness occurs when certain species are absent in one location compared
to another, without being replaced by different species
(Baselga, 2010). Therefore, customizing conservation efforts to the
unique ecological context and the drivers of turnover and nestedness
in an ecosystem is crucial. An adaptive, holistic approach, accounting

for the dynamic environment, is vital for effective conservation.

Sepetiba Bay is a coastal system located in the southern part of
the state of Rio de Janeiro. Despite its high ecological value, the bay
has faced significant anthropic activities in recent decades, resulting in
substantial habitat transformations. These activities involve the
destruction of coastline habitats and the conversion of the area for
cultivation, industrialization, and human settlement. Consequently, a
significant amount of organic and industrial effluents is released into
the bay, leading to increased pollution and habitat degradation (Cunha
et al., 2009; Magalhaes et al., 2003; Molisani et al., 2006). These activ-
ities have a detrimental effect on the local fish fauna (Araujo
et al., 2016; Aradjo et al., 2017). Monitoring of the fish fauna in Sepe-
tiba Bay has been conducted for several decades, generating a wealth
of biological and environmental data spanning over 30 years. In a
study by Araujo et al. (2016), temporal changes in the fish fauna of
the bay's deep areas were evaluated, revealing a notable decline in
fish richness and abundance. Most of these changes were observed in
the inner zone, as it is closer to the sources of impact. Furthermore,
Gomes-Gongalves et al. (2020) conducted a temporal assessment
(1993-1995 and 2012-2015) of the fish fauna in the deep areas of
the bay. Their findings revealed a significant decrease in functional
originality, which is particularly concerning because the loss of species
with unique characteristics also signifies the loss of their ecological
functions. This loss can have detrimental effects on the ecosystem,
leading to a series of damage.

The fish fauna in the shallow zones, located in close proximity to
the impact areas, has also shown temporal changes in taxonomic com-
position (Araujo et al., 2016). Considering previous studies indicating a
decline in fish fauna richness, we sought to test the hypothesis that
functional diversity indices would also be affected over time due to
environmental degradation. To investigate this, we examined the vari-
ation in beta diversity and functional indices during two distinct
periods (1983-1985 and 2017-2019), aiming to address two key
questions: (1) Have there been changes in the functional diversity
indices of the fish fauna between the two evaluated periods? (2) Based
on the beta diversity indices, is there a prevalence of species turnover
or are there indications of species loss (higher nestedness)? Our objec-
tive was to identify biological patterns that can inform decision-
making regarding the prioritization of habitats for the conservation of
fish fauna, thereby aiding efforts to prevent or minimize adverse

effects on biodiversity in ecosystems.

2 | MATERIALS AND METHODS

21 | Studyarea

Sepetiba Bay (Figure 1) is a semi-open coastal area covering approxi-
mately 450 km? located in the southern region of Rio de Janeiro
State. It lies between latitudes 22°54'S and 23°04'S, and longitudes
43°34'W and 44°10'W. This bay is partially open to the ocean, with a
board opening at its western end and a narrow channel to the east. To
the south, it is demarcated by the extensive Marambaia sandbank,

which stretches for a length of 40 km. The Marambaia sandbank
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FIGURE 1

Study area Sepetiba Bay, with the two sampling zones
(inner and outer) marked. The expansion of land use due to
anthropogenic activities and urbanization (represented by gray areas)
can be observed in the two maps depicting the years 1984 and 2017.
The main industrial areas are located within the region outlined by the
red ellipse and the black dots represent the sampled locations. Google
Earth (2021).

serves as a natural barrier, partitioning the waters of Sepetiba Bay
from the Atlantic Ocean (Fundacdo Rio-Aguas, 2020). Several rivers,
streams, and drainage channels flow into the bay, contributing to the
dilution of the waters and carrying effluents from residential and
industrial areas on the mainland. The average water temperature in
the bay ranges from 21.5°C during the winter to 26.5°C in the sum-
mer. The salinity ranges from 29 in the inner bay to 33 in the outer
bay. This microtidal system exhibits a tidal range of approximately 1 m
(Mahiques et al., 2010). The prevailing northeasterly and southwest-
erly winds induce thermal currents that facilitate the exchange of
water between the bay and the ocean.

In recent decades, Sepetiba Bay has undergone substantial trans-
formations. Traditional economic activities like agriculture and fishing
have been supplanted by industrial expansion. These human-induced
developments in the bay's vicinity have led to environmental deterio-
ration, with pollutants being discharged directly into the bay or indi-
rectly via rivers and drainage channels, leading to water pollution
(Pellegatti et al., 2001). Moreover, human activities have fueled

unchecked urbanization, resulting in a surge in population densities
around the bay. In 1980, the population stood at around 60,000, but
by 2000, it had surged to an estimated 2 million people (Leal Neto
et al.,, 2006).

Since the 1970s, there has been a rapid industrial expansion in
the area, with the establishment and operation of chemical and metal-
lurgical industries in the bay. This expansion, in turn, has inadvertently
encouraged various other potentially detrimental activities, including
overfishing and increased construction (Barcellos & Lacerda, 1994;
Molisani et al, 2004; Cunha et al., 2006). The commencement of
operations at the Port of Sepetiba in 1982 triggered substantial eco-
nomic and industrial growth in the region (Clarke et al., 2004). Along-
side the visible transformations along the shores of Sepetiba Bay,
these developments also brought about multiple sources of pollution,
resulting in instances of chemical contamination, including cadmium
(Cd) and zinc (Zn).In addition, more recent activities have also had a
significant impact. These include the expansion of the port through
the dredging of the access channel to a depth of 20 m, allowing for
the accommodation of larger vessels (Azevedo et al., 2007). Further-
more, the implementation of the Submarine Development Program
(PROSUB) was introduced with the goal of strengthening the national
defense infrastructure by constructing conventional submarines and
one nuclear-powered submarine. This program encompasses the con-
struction of a metal structure manufacturing unit, two shipyards, a
radiological complex, and a naval base. Such extensive urban and
industrial expansion has been associated with the degradation of this
coastal area. This development has led to a significant loss of approxi-
mately 26% of mangrove areas over three decades, resulting in alter-
ations in the local environment that have impacted the resident fauna
(Aratjo et al., 2017).

2.2 | Database

For this study, we utilized a database compiled from fish samplings
conducted with the same equipment and methodological procedures
in shallow areas during two distinct periods of 1983-1985 and 2017-
2019. The study was carried out in two zones of Sepetiba Bay: the
inner zone and the outer zone.

The inner zone is located in the innermost part of the bay and
includes mangrove formations, along with several rivers and drainage
channels that carry industrial and urban effluents into the bay
(Figure 1). In this zone, discharges from small perennial rivers play a
crucial role, leading to increased water turbidity and temperature, and
decreased salinity (Leal Neto et al., 2006). Additionally, it is the zone
mostly heavily affected by the presence of industrial plants along the
shoreline (Barcellos et al., 1997; Borges & Nittrouer, 2016; Gongcalves
et al., 2020). On the other hand, the outer zone is located near to the
bay's wide connection with the ocean and has comparatively lower
levels of anthropogenic activities, leading to more consistent and sta-
ble environmental conditions.

Our sampling efforts encompassed both bay zones (inner and

outer) during two seasons (summer and winter) and across two
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separated time periods (1983-1985 and 2017-2019). This study pri-
marily assesses the impact of human-induced changes on the ichthyo-
fauna between these two periods. Given the negligible seasonal
effects (Araujo et al., 2016; Camara et al., 2019), data were collected
in both seasons solely to ensure a thorough evaluation of these two
periods. This comprehensive approach resulted in a total of 144 sam-
ples, involving six sites, three replicates, two seasons, two zones, and

two periods.

2.3 | Fish sampling

The fish were collected using a beach seine net (12 x 2.5 m, 5-mm
mesh size), equipped with 30 m ropes attached to each side of the net
to facilitate hauling. The net was dragged perpendicular to the coast-
line from a depth of approximately 1.5 m. The hauls were performed
by two people, one at each end of the rope, covering an area of
approximately 300 m?.

Immediately after collection, the fish were anesthetized with ben-
zocaine hydrochloride (50 mg L™2), then fixed in 10% formaldehyde-
seawater solution and, after 48 hours, preserved in 70% ethanol. The
fish were identified at the lowest possible taxonomic level, and
vouchers were deposited in the Ichthyological Collection of the Fish
Ecology Laboratory at the Universidade Federal Rural do Rio de
Janeiro. In the most recent study period, the care of fishes was con-
ducted in strict compliance with the ICMBio (Brazilian Environmental
Agency) animal welfare laws, as outlined in the Brazilian Federal Law
11.794 of 8 October 2008. Additionally, all procedures followed the
guidelines and policies approved by the Ethics Council of Animal Use
(CEUA/ICBS/UFRRJ) under permission number 12179.

2.4 | Dataanalyses

The study involved a comparison of the fish abundance, measured by
the number of individuals and the species richness per 100 m? (sam-
pling unit) across different zones and periods. To accomplish this, a
permutational multivariate analysis of variance (PERMANOVA) was
employed, with 999 permutations used to calculate p values. In this
analysis, fish abundance and richness were used as the response vari-
ables, while periods (1983-1985, 2017-2019) and zones (nested
within periods) were treated as fixed factors. Paired comparisons
using PERMANOVA were conducted to examine the variations
between periods and zones. Prior to conducting these analyses, the
fish richness and abundance were subjected to a square-root transfor-
mation. The transformation of biological data aimed to mitigate the
impact of the most abundant species while retaining information
about their relative abundance.

Temporal changes in fish community composition were assessed
through the application of beta-diversity, comparing the two analyzed
periods. This approach involved the calculation of overall dissimilarity
(Sgrensen dissimilarity, psor), as well as turnover (Bsim) and nested-

ness (fsne) components of variation (Baselga, 2010). Furthermore, the

spatial dispersion patterns of each sample were evaluated using multi-
variate dispersion permutation analysis (PERMDISP) using a distance
matrix based on the Sgrensen dissimilarity (presence and absence) for
fish data. This method estimates the average distance between sam-
ples and the group centroid in a multivariate space, serving as an indi-
cator of spatial beta diversity (Anderson et al., 2006). The PERMDISP
results can be interpreted as a measure of taxonomic beta diversity,
providing insights into the variability in species composition at a spe-
cific spatial scale (Anderson et al., 2006). For these statistical analyses,
the software packages PRIMER 6 + PERMANOVA and the betapart
package (Baselga & Orme, 2012) in the R software were utilized to
perform the PERMANOVA and PERMDISP analyses, respectively.

To analyze functional diversity, we gathered data on the life his-
tory and ecological traits of each species. Specifically, six categories of
functional traits were chosen (Table 1, S1, and S2). We complied this
information from previously published sources and available data from
Fishbase (Froese & Pauly, 2021). The species were categorized based
on their body shape, vertical distribution in the water column, mobil-
ity, and their reproductive, trophic, and habitat use guilds (Tables 1
and S1). To depict groups of species that shared similar functional
characteristics, a principal coordinate analysis was employed on a fish

trait matrix.

TABLE 1 Functional traits categories selected for this study, with
the traits code.

Trait groups Category Code
Vertical distribution Pelagic P
(VD) Benthonic B
Body shape (BS) Filiform FILI
Elongated ELON
Flattened laterally FLS
symmetrical
Flattened laterally FLASS
asymmetric
Flattened dorsoventrally FDV
Cilindric CLl
Mobility (MOB) Mobile MO
Sedentary SE
Feeding guild (FG) Planctivore PL
Detritivore DE
Piscivore PIS
Benthophague BEM
Hyperbenthophague HYP
Herbivore HE
Opportunistic OPP
Reproductive guild Bearers BEAR
(RG) Nonguarders NOGUAR
Habitat use (HU) Resident RE
Marine migrant MM
Marine straggler MS
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TABLE 2 Functional diversity measures.

Index Code Description

Functional richness FRic

Convex-hull volume occupied by species based on the

e FISHBIOLOGY [

Formula

FRic = < [Dij]

distance among their functional traits. It quantifies
the amount of niche space occupied by the species

within a community.

Functional evenness FEve

Measures the regularity with which each functional

FEve = (Z [Dij])/[2 x FRic]

space is occupied by species, accounting for their
respective abundances. It quantifies the proportion
of the total abundance supported by the species
with the most extreme trait values.

Functional divergence FDiv

Species deviance from the mean distance to the center

FDiv = = [Pij x |Dijl]

of gravity weighted by relative abundance. It
quantifies the variance of the species' functions and
the position of their clusters in trait space.

Functional originality FOri

The weighted mean distance to the nearest species

FOri = 1 - (£[P*2])

from the global species pool. It quantifies the mean
distance in the functional trait space to all other
species that occur in a given assemblage. To assess
how unique a species is based on its rarity or its
proportion in relation to other species in the

ecosystem.

Note: Definitions are aligned with those provided in Villeger et al. (2008) and Mouillot et al. (2013). Dij represents the difference/dissimilarity in trait values
between species i and j; Dij represents the difference in trait values between species i and j; FRic is the functional richness; Pij is the relative abundance of
species i and j; Dij is the difference in trait values between species i and j; P represents the proportion (or relative abundance) of the species traits in the

ecosystem.

To assess the functional changes within the fish community, four
indices of functional diversity were utilized: functional richness (FRic),
functional divergence (FDiv), functional evenness (FEve), and func-
tional originality (FOri). FRic quantifies the extent of functional space
occupied by species based on their specific functional traits within a
community (Table 2). As indicated by Villeger et al. (2008), FRic is
influenced by the identity of species, particularly by those species
with the most extreme functional traits that define the convex hull.
FEve measures the regularity with which each functional space is
occupied by species, accounting for their respective abundances
(Villeger et al., 2008, 2010). According to Villeger et al. (2008), this
index attains higher values when species abundance is evenly distrib-
uted or when the spatial distance between species is consistent. FDiv
provides insights into the distribution of abundances within the range
of functional traits exhibited by species (Villeger et al., 2008). This
index tends to have lower values when the most abundant species
possess functional traits that are closer to the center of the trait
space. Conversely, higher values of FDiv indicate that the most abun-
dant species exhibit extreme functional traits (Mouillot et al., 2013;
Villeger et al., 2008). FOri is defined as the average distance between
each species and its nearest neighbor within the functional space,
illustrating the level of distinctiveness or exclusivity of functional
traits within the community (Mouillot et al., 2013).

The functional diversity indices were computed using the “dbFD”
function from the FD package within the R environment
(R Development Core Team, 2022). To generate graphical representa-
tions of these indices, we followed the “R script” example provided by

Sébastien Villéger, which can be accessed at http://villeger.sebastien.

free.fr. To compare the indices across zones and periods, a PERMA-
NOVA was conducted using Euclidean distance as the dissimilarity
measure. This analysis was performed using PRIMER software version
6 (Anderson et al., 2008).

3 | RESULTS

3.1 | Fish composition

This study recorded a total count of 15,082 individuals belonging to
78 fish species (Table S3). Specifically, for the period 1983-1985,
there were 11,121 individuals across 68 species, while during 2017-
2019, there were 3961 individuals belonging to 38 species. A signifi-
cant decrease in average fish densities (PERMANOVA: pseudo-
F =7.81, p = 0.002) and richness (pseudo-F = 23.86, p = 0.001) was
found with comparatively lower values in the more recent period
(Table 3). Furthermore, significant differences were observed in fish
densities between the nested zones within each period (pseudo-
F = 4.07, p = 0.02). The outer zone exhibited higher species richness
per sample, and it was significantly different from the inner zone dur-
ing the more recent period (pseudo-F = 3.79, p = 0.002).

The outer zone exhibited a higher number of recorded species,
with a total of 64 species (Table S3). Among these, 39 species were
exclusively observed during the period 1983-1985, eight species
were exclusive to the 2017-2019 period, and 17 species were
observed in both periods. On the other hand, the inner zone recorded

56 species, with 32 species exclusive to the 1983-1985 period,

85U9D17 SUOWILLIOD SAIER1D) 3|dealjdde ayy Ag pauieAob a8 Sajo1Le WO ‘SN JO S3INJ 10} Aleuq 13Ul U A8]1M U (SUORIPUOD-PUR-SLUBHWOD AB | 1M ARe.d 1 U1 UO//SA]L) SUOIPUOD PUe SWS L 3U3 39S [€202/TT/80] U0 Aeiqi auliuo AB|IM ‘S3d O Ad 96SST G4 /TTTT OT/10p/wod 1M Al U uo// Sy Wwouy papeojumod ‘0 ‘6798560T


http://villeger.sebastien.free.fr
http://villeger.sebastien.free.fr

BN ... FISHBIOLOGY |

pE SOUSA GOMES-GONGALVES and ARAUJO

TABLE 3 Means and standard error of the number of species and the number of individuals per sampling (100 m?) for each period in the two

zones of the Sepetiba Bay.

Period Zone
1983-1985 Inner
Outer
2017-2019 Inner
Outer
Pseudo-F; p

Note: Pseudo-F and p values for periods comparisons also shown.

10 species exclusive to the 2017-2019 period, and 14 species
observed in both periods.

A decrease in densities was detected for the following dominant
species: Anchoa januaria (Steindachner, 1879) and Atherinella brasilien-
sis (Quoy & Gaimard, 1825), primarily in the inner zone, as well as
Eucinostomus argenteus Baird & Girard, 1855, and Micropogonias fur-
nieri (Desmarest, 1823), primarily in the outer zone (Figure 2). On the
other hand, the densities of Mugil liza Valenciennes, 1836, and Geni-
dens genidens (Cuvier, 1829) increased overtime (Figure 2).

Temporal taxonomic beta-diversity analysis unveiled that species
turnover (psim = 0.64 + 0.3) played a dominant role in shaping local
communities, while the nestedness component (sne) had a compara-
tively smaller impact (psne = 0.14 + 0.2) (Figure 3). Additionally, the
PERMDISP analysis indicated significant differences in beta diversity
between the two periods, with lower values recorded for the 1983-
1985 period (53.78 + 1.78), while the 2017-2019 period exhibited a
value of 58.4 (£1.23).

3.2 | Functional groups

The principal coordinates analysis (PCoA) conducted on functional
traits (Figure 4) revealed that the first axis (PCoA 1) accounted for
37.3% of the total variation, while the second axis (PCoA 2) explained
23.05% of the variation. This analysis allowed us to identify 13 distinct
functional groups.

The first functional group (group I) displayed a positive correlation
with the first axis and consisted primarily of pelagic species with elon-
gated body, including engraulid species such as Anchoa januaria,
Anchoa tricolor (Spix & Agassiz, 1829), Lycengraulis grossidens (Spix &
Agassiz, 1829), and Cetengraulis edentulus (Cuvier, 1829), as well as
carangid species like Oligoplites saurus (Bloch & Schneider, 1801) and
Oligoplites palometa (Cuvier, 1832), along with Atherinella brasiliensis
and other species (Figure 4).

The second functional group (group Il) primarily comprised migra-
tory marine species with elongated body shapes and benthic feeding
habits. This group included detritivorous species from the Mugilidae
family, as well as benthic-feeding species such as the sciaenids Menti-
cirrhus littoralis (Holbrook, 1847), Menticirrhus americanus (Linnaeus,
1758), Micropogonias furnieri (Desmarest, 1823), Umbrina coroides

Cuvier, 1830, Cynoscion leiarchus (Cuvier, 1830), among others.

Number of species Number of individuals

6.3 £0.55 175 +£43.28
7.8 £0.03 287 + 87.80
3.1+£040 94 £ 38.35
5.0+0.33 70£17.12
23.86; 0.001 7.81; 0.002

Group lll comprised pelagic species with deep bodies, high mobil-
ity, and laterally flattened and symmetric body shape. This group
included the marine stragglers carangid species such as Trachinotus
carolinus (Linnaeus, 1766), Trachinotus falcatus (Linnaeus, 1758), Tra-
chinotus goodei Jordan & Evermann, 1896, Selene vomer (Linnaeus,
1758), and Chloroscombrus chrysurus (Linnaeus, 1766), as well as the
Atlantic spadefish Chaetodipterus faber (Broussonet, 1782) and
the clupeid Brevoortia aurea (Spix & Agassiz, 1829).

Group |V comprised benthic species with a close association to
the substrate, exhibiting low mobility and a laterally flattened, asym-
metric body shape. This group included flatfishes Citharichthys spilop-
terus Gunther, 1862 and Symphurus plagusia (Bloch & Schneider,
1801), as well as Citharichthys cornutus (Gunther, 1880), Citharichthys
arenaceus Evermann & Marsh, 1900, Etropus longimanus Norman,
1933, and Etropus crossotus Jordan & Gilbert, 1882.

Group V consisted of the Ariidae family, which encompassed spe-
cies such as the marine catfishes Genidens genidens, Genidens barbus
(Lacepéde, 1803), Aspistor luniscutis (Valenciennes, 1840), and Cathor-
ops spixii (Agassiz, 1829), and the bluewing searobin Prionotus puncta-
tus (Bloch, 1793). These species have dorsoventrally flattened bodies
and are omnivorous benthic fish.

Group VI was composed of resident species with dorsoventrally
flattened bodies, including gobies such as Gobionellus stomatus Starks,
1913, Gobionellus oceanicus (Pallas, 1770), Evorthodus lyricus (Girard,
1858), Bathygobius soporator (Valenciennes, 1837), and Ctenogobius
boleosoma (Jordan & Gilbert, 1882), and the bigeye stargazer Dactylos-
copus crossotus Starks, 1913.

Group VIl was composed of mobile benthic species, characterized
by elongated bodies and feed preferably on the hyperbenthos. This
group included species such as the sciaenids Odontoscion dentex
(Cuvier, 1830) and Bardiella ronchus (Cuvier, 1830), the grunts Haemu-
lon steindachneri (Jordan & Gilbert, 1882) and Conodon nobilis
(Linnaeus, 1758), and the threadfin Polydactylus oligodon
(Glinther, 1860).

Group VIII consisted of resident benthic species that dwell inner
bay zones, with low mobility and a laterally flattened asymmetric body
shape. This group included soles such as Achirus declivis (Linnaeus,
1758) and Trinectes microphthalmus (Chabanaud, 1928), while Group
IX was characterized by resident flattened dorsoventrally round puf-
ferfish Sphoeroides greeleyi Gilbert, 1900 and Sphoeroides testudineus
(Linnaeus, 1758).
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FIGURE 2 Means + 1 standard error (whiskers) of the density
(individuals per 100 square meter) for selected abundant fish species
in the inner (blue bars) and the outer (green bars) zones of Sepetiba
Bay in the two time periods (1983-1985 and 2017-2019).

Group X was composed of pelagic elongated needlefish species,
including Strongylura timucu (Walbaum, 1792) and Strongylura marina
(Walbaum, 1792), as well as halfbeak species Hyporhamphus unifacia-
tus (Ranzani, 1841) and Hyporhamphus brasiliensis (Linnaeus, 1758).
Furthermore, four groups were represented by single elongated

Outer Inner

FIGURE 3 Means + 1 standard error (whiskers) for the beta-
diversity in the two time periods (1983-1985 and 2017-2019).
Overall dissimilarity (Sarensen dissimilarity, fsor, blue bars), and its
turnover (Bsim, green bars) and nestedness (Bsne, red bars)
components.

40

30

20

Poli  Oden

Axis 2

-20
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FIGURE 4 The functional groups depicted by the principal
coordinates analysis on the functional traits. Species in blue are
observed in both periods, those in red were only present in 1983-
1985, and those in green were only observed in 2017-2019. The
species codes are indicated in Table S2.

species: XI (Gymnothorax ocellatus Agassiz, 1831), a less mobile resi-
dent species; Xll (Syngnathus folletti Herald, 1942), a cylindrical fish
with paternal reproductive care (bearing the eggs); Xlll (Poecilia vivi-
para Bloch & Schneider, 1801), an elongated species with paternal
reproductive care (bearing the eggs); and XIV (Cosmocampus elucens
[Poey, 1868]), a marine straggler species with reproductive care (bear-

ing the eggs).

3.3 | Functional diversity

A significant decline in species' functional richness was observed, with
higher values recorded during the 1983-1985 period (PERMANOVA:
pseudo-F = 23.86, p = 0.001) (Figure 5, Table 4). Additionally, a
reduction in the filled functional volume by the fish community was
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noted, as represented by the blue area of the convex hull in Figure 5,
particularly in the more recent period. Furthermore, the outer zone
exhibited a larger functional volume in comparison to the inner
zone during the first period (Figure 5). The area of the global convex
hull, indicated by the gray contour, suggested a lower loss of species
(and associated functions) in the first evaluated period, particularly
noticeable in the outer zone (Figure 5).

Regarding other functional diversity indices, no significant
changes were identified between the periods, indicating that despite
species turnover, the functional structure of the fish community

appears to remain stable, except for functional richness (Table 4).
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FIGURE 5 Graphical representation showing the functional

richness indices calculated for each zone in each period. (a) and

(b) represent the outer and inner zones for the 1983-1985 period,
while (c) and (d) depict the outer and inner zones for the 2017-2019
period. Blue circles, species present in the zone/period but may also
be present in other zones/periods; white circles, species exclusively
present in that zone and absent in other zones/periods; crosses,
species absent in the community but present in some other zone/
period within the species pool.

TABLE 4

Period and zones Functional richness

1983-1985
Outer 0.531 0.602
Inner 0.646 0.876
2017-2019
Outer 0.217 0.910
Inner 0.240 0.703

Functional divergence

4 | DISCUSSION

In this study, we investigated the spatiotemporal dynamics of func-
tional diversity and beta diversity within the fish community of Sepe-
tiba Bay, a coastal marine system that has been susceptible to
environmental changes due to rapid urban and industrial expansion in
recent decades. Our findings reveal a significant temporal decline
in fish species richness and abundance. However, Sepetiba Bay exhib-
ited consistent patterns of functional diversity across both time
periods, suggesting that species perform similar ecological functions.
Notably, there was a significant decrease in functional richness during
the most recent period, which aligns with expectations as this index is
particularly sensitive to changes in species numbers (Mouchet
et al., 2010). The stability observed in the other functional indices
could be attributed to the presence of dominant species that exhibit
functional similarities across the sampled periods (Villéger et al.,
2008), which is further supported by the low level of functional origi-
nality. This particular index serves as a measure of redundancy, where
lower originality values indicate higher functional redundancy
(Mouillot et al., 2013). Consequently, in cases where there is a decline
in the abundance and/or richness of species with specific functional
attributes, other functionally redundant species can compensate for
this loss by performing similar functions (Biggs et al., 2020; Carmona
et al,, 2016; Rice et al., 2013; Rosenfeld, 2002).

Turnover has emerged as the predominant factor shaping the
structure of the ichthyofauna over the assessed time frame, indicating
a relatively dynamic composition over time. The majority of species
exhibited low occurrence frequencies, potentially associated with
their seasonal nature, as they inhabit specific locations during particu-
lar seasons or life stages (Langer et al., 2016), thus contributing to the
observed high species turnover. Moreover, the high turnover within
this ecosystem could be attributed to distinct local environmental
conditions, where the environmental gradient acts as a selective filter,
favoring species with specific physiological requirements
(Baselga, 2010). Despite the decline in species richness, we observed
an increase in beta diversity during the most recent period, which
could be attributed to the ongoing degradation processes that the
ecosystem has experienced in recent decades. This finding can be
explained by the local species loss and population isolation resulting
from adverse environmental conditions, leading to initially higher beta
diversity (Moreno & Halffter, 2001). This pattern has been observed
in previous studies, such as Socolar et al. (2016), who investigated the

Functional diversity indices for each zone for the studied periods.

Functional evenness Functional originality

0.282 0.024
0.305 0.047
0.270 0.057
0.358 0.022
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response of beta diversity to various environmental factors and noted
that climate change appears to enhance beta diversity in certain sys-
tems. This increase may be a consequence of reduced local richness
without resulting in regional extinctions.

Our findings reveal a significant decline in the number of resi-
dent species, indicating that, despite their adaptation to estuarine
environments, local conditions were insufficient to support the per-
sistence of many of these species. This appears to be the case for
some flatfish species, such as the soles Trinectes microphthalmus and
Achirus declivis, which were exclusively observed in the earlier
period. These benthic species have a strong affinity to the substrate,
utilizing camouflage as a feeding tactic and for protection against
predators (Gibson, 2005). Changes in these environments can have a
profound impact on these species due to their intimate relationship
with the substrate. For instance, the dredging of the access channel
in Sepetiba Bay in 2009, which increased the depth to 20 m to
accommodate larger ships, has the potential to disrupt these species
and their habitats. While necessary for maintaining navigable chan-
nels at suitable depths, this activity carries a range of detrimental
effects. Dredging has the potential to dislodge benthic organisms
along with sediments, altering sediment properties and suspending
sediment, nutrients, and pollutants stored within (Barletta
et al., 2016; Ponti et al.,, 2009). Moreover, the displacement and
extraction of sediment during dredging can lead to the burial and
mortality of eggs and larvae, as well as disrupt the migration of eggs,
larvae, and adult organisms (Soinski et al., 2022).

The stability of functional structure and the pronounced species
turnover observed in ecosystems with extensive environmental gradi-
ents, such as Sepetiba Bay, seem to be linked to the prevalence of
dominant functional groups. Within these groups, species are replaced
based on their respective responses to environmental filters that favor
specific functional traits. As noted by Baselga (2010), species dispersal
across different locations primarily occurs through turnover when
environmental filtering serves as the key mechanism shaping the fau-
nal structure, favoring species with distinct physiological require-
ments. Teichert et al. (2017) conducted a study examining functional
redundancy patterns within the ichthyofauna across different environ-
ments. In estuarine environments, Teichert et al. (2017) discovered
that environmental conditions act as a filtering mechanism, closely
linking diversity to both environmental heterogeneity and physiologi-
cal limitations. This phenomenon leads to numerous species distrib-
uted throughout the estuaries sharing similar functional attributes.
Similar patterns have been observed in previous studies conducted in
Sepetiba Bay, such as the research by Gomes-Goncalves et al. (2020).
In their study, they assessed the taxonomic and functional diversity
patterns of the ichthyofauna in deep bay areas over two time periods
(1993-1995 and 2012-2015). They noted a decline in taxonomic dis-
tinctiveness, consistent with the patterns of species richness and
abundance observed. These findings suggest an environmental filter-
ing process, wherein species from unique taxonomic groups are
replaced by species from existing taxonomic groups that possess simi-
lar functional characteristics and environmental preferences (Gomes-
Gongalves et al., 2020).

- FISHBIOLOGY @ Mk

Human activities pose significant threats to coastal ecosystems,
resulting in habitat structure alterations and causing extensive damage
to local communities. These modifications may have created current
conditions that differ from previous ones, potentially explaining the
high species turnover observed. Although our study did not specifi-
cally assess temporal changes in the environmental parameters, previ-
ous research has demonstrated the detrimental impacts of
industrialization, particularly since the 1980s, leading to significant
contamination by heavy metals (Costa et al., 2011; Cunha et al., 2009;
Gongalves et al., 2020). This contamination could have imposed
limitations on the presence of many species. Additionally, the Baia de
Sepetiba experienced a major environmental incident in 1996, often
referred to as an environmental “tragedy,” when the containment
dam of the Mercantil Industrial Ingd company ruptured, causing pollu-
tion by Zn and Cd (Pinto, 2005). This event could have played a role in
the considerable reduction of fish species' richness and abundance
within the bay.

This study revealed consistent findings when comparing two
periods (1983-85 and 2017-2020) spanning over three decades. Dur-
ing this time, significant changes occurred in the bay due to the influ-
ence and expansion of anthropogenic activities in its vicinity. In this
interim period, there was a marked decrease in functional richness,
not reflected in the other three examined functional indices (even-
ness, divergence, and originality). Thirteen functional groups were
detected, some of which contained only one species, raising concerns
about the loss of ecosystem functions due to ongoing changes, with a
predominance of turnover over nestedness. This highlights the neces-
sity to protect multiple areas to safeguard a greater diversity of
species.

The method utilized, beach trawling, along with its consistent
application over time, enabled spatial-temporal comparisons and
proved to be effective in achieving these results. However, like all
sampling methods, trawling exhibits selectivity and is less efficient in
capturing larger and faster-swimming fish. It is crucial to acknowledge
the limitations of this method. However, despite these limitations, its
efficiency is evident, as demonstrated by the reported results above.
According to Margules and Pressey (2000), it is not feasible to docu-
ment every species within a given area, therefore it is imperative to
acknowledge this inherent knowledge gap and embrace progressively
more effective methods to encompass the maximum possible biologi-
cal diversity. Since all fish sampling methods exhibit selectivity
(Franco et al., 2012), the selection of a sampling methodology should
consider the objectives and characteristics of the habitat under inves-
tigation. To conduct this study, we utilized a 30-year-old database,
employing consistently similar sampling techniques involving a 5 mm
mesh beach seine net. This approach enabled a precise comparison of
ichthyofauna composition between the two assessed time periods,
despite the method's inherent limitations.

Our findings underscore the importance of utilizing various diver-
sity indices to conduct a comprehensive assessment of biological
communities. We observed that the turnover component made the
most significant contribution to beta diversity, indicating the need for

conservation efforts to prioritize the establishment of different
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protected areas (Langer et al., 2016), since turnover dominance
implies an approach considering multiple sites within a region, to
ensure the protection of the greatest number of species (Socolar
et al., 2016; Wright & Reeves, 1992). Considering the significant loss
of species richness and abundance, along with the decline in func-
tional richness identified in our study, it becomes imperative to con-
tinue environmental monitoring efforts, engage in discussions to
mitigate local anthropogenic impacts, and establish conservation prac-
tices to ensure the preservation of biodiversity. By employing func-
tional diversity and beta diversity indices to examine spatial-temporal
variations, we aimed to enhance the existing understanding of this
coastal system. The adoption of diverse approaches facilitates a more
holistic estimation of biological diversity and complements the exist-

ing information.
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