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Abstract

The spatial and seasonal dynamics of shallow water fish assemblages and their relationship with physical-chemical variables
were investigated on Guanabara Bay, one of the largest coastal bays in Brazil, southwestern Atlantic. Fishes were collected
monthly between June 2016 and May 2018, in the shallow waters of six beaches distributed in four sectors along the major
axis of the bay (adjacent and entrance - one site each, middle and inner - two sites each), using a beach seine net. A total of
79 fish species was recorded, mostly juveniles. Marine estuarine dependent, marine estuarine opportunist, solely estuarine
and marine straggler were the most representative ecological guilds in the bay during the sampling period. Following the
index of relative importance (IRI) categories, top dominant species (IRT > 10%) within sector beaches were: the solely
estuarine Atherinella brasiliensis from the inner to the entrance; marine estuarine dependent Eucinostomus argenteus in
the middle; marine estuarine dependent Harengula clupeola and marine straggler Diplodus argenteus at the entrance, and
marine stragglers Umbrina coroides, D. argenteus, and marine estuarine dependent Dactylopterus volitans in the adjacent
sector beach. All analyses identified distinct fish assemblages that were distributed in two main areas: adjacent/entrance and
middle/inner. Transparency and chlorophyll a were responsible for most of the spatial variability and played an important
role in structuring fish assemblages. Water temperature was responsible for seasonal fluctuations indicating the distinct
habitat use from different life cycle stages of fish species. This investigation suggests the importance of all sector beaches
as nursery and growth areas due to the high representation of juvenile individuals.
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Introduction

Tropical coastal bays are large bodies of water which play a
critical role as breeding and nursery areas for many marine
organisms, especially fish (Aratijo et al. 2002; Azevedo et al.
2007). These systems are modulated by many factors includ-
ing environmental changes, continental runoff, connection
with the adjacent sea, tidal regime and anthropogenic activi-
ties (Kjerfve et al. 1997; Castro et al. 2005; Barletta and
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Blaber 2007; Silva et al. 2016). Different environments may
be found in bays, including beaches (sandy and/or muddy),
mangroves, islands and estuaries (Meniconi et al. 2012; Cas-
tello and Krug 2015).

The shallow waters of sandy beaches represent physically
dynamic environments, providing habitats for a diverse and
abundant fauna, and deliver essential ecosystem services
such as water filtration, nutrient cycling, wildlife support,
and nurseries for fish and crustaceans (Marin Jarrin et al.
2017). High numbers of juvenile fishes from several species
utilize these areas for feeding, and protection from predation
(Blaber and Blaber 1980; Layman 2000; Aratjo et al. 2016,
2018), provided by the habitat shallowness and turbidity
(Pessanha and Aratjo 2003; Vilar et al. 2011; Rishworth
et al. 2015).

Guanabara Bay is one of the most relevant systems in the
southwest Atlantic, offering shelter, food and living space
for many species of economic importance, and harboring
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important regional fisheries (Soares-Gomes et al. 2016).
It is also highly urbanized, surrounded by the metropolitan
region of Rio de Janeiro, with a population of approximately
16 million inhabitants (Fistarol et al. 2015) and an average
annual growth of 0.86% in the last decade (Chediek 2014).
The high spatial and physical heterogeneity within the bay
include both, structural (e.g., vegetation, rocky outcrops and
islands) and non-structural (e.g., substrate type and bathym-
etry) components that provide shelter and protection, playing
arelevant role in the distribution of ichthyofauna (Manderson
et al. 2002; Selleslagh et al. 2009). Eutrophic and polluted
mixohaline waters prevail in the inner sectors of Guanabara
Bay where water circulation is restricted. At the entrance and
outer sectors, saline and oxygen saturated waters predominate,
and eventually enter into the bay through the deep main chan-
nel. As this water mass moves inward, it spills over from the
channel, and advection processes provide the mixing of water
masses into the shallow areas (Villac et al. 1991; Castro et al.
2005; Baptista Neto et al. 2006; Fistarol et al. 2015).

Spatial and temporal changes in the physical-chemical envi-
ronment may influence the structure of fish assemblages at
different scales (local and regional), and across a latitudinal
gradient (Pessanha and Aratijo 2003; Lima and Vieira 2009).
Recent studies on the structure of nearshore water fish assem-
blages have described the spatial patterns along the estuarine
gradient in different regions of the Brazilian coast (Aratijo
et al. 2018). Within estuaries, the ichthyofauna seems highly
dynamic, changing constantly due to interactions between spe-
cies-specific physiological limitations, and life history strate-
gies (Vilar et al. 2011; Pereira et al. 2015; Franco et al. 2016).
Furthermore, several authors have observed that species com-
position on shallow waters of sandy beaches varies according
to different environmental attributes (e.g., temperature, salin-
ity, transparency), physical attributes (e.g., wave action, rocky
reefs, algae banks) and anthropogenic environmental impacts
(presence of solid residues, population density and fishing
impacts) supporting different fish assemblages (Whitfield and
Pattrick 2015; Franco et al. 2016; Aratjo et al. 2018; Chaves
et al. 2018). Despite the several studies already developed on
shallow water fishes in Guanabara Bay, the identification of
drivers responsible for the species’ distribution patterns in
space and time is still not fully understood. In this context,
this study aims to describe these shallow water (< 1.5 m deep)
fish assemblages associated with sandy beaches of Guanabara
Bay and to investigate the influences of environmental drivers
on species composition.

Materials and methods
Study site. Guanabara Bay (22°42°, 22°58°S/43°18’,

42°58’W) is one of the largest coastal bays in Brazil, south-
western Atlantic, with a relatively narrow mouth (1.6 km),

@ Springer

an extension of 30 km on its largest N-S direction axis, and
a maximum width in the E-W direction of 28 km in its inner-
most part (Fig. 1). The perimeter is 153 km and the total
area is 396 km?, with a water volume and a drainage basin
of approximately 3 x 10° m* and 4,000 km?, respectively
(Amador 1997; Meniconi et al. 2012). The regional climate
is tropical and humid with a rainy season in the austral sum-
mer (December to February) and dry in winter (July and
August) (Paranhos and Mayr 1993; Meniconi et al. 2012).
Depth varies from 58 m in the central channel and < 1 m
in the innermost areas (Mayr et al. 1989). Water circula-
tion is intense and dominated by semi-diurnal tidal currents
(i.e., 1.4 m of amplitude), achieving 80-150 cm s! near the
mouth of the bay, decreasing to 30-50 cm s™! over the central
areas, and falling down to < 30 cm s™! in the inner sectors.
Freshwater inflow, originating from the ~50 small rivers and
streams and especially the urban and industrial effluents,
combined with cyclic intrusions of oceanic waters through
the tidal regime, affect significantly the hydrological regime
of Guanabara Bay (Mayr et al. 1989; Fistarol et al. 2015).

Despite the influences of cold front passages, rainfall and
tidal regimes, hydrological conditions in Guanabara Bay rely
mostly on two interconnected gradients: (i) a land-ocean,
ranging from typical marine conditions near the entrance of
the bay to more estuarine and eutrophic waters in its inner-
most areas (Chaves et al. 2018); (i1) a bathymetric gradient,
in which greater depths (~60 m) are generally found along
the central channel, decreasing to the east and west sides of
the bay (Mayr et al. 1989; Fistarol et al. 2015). The com-
bined influence of these factors leads to strong variability of
environmental conditions (Fig. 1).

Fish sampling. Samples were collected monthly from
June 2016 to May 2017 (Year one = Y1) and June to May
2018 (Year two = Y?2) on six beach sites distributed in four
sectors of the bay: adjacent and entrance (one beach each);
middle and inner (two beaches each), distributed along the
longest N-S axis, taking into account physicochemical,
hydrodynamic, physiographic and sedimentary characteris-
tics (Ribeiro and Kjerfve 2002; Fistarol et al. 2015; Chaves
et al. 2018). Austral seasons were defined as follows: winter
- June to August; spring - September to November; summer
- December to February; autumn - March to May.

At each sampling site, three beach seine hauls of approxi-
mately 20 m were carried parallel to the shore at depths
less than 1.5 m during the day. The beach seine used was 9
m long, 2.6 m high, with a 13 mm bar mesh on the wings
and 5 mm on the cod end, covering a total swept area of
about 180 m? per tow. The sampling design was structured
considering the total number of fishes caught per haul, with
replicate hauls at each site (3 consecutive replicate tows X
24 months = 72 hauls per site). Prior to biological sampling,
water salinity and temperature (°C - YSI Pro 30), dissolved
oxygen (mg/L - WTW Oxi 3205), Chlorophyll a (mg/m?
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- Spectrophotometer Q798U2M), transparency (% - Sec-
chi disk) and sediment grain size (um - Camsizer XT) were
recorded once at each sampling site. Additionally, pluviosity
(mm - monthly accumulated, 30 days) data were obtained
from the system Alerta Rio: http://alertario.rio.rj.gov.br. All
collected specimens (license SISBIO #15787-1) were placed
in plastic bags, labeled and stored on ice during transport to
the laboratory where they were screened and identified at the
lowest taxonomic level (e.g., Figueiredo and Menezes 1978,
1980, 2000; Menezes and Figueiredo 1980, 1985). All fishes
were measured for total length (to the nearest 0.1 mm) and
weighed with an electronic scale (£ 0.001 g precision). The
electronic dataset of FishBase (Froese and Pauly 2019), and
the classifications of habitat use provided in Elliott et al.
(2007) and Potter et al. (2015), were also used to assign each
fish species a degree of dependency of habitat use, according
to the following guilds: (1) freshwater straggler; (2) fresh-
water estuarine opportunist; (3) solely estuarine; (4) marine
estuarine dependent; (5) marine estuarine opportunist; and
(6) marine straggler. In addition, the size of the first sexual
maturity recorded in the literature was used as a criterion to
determine the life history stages of each species (juvenile or
adult), following a similar approach as other authors have
done (Félix et al. 2007; Lajud et al. 2016; Costa et al. 2018;
Froese and Pauly 2019; IUCN 2019). Vouchers of reference
specimens collected in this study are available in the ich-
thyological collection of Laboratério de Biologia do Nécton
e Ecologia Pesqueira (ECOPESCA-LNEP-UFF).

430w

Data analysis. The environmental data were normalized
and the fish abundance and weight data were transformed
into log,o(x + 1) to generate the Euclidean Distance and
Bray Curtis similarity matrices, respectively. A two-way per-
mutational analysis of variance (PERMANOVA) was used
to evaluate the differences in environmental variables, abun-
dance, species richness, biomass and fish assemblage (mul-
tivariate matrices with species as variables) between sector
beaches and seasons for each year, separately. Subsequently,
significant terms were investigated using a posteriori pair-
wise comparisons to determine which pairs of sector beaches
and seasons were significantly different. The multivariate
dispersion homogeneity test (PERMDISP) (Anderson et al.
2006) was used to test the data dispersion between sector
beaches and seasons. Together, PERMANOVA and PER-
MDISP helped to interpret the nature of the variability/
effect (i.e., only local, dispersion, either effects or none). In
addition, principal component analysis (PCA) was applied
to environmental variables to detect spatial or temporal pat-
terns along the environmental gradient (largest axis N-S of
the bay). The full set of available environmental variables
was tested for collinearity (Draftsman plot and Spearman
correlation matrix), and redundant variables with correla-
tions (r) > 0.7 were omitted from the model.

The index of relative importance (IR1%) (Pinkas 1971;
Cortés 1998) was used to evaluate the importance of
each species along the spatial gradient, as follows: (N%
+ W%)*FO%, where N% = percentage of the number of
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individuals of each species relative to the total number of
individuals, W% = percentage of weight of each species
relative to the total weight, and FO% = n/N*100, where n
= number of samples in which the species was present and
N = total number of samples (Selleslagh et al. 2009). The
species were classified according with following IRI cut-off
levels: a) top-dominant (IRT > 10%); b) dominant (10.0% >
IRI > 5.0%); occasional (5.0% > IRI > 1.0%); rare (< 1.0%).
The non-metric multi-dimensional scaling (nMDS) was used
to detect spatial and temporal biotic patterns for each year.
The vectors of the species that presented Spearman correla-
tions above 0.40 were projected on the ordination. To test the
association between the abiotic variables and the biotic simi-
larity matrix, we applied the distance-based linear models
(DistLM) analysis for each annual cycle. DistLM relates and
generates models between a set of multivariate data, such as
those described in a similarity matrix, and one or more pre-
dictor variables (Anderson et al. 2008). The predictive vari-
ables were correlated with Bray-Curtis similarity matrices,
using the stepwise model and the adjusted R? as the selection
criterion. For the selected model, the distance-based redun-
dancy analysis (dbRDA), which performs an ordering of the
variables in a multidimensional space, was applied.

The PCA, nMDS and dbRDA were drawn for each fac-
tor separately because there was no significant interaction
between seasons and sector beaches. With the samples ana-
lyzed in nMDS and dbRDA, we calculated the average of
the three replicates of each sampling site in a single value
(Pereira et al. 2015; Araujo et al. 2017); this yielded 72 sam-
ples for each year (6 beach sites X 12 months). Multivariate
analyses were performed with the resources of the statistical
package PRIMER 6.0 (Clarke and Gorley 2006) and PER-
MANOVA+ for PRIMER (Anderson et al. 2008).

Results

Environmental variables. In both years, a similar spatial
pattern was observed, where salinity (Y1: Pseudo-F = 15.58,
P =0.0001; Y2: Pseudo-F = 21.35, P = 0.0001), transpar-
ency (Y1: Pseudo-F = 41.58, P = 0.0001; Y2: Pseudo-F
= 44.43, P = 0.0001) and gravelly sand sediments (Y1:
Pseudo-F = 5.67, P = 0.003; Y2: Pseudo-F = 6.30, P =
0.002) showed the higher values in the adjacent and entrance
sectors than in the middle and inner sector beaches. Tem-
perature (Y1: Pseudo-F = 15.98, P = 0.0001; Y2: Pseudo-
F =26.54, P = 0.0001) and sand gravel sediments (Y1:
Pseudo-F = 14.12, P = 0.0001; Y2: Pseudo-F = 16.36, P
= 0.0001) showed an opposite pattern, with lower values
in adjacent and entrance compared middle and inner sector
beaches. Dissolved oxygen showed significant spatial dif-
ferences only in the Y2 (Pseudo-F = 4.98, P = 0.004) with
higher values observed in adjacent and entrance compared
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to inner and middle sector beaches. Chlorophyll a showed
distinct patterns between years with lower values in adjacent
and entrance compared to middle and inner sector beaches
in the Y1 (Pseudo-F = 9.00, P = 0.002) and higher values
in middle compared to the others sector beaches in the Y2
(Pseudo-F = 7.15, P = 0.0007).

Seasonally, water temperature showed higher values in
summer compared to winter in the Y1 (Pseudo-F = 26.05,
P =0.0001) and higher values in summer and autumn com-
pared to winter in the Y2 (Pseudo-F = 38.36, P = 0.0001)
(Table 1). The pluviosity showed higher values in spring,
summer and autumn compared to winter in the Y1 (Pseudo-
F =4.50, P =0.006) and showed higher values in the sum-
mer compared to the others seasons in the Y2 (Pseudo-F =
33.46, P = 0.0001). Salinity showed significant seasonal
differences only in the Y2 (Pseudo-F = 3.61, P = 0.01) with
higher values observed in winter and spring compared to
summer and autumn. Remaining variables did not show sig-
nificant differences (P > 0.05) between seasons, regardless
of the year.

The PCA ordination using sector beaches and seasons
for environmental variables showed a similar variation pat-
tern in both years (Fig. 2). The first two axes of the PCA
explained 56.3% (PC1 = 39.3 and PC2 = 17.0%) of the
total variance in the Y1 and 57.3% (PC1 =41.7 and PC2 =
15.6%) in the Y2. In both years, the transparency (Y1: r* =
0.44; Y2: * = 0.39), temperature (Y1 and Y2: 7> = 0.42) and
salinity (Y1: ? =0.42; Y2: * = 0.44) were associated with
axis 1, and chlorophyll a (Y1: /2 = 0.39; Y2: 2 = 0.68) and
pluviosity (Y1: 7 = 0.41; Y2: r* = 0.60) with the second
axis. Dissolved oxygen, sandy gravel and gravelly sand were
associated with axis 2 in the Y1 (r2 = 0.39, 0.45 and 0.45,
respectively) and with the axis 1 in the Y2 (+* = 0.34, 0.38
and 0.38, respectively). Spatially, we observed the presence
of two main sectors (adjacent/entrance and inner) in both
years, with lower salinities, transparency and gravelly sand
in adjacent and entrance sectors and higher temperatures,
dissolved oxygen, sandy gravel and chlorophyll a in inner
sector beaches. Only dissolved oxygen showed an opposite
pattern between years, with high values in the inner sec-
tors in Y1 and outer sectors in Y2. Samples from middle
were highly dispersed in the diagram reflecting the transi-
tion between the outer and inner sector beaches (Fig. 2).
Seasonality was marked by high salinity, transparency and
chlorophyll a in the winter, and high temperature and plu-
viosity in the summer. Spring and autumn were scattered
in the diagram characterizing the transition between both
extremes (Fig. 2).

Fish assemblage structure. A total of 29,613 individuals
were captured in the two years (Y1 = 13,263; Y2 = 16,350)
and 79 species distributed in 62 genera and 34 families were
recorded, totaling a biomass of 58,511 g in the study period
(Table 2). Twenty-four species were exclusive from Y1, 12
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Table 1 Means (and SD) of environmental variables among sector beaches and seasons comparisons according to PERMANOVA in two annual
cycles in Guanabara Bay

Y1 Y2

Sector Adjacent Entrance Middle Inner Adjacent Entrance Middle Inner

beaches

Temperature ~ 23.0 (0.7)° 25.2(0.7)° 26.8 (0.6)* 26.6 (0.7) 22.5(0.8)° 23.7 (0.7)¢ 25.8 (0.5)° 27.0 (0.6)*
§®)

Salinity 30.0 (0.4)* 29.3 (0.3)* 27.4(0.5)° 26.2 (0.6)° 32.3(0.5)* 30.3 (0.4)° 27.7 (0.6)° 26.4 (0.5)°

Dissolved 9.1 (0.4) 9.1 (0.4)* 9.7 (0.5)* 10.1 (0.6)* 8.7 (0.2)* 8.2 (0.2)* 7.1(0.3)° 7.3(0.3)°
oxygen
(mg/L)

Transparency 97.2 (2.7)* 98.6 (1.4)* 59.9 (4.5)° 44.0 (4.5)° 91.0 (4.0)* 98.6 (1.4) 67.2 (5.1)° 37.5(3.4)
(%)

Chlorophyll ¢ 301.3 (37.7)° 187.6 (16.4)° 652.4 (77.0)* 448.5(96.3)* 229.1 (54.3)° 179.6 (32.8)® 613.5(32.8)* 285.3(75.2)°
(mg/m3)

Sandy gravel = 344.6 (235.9)° 744.8 (194.7)° 1112.5 1710.0 344.6 (235.9)° 735.4 (314.7)° 1296.4 1744.1 (198.6)*
(um) (237.7)° (215.2)* (234.7)*

Gravelly sand  815.6 (145.9)* 861.3 (194.7)* 318.3 (111.7)° 347.9 (127.9)° 844.6 (152.1)* 861.3 (194.7)* 276.2 (108.2)° 243.9 (143.9)°
(um)

Pluviosity 63.3 (12.1)*  63.7(12.1)*  63.7 (8.4)* 59.2 (8.5)* 77.6 (19.5*  77.6 (19.5)*  77.6 (13.5*  77.6 (13.5)
(m.a.)

Y1 Y2

Seasons Winter Spring Summer Autumn Winter Spring Summer Autumn

Temperature ~ 22.9 (0.4)° 25.9 (0.4)° 29.0 (0.9)* 25.8 (0.5)° 21.9 (0.3)° 24.9 (0.6)° 27.5(0.7)* 27.1 (0.5)*
§®)

Salinity 28.4 (0.2)* 27.3 (0.7)* 27.2(0.8)* 28.3 (0.5)* 29.6 (0.5)* 29.6 (0.5) 27.1 (0.9)° 27.6 (0.9)°

Dissolved oxy- 8.5 (0.4)* 9.9 (0.5) 10.0 (0.6)* 9.2 (0.4) 7.9 (0.4)* 8.1(0.3)* 7.2 (0.4)* 7.4 (0.3)
gen (mg/L)

Transparency  70.1 (5.3)* 60.0 (7.4)* 66.4 (7.11)* 68.05 (7.5)* 76.9 (7.5)* 62.0 (7.2) 62.6 (6.5)* 64.4 (6.8)*
(%)

Chlorophylla  476.4 (82.6) 496.7 (76.5)* 513.2 (124.8)* 363.5(81.1)* 358.2(82.4)* 481.1(101.8)* 338.4 (95.1)* 293.0
(mg/m’) (62.5)*

Sandy gravel 702 (239.2)*  1084.7 1600.4 1084.7 812.0 (252.2)* 1084.7 1651.7 1225.5
(um) (289.0)* (240.9)* (289.0)* (297.4)* (223.2)* (273.6)*

Gravelly sand  480.0 (132.2)* 457.3 (129.1)* 276.3 (125.1)* 418.0 (168.2)* 426 (131.6)*  457.3 (129.1)* 261.0 (120.6)* 418.0

Pluviosity 30.6 (6.1)° 72.8 (10.9"  75.1(9.8)° 71.9 (7.3 49.1 (6.9)° 50.4 (8.3)° 169.2 (14.3)* 418 (2.0
(m.a.)

m.a. monthly accumulated

Values having the same superscript letter were not significantly different within each sector beach and seasons
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were exclusive from Y2, and 43 were common in both years
(Table 2).

Most of the captured specimens were juveniles (67.1%)
when compared to adults (15.2%) (Table 2). Thirty-eight
species were considered marine estuarine dependent, fol-
lowed by marine estuarine opportunists (17 species), solely
estuarine (12 species) and marine stragglers (10 species).
Lower contributions were registered for freshwater marine
opportunists and freshwater stragglers (one species on each
guild, respectively) (Table 2).

The index of relative importance (IRI) calculated for the
whole system indicated that Atherinella brasiliensis and
Eucinostomus argenteus were the top-dominant species (IRI
=71.2% and 10.7%, respectively (Table 2). Considering the
sectors separately, A. brasiliensis remained top-dominant
from the inner to the entrance sector beaches, whereas E.
argenteus was top-dominant in the middle and dominant in
the inner sector beaches. Sphoeroides greeleyi showed up as
dominant in the middle and entrance sector beaches. Haren-
gula clupeola and Diplodus argenteus were top-dominant at
the entrance followed by Umbrina coroides and Trachinotus
carolinus as dominant. Umbrina coroides, D. argenteus and
Dactylopterus volitans were top-dominant and 7. carolinus
was dominant in the adjacent sector beach. Six species (S.
greeleyi, H. clupeola, D. argenteus, U. coroides, Micropo-
gonias furnieri and T. carolinus) were considered occasional
in the whole system. Occasional species occurred in inner (5
species), middle (2 species), entrance (4 species) and adja-
cent sectors (5 species). Remaining species were considered
rare throughout the system (Table 2). Atherinella brasilien-
sis, E. argenteus, S. greeleyi, H. clupeola, U. coroides, T.
carolinus, Sphoeroides testudineus, Anchoa lyolepis, Sar-
dinella brasiliensis, Albula vulpes, Pomatomus saltatrix,
Chaetodipterus faber, Menticirrhus americanus, Trachinotus
falcatus and Stephanolepis hispidus occurred in all sector
beaches. From the total of 79 species, 13 were exclusive to
the inner, nine to the middle, four to the entrance and eight
to the adjacent sector beaches (Table 2).

Species richness was lower in the inner sector compared
to other sector beaches in Y1 (Pseudo-F = 3.71, P = 0.008).
In Y2 species richness did not show significant differences
among sectors (Pseudo-F = 2.05, P = 0.054). The abun-
dance was lower in adjacent and entrance sectors when com-
pared with middle and inner sector beaches (Y 1: Pseudo-F =
0.90, P =0.466; Y2: Pseudo-F = 8.21, P = 0.001) (Table 3),
and biomass presented an opposite pattern (Y 1: Pseudo-F =
1.76, P =0.104; Y2: Pseudo-F =4.17, P =0.001), depend-
ing on the year. Seasonally, higher abundance (Y 1: Pseudo-F
=12.02, P =0.0001; Y2: Pseudo-F = 9.25, P = 0.0001) was
found in winter and spring in Y1, and spring in Y2. Species
richness presented higher values in the winter, spring and
autumn (Y1: Pseudo-F = 7.07, P = 0.0004; Y2: Pseudo-F
=6.55, P =0.0001) (Table 3).
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In both years, the PERMANOVA analysis detected sig-
nificant differences on fish assemblages between sector
beaches (Y1: Pseudo-F = 7.55, P = 0.0001; Y2: Pseudo-F
= 6.76, P = 0.0001), but the PERMDISP analysis did not
detect significant differences between sector beaches (Y1:
F=156,P=0.30; Y2: F=0.91, P =0.91). Both analyses
suggested that local effects (sector beaches) influenced fish
assemblages, collaborating with the presence of two main
sectors (entrance/adjacent and inner sector beaches) along of
the major axis of the bay. The nMDS ordination applied to
those data in both years (Fig. 3) showed correlations above
40% between adjacent and entrance sector beaches, mainly
contributed by the marine stragglers species (7. carolinus, U.
coroides, D. argenteus and P. saltatrix), followed by marine
estuarine dependent (H. clupeola) and the marine estuarine
opportunist (Menticirrhus littoralis). Middle and inner sec-
tor beaches samples had a higher correlation, determined by
the occurrence of marine estuarine dependent (Polydactylus
virginicus, C. faber, M. furnieri, E. argenteus, Oligoplites
saurus and Brevoortia aurea) and estuarine species (A. bra-
siliensis) species. Seasonally, the segregation pattern of the
samples was not detected (Fig. 3).

Environmental influences on assemblage structure. A
clear spatial distribution was observed, similar to that shown
on the PCA and nMDS forming two distinct sector beaches
in both years: adjacent/entrance and middle/inner (Fig. 4).
Transparency and chlorophyll a were responsible for most of
the spatial variability. Temperature was the most significant
variable determining seasonal discontinuities in fish assem-
blages. The step-wise/R>-adjusted linear regression model
(DistLM) explained 21.0% and 20.0% of the total spatial
variation in the Y1 and Y2, respectively. The sequential test,
only transparency, temperature and chlorophyll a variables
were significant in both years. The first two axes of dbRDA
explained 74.1% in Y1 and 67.9% in Y2 of the relation-
ship between fish assemblages and environmental variables.
Transparency showed a positive and chlorophyll a a negative
correlation with first axis, with higher and lower values in
winter, respectively. Temperature showed a positive correla-
tion with the second axis, indicating higher temperatures in
summer. A similar pattern was observed in the Y2 (Fig. 4).

Discussion

Spatial and temporal patterns of fish assemblages on sandy
beaches distributed in four sectors in Guanabara Bay were
noticeable in the two years. Outer sectors (entrance and
adjacent) were influenced by the adjacent marine environ-
ment whereas inner sectors (inner and middle) were mostly
characterized by estuarine conditions. Water transparency
and chlorophyll a were mostly correlated with this spa-
tial pattern, whereas water temperature contributed to the
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Table 2 List of species recorded on the sector beaches of Guanabara Bay

Sector beaches

Adjacent Entrance Middle Inner

Family Species/maturity %IRT %IRT %IRI %IRI  Total %IRT  Year TL range (mm) Guild
Atherinopsidae Atherinella brasiliensis * * 22 29.2 71.0 80.3 71.2 1,2 13-154 SE
Gerreidae Eucinostomus argenteus A 0.6 0.8 18.4 6.3 10.7 1,2 11-122 MED
Tetraodontidae Sphoeroides greeleyi * 1.0 5.0 5.9 0.7 4.2 1,2 13-135 MED
Clupeidae Harengula clupeola 4 2.6 33.7 0.3 1.3 3.6 1,2 17-120 MED
Sparidae Diplodus argenteus’ 29.9 12.6 1.8 1,2 83-11 MS
Sciaenidae Umbrina coroides’ 35.5 5.0 <0.1 <0.1 1.3 1,2 14-165 MS
Sciaenidae Micropogonias furnieri’ <0.1 1.2 2.3 1.2 1,2 18-270 MED
Carangidae Trachinotus carolinus’ 6.3 7.3 <0.1 0.2 1.2 1,2 11-122 MS
Tetraodontidae Sphoeroides testudineus ™* <0.1 0.1 2.0 0.6 0.9 1,2  10-152 SE
Dactylopteridae Dactylopterus volitans ™ * 11.0 0.3 0.9 1,2 94-211 MED
Clupeidae Brevoortia aurea’ 0.1 3.9 0.8 1,2  20-101 MED
Engraulidae Anchoa lyolepis > * <0.1 1.9 <0.1 1.6 0.6 1,2 2185 MED
Clupeidae Sardinella brasiliensis’ 4.6 1.0 <0.1 <0.1 0.4 1,2 2094 MEO
Gerreidae Diapterus rhombeus’ 0.1 1.3 0.3 1 16-66 MED
Carangidae Caranx latus’ 0.6 1.5 <0.1 0.1 1,2  41-163 MED
Sciaenidae Menticirrhus littoralis’ 4.3 0.4 0.1 1,2 12-139 MEO
Albulidae Albula vulpes’ <0.1 0.1 0.1 0.2 0.1 1,2 19-175 MED
Pomatomidae Pomatomus saltatrix’ 0.7 0.3 <0.1 <0.1 0.1 1,2 30-130 MS
Carangidae Oligoplites saurus ™* <0.1 0.1 0.1 0.1 1,2 22-101 MED
Engraulidae Anchoa tricolor ™ <0.1 <0.1 0.2 0.1 1,2  31-104 MED
Haemulidae Orthopristis rubra’ 0.7 <0.1 <0.1 0.1 1,2 27-111 MED
Ariidae Genidens genidens ™ * <0.1 03 <0.1 1,2 44-250 MED
Ephippidae Chaetodipterus faber’ 0.1 <0.1 <0.1 0.1 <0.1 1,2 1448 MED
Sciaenidae Menticirrhus americanus’ 0.1 <0.1 <0.1 <0.1 <0.1 1,2 18-86 MEO
Elopidae Elops saurus ™* <0.1 <0.1 0.1 <0.1 1,2  28-165 MED
Carangidae Trachinotus falcatus’ <0.1 0.1 <0.1 <0.1 <0.1 1,2 14-135 MEO
Monacanthidae Stephanolepis hispida’ <0.1 <0.1 <0.1 <0.1 <0.1 1 14-55 MEO
Gerreidae Eucinostomus gula’ <0.1 <0.1 <0.1 <0.1 1,2 25-104 MED
Sciaenidae Pogonias cromis’ <0.1 <0.1 <0.1 1,2 1680 MEO
Haemulidae Haemulopsis corvinaeformis’ 0.2 <0.1 <0.1 1,2 40-86 MED
Engraulidae Anchoa januaria®* 0.1 <0.1 1,2 27-65 MED
Sparidae Archosargus rhomboidalis " * 0.1 <0.1 1,2 18-84 MEO
Carangidae Selene vomer ™* <0.1 <0.1 <0.1 <0.1 1,2 42-79 MEO
Gobiidae Bathygobius soporator > * <0.1 <0.1 1,2 52-107 SE
Carangidae Trachinotus goodei ™* 0.2 0.1 <0.1 1,2 42-143 MS
Mugilidae Mugil spp.’ 0.1 <0.1 <0.1 <0.1 <0.1 1,2  13-36

Engraulidae Cetengraulis edentulus ™ * <01 <01 <01 1,2 84-145 MED
Gobiidae Ctenogobius boleosoma " <0.1 <0.1 1,2 2447 SE
Mugilidae Mugil liza’ <0.1 <0.1 <0.1 1,2 23-72 MED
Centropomidae Centropomus undecimalis’ <0.1 <0.1 2 114-168 MED
Sciaenidae Cynoscion acoupa’ <0.1 <0.1 2 34-82 MEO
Polynemidae Polydactylus virginicus ™* 0.1 <0.1 1 56 MED
Mugilidae Mugil curema’ <0.1 <0.1 <0.1 1,2 2153 MED
Carangidae Chloroscombrus chrysurus’ <0.1 <0.1 <0.1 1,2  20-80 MED
Engraulidae Anchoviella lepidentole’ <0.1 <0.1 1,2  30-55 MED
Carangidae Oligoplites saliens’ <0.1 <0.1 <0.1 2 14-126 MED
Syngnathidae Syngnathus pelagicus ™* <0.1 <0.1 <0.1 <0.1 1,2 54-174 SE
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Table 2 (continued)

Sector beaches

Adjacent Entrance Middle Inner
Family Species/maturity %IRT %IRT %IRI %IRIT Total %IRT ~ Year TL range (mm) Guild
Ariidae Cathorops spixii ™* <0.1 <0.1 2 46-85 SE
Carangidae Oligoplites palometa ™* <0.1 <0.1 <0.1 <0.1 1,2 23-51 MED
Centropomidae Centropomus parallelus’ <0.1 <0.1 1 72-117 MED
Clupeidae Opisthonema oglinum’ <0.1 <0.1 <0.1 2 37-54 MEO
Diodontidae Chilomycterus spinosus ™* <0.1 <0.1 <0.1 <0.1 1 30-50 MEO
Gobiidae Gobionellus oceanicus ™* <0.1 <0.1 2 75-735 SE
Bleniidae Parablennius pilicornis ™* <0.1 <0.1 <0.1 1 40-116 MS
Serranidae Diplectrum radiale * <0.1 <0.1 1 147-148 MS
Sciaenidae Ophyoscion punctatissimus ™ <0.1 <0.1 1 17-78 MED
Clupeidae Brevoortia pectinata’ <0.1 <0.1 1 55-78 MED
Engraulidae Anchoa marinii’ <0.1 <0.1 1,2 30-59 MED
Syngnathidae Cosmocampus elucens ™* <0.1 <0.1 <0.1 <0.1 1,2 87-135 SE
Achiridae Achirus lineatus ™* <0.1 <0.1 1 47-64 SE
Belonidae Strongylura spp. ™* <0.1 <0.1 <0.1 1.2 30-96
Carangidae Caranx bartholomaei’ <0.1 <0.1 2 99 MS
Clupeidae Brevoortia spp. <0.1 <0.1 2 23-37
Achiridae Trinectes paulistanus ™ <0.1 <0.1 1 90 SE
Hemiramphidae Hemiramphus brasiliensis’ <0.1 <0.1 2 73-74 MEO
Triglidae Prionotus punctatus’ <0.1 <0.1 <0.1 1 31-45 MEO
Gerreidae Eucinostomus lefroyi ™* <0.1 <0.1 1 95 MED
Tetraodontidae Sphoeroides spengleri ™* <0.1 <0.1 1 84 MEO
Gerreidae Eucinostomus melanopterus ™*  <0.1 <0.1 1 70 MED
Serranidae Mycteroperca tigris’ <0.1 <0.1 2 62 MS
Sciaenidae Conodon nobilis’ <0.1 <0.1 1 60 MEO
Sciaenidae Cynoscion leiarchus’ <0.1 <0.1 2 55 MEO
Polynemidae Polydactylus oligodon’ <0.1 <0.1 1 32-110 MED
Lutjanidae Lutjanus synagris’ <0.1 <0.1 2 46 MED
Paralichthydae Etropus crossotus’ <0.1 <0.1 1 55 SE
Osphoronemidae  Betta splendens ™ <0.1 <0.1 1 50 FS
Carangidae Oligoplites spp. "* <0.1 <0.1 2 48
Poecilidae Poecilia vivipara ™* <0.1 <0.1 2 36 FEO
Gerreidae Diapterus auratus ™* <0.1 <0.1 1 36 MED
Syngnathidae Bryx dunckeri ™* <0.1 <0.1 1 113 SE
Sciaenidae Cynoscion spp.”’ <0.1 <0.1 2 33
Clupeidae Clupeidae spp. <0.1 <0.1 2 21
Sphyraenidae Sphyraena tome’ <0.1 <0.1 1 54 MS
Sciaenidae Larimus breviceps’® <0.1 <0.1 1 14 MED
Synodontidae Synodus foetens’ <0.1 <0.1 1 67 MEO
Species number 31 35 52 48
Individual number 3592 4335 13230 8456
Total biomass 12,298 8,512 13,361 24,340

TL total length (mm), %IRI Index of Relative Importance, J juvenile, A adult, n.a. not available, F'S Freshwater Straggler, FEO Freshwater Estua-
rine Opportunist, SE Solely Estuarine, MED Marine Estuarine Dependent, MEO Marine Estuarine Opportunist, MS Marine Straggler, bold high-
est %IRI in each sector beach, italic species with the highest values of total %IRI
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Table 3 Mean (and SD) of abundance, species richness and biomass among sector beaches and seasons comparisons according PERMANOVA

in two annual cycles in Guanabara Bay

Y1 Y2
Sector beaches Adjacent Entrance Middle Inner Adjacent Entrance Middle Inner
Abundance 723 (16.8)* 553 (21.1)* 858 (18.7)* 77.5(23.4)* 39.1(19.1)¢  76.0 (29.2)° 163.0 (33.2)* 124 (34.5)°
Species richness 3.5 (0.3)* 3.6 (0.3)* 3.6 (0.3)* 23(0.3)° 3.5(0.3)* 3.7 (0.3)* 3.9(0.3)* 4.0 (0.5)
Biomass 73.7 (21.0)* 81.0 (19.9)* 74.4 (12.6)* 34.7(9.90*  289.9 (645" 124.1(22.1)° 181.5 (36.0)*  70.0 (13.0)°
Y1 Y2
Seasons Winter Spring Summer Autumn Winter Spring Summer Autumn
Abundance 139.7 24.6)*  93.0(19.9)" 21.3(5.8)° 17.9(5.9°  32.9(14.6)° 195 (44.8) 99.6 (27.0)°  96.0 (24.2)°
Species richness 3.8 (0.3)" 4.1(03)"  29(03°  24(03°  25(02F 4.1 (0.3)° 3.8 (0.4) 4.9 (0.4)°
Biomass 69.1 (12.6)*  98.8(25.2)* 51.0(10.7)* 47.2(9.6)* 81.8 (18.7)* 273.8 (127.5)* 135.3 (40.4)* 148.6 (33.9)
Values having the same superscript letter were not significantly different within each sector beach and seasons
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Fig.3 Results of the ordination (nMDS) analysis applied to fish species (abundance data) sampled in four sector beaches of Guanabara Bay.
a Y1, b Y2. Vector of the species that presented Spearman correlations above 0.40
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seasonal dynamic of juvenile fishes in shallow waters. For
instance, Oliveira et al. (2016) observed that the inner bay
presents high primary productivity which may influence
abundance and recruitment. On the other hand, coastal
waters that predominate in the adjacent and entrance
sectors may be more dependent on marine productivity,

K 0 20
dbRDA1 (54.5% of fitted, 11.7% of total variation)

) )
40 40 20 0 20 40
dbRDA1 (46.6% of fitted, 9.3% of total variation)

seasonally affected by upwelling near Guanabara Bay
(Quintana et al. 2015; Santos et al. 2019).

The fish responses to environmental variables showed dif-
ferences between sectors, confirmed by ordination that sepa-
rated fish guilds by habitat affinity. Adjacent and entrance
sector beaches included a typical assemblage of marine
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species, whereas middle and inner sectors showed the pre-
dominance of an estuarine fish fauna. This pattern reflects
the changing character of shallow-water habitats along the
natural estuarine gradient. This same pattern of partition
between guilds was also observed in other bays, including
Sepetiba Bay in southeastern Brazil (Aragjo et al. 2016),
Babitonga Bay (Vilar et al. 2011) and Paranagua Estuarine
Complex, both in southern Brazil (Félix et al. 2007; Passos
et al. 2012).

In general, the presence of distinct guilds represented by
species with distinct patterns of habitat use between sec-
tors was observed. The fish assemblage of the outer sectors
included marine-associated guilds that use estuarine waters
sporadically (e.g., Diplodus argenteus, Umbrina coroides
and Menticirrhus littoralis), whereas estuarine related spe-
cies (e.g., Atherinella brasiliensis and Eucinostomus argen-
teus) predominated within inner sectors of the bay. Ubiqui-
tous solely estuarine A. brasiliensis occurred in all sites, but
decreased in abundance from the inner towards the adjacent
sectors. Species guilds normally show an intimate correla-
tion with hydrodynamic and physicochemical characteris-
tics of the water (Arceo-Carranza and Vega-Cendejas 2009;
Telesh and Khlebovich 2010), and habitat availability and
complexity (Borland et al. 2017).

Transparency, temperature and chlorophyll a were the
parameters that varied most between the two main sector
beaches of the bay, contributing to changes in fish assem-
blages at Guanabara Bay. Variations in water transparency
are predictable in estuarine areas, being associated with vari-
ations in tides and contributions from continental drainage
(Aratjo et al. 2016; Camara et al. 2020; Lima et al. 2020).
Paranhos et al. (1998) found that the influence of the tidal
pulse is twice as strong as the influence of the rainy/dry
seasons, in addition to modifying parameters such as salin-
ity, nutrients, chlorophyll a and concentration of fecal coli-
forms. The central channel of the bay allows intrusion of
marine water bodies causing frequent changes in tempera-
ture between the sectors of bay which functions as a partially
mixed estuary during the dry season (September) and as a
salt wedge estuary in the rainy season (March) (Castro et al.
2005).

Temporal changes in fish assemblages indicated dif-
ferences in the abundance of some species, which may be
associated with reproductive pulses, since most individuals
were young of the year or early juveniles. Some authors have
reported that summer changes in abundance are associated
with recruitment pulses (Pessanha and Aratjo 2003; Nanami
and Endo 2007). Lasiak (1984) observed that the general
seasonal pattern in fish assemblages in shallow waters is
the decline in number of individuals and species during the
winter, and peak abundance in the spring/summer. Pessanha
and Aradjo (2003) observed a similar pattern for Sepetiba
Bay whose influence of temperature favored the recruitment
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of the most abundant species during the summer and winter.
The results of the present study in Guanabara Bay partially
agree with the registered general patterns reported in the
literature, in which abundance peaks occurred around the
spring season in both years. However, uncontrolled climatic
and oceanographic variations occurring from year to year
may cause changes in reproductive seasons, causing shifts
in the abundance of particular species influencing the assem-
blage structure.

The majority of the individuals collected in this study
were either juveniles using the shallow waters as a nursery
and growth area, or some transient species that are much
more common in other marine habitats. The most abundant
species are common in the sheltered beaches and shallow
surf-zones during the warmer months of the year. These
patterns are corroborated by various authors that registered
different guilds influenced simultaneously by environmen-
tal filters and species dispersal capacity (Vilar et al. 2011;
Aratjo et al. 2016; Franco et al. 2016; Lima et al. 2020).
However, the effects of environmental factors should vary
according to each estuary-specific physical and hydrological
characteristic (Aragjo et al. 2018).

The results generated indicate that, despite the dynamic
character of shallow sandy beach environments, the differ-
ences in the composition and structure of the fish assem-
blages in Guanabara Bay are mainly related to an estuarine-
marine gradient. This pattern reflects the changing character
of habitats along the estuary allowing many fish species to
use the shallow waters of the beaches in transitory or perma-
nent ways, following their ecological tolerances and habitat
requirements (Layman 2000; Vilar et al. 2011; Aradjo et al.
2016; Litvin et al. 2018). Overall, temporal fluctuations
demonstrated a clear pattern that may be linked to the use
of habitat in some particular stages of fish species life cycles
or it may be a response of the food resource partitioning, or
even be linked to protection against predators, which sig-
nificantly influence the spatial organization (Pereira et al.
2015; Da Silva et al. 2018). Finally, our results demonstrated
that beaches function as nursery grounds for many species,
including some commercially exploited species (Trachino-
tus carolinus, Harengula clupeola, Micropogonias furnieri,
Brevoortia aurea, Sardinella brasiliensis, Caranx latus and
M. littoralis). Thus, it is necessary to expand knowledge
about species versus environment relations to implement
conservation strategies for this ecosystem inserted in one of
the largest metropolitan areas in the world, displaying a high
degree of anthropogenic impacts.
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