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Abstract Fish and benthic invertebrates are important
groups that inhabit shallow coastal areas. Many studies
use these two groups separately to answer questions
related to environmental relationships, but few assess
the correlation between these two groups. This study
aimed to assess correlation between richness and com-
position of fish and benthic invertebrate assemblages
and to evaluate their responses to environmental vari-
ables in sandy beaches in a tropical coastal area in south-
eastern Brazil. We tested for a correlation between fish
and benthic invertebrates and evaluated which environ-
mental variables influenced each group. Fish and inver-
tebrate taxonomic richness were not correlated across
sites. In addition, the two groups were not significantly
correlated, even after controlling the effects of the envi-
ronmental variables. The taxonomic richness of the two
groups were influenced by different set of environmen-
tal drivers: fish were influenced mainly by the physico-
chemical variables, being positively correlated with sa-
linity and dissolved oxygen, and negatively with tem-
perature, whereas invertebrates richness were related
mainly to granulometric variables, decreasing in fine
and very fine sediment. Fish and invertebrate showed
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similar patterns with more influence of environmental
variables than biotic variables that had comparatively
more effects on the invertebrate than on the fish assem-
blage. Spatial segregation in species distribution along
the beaches were found with the Gerreid fish
predominating in semi-exposed beaches whereas the
sparid Diplodus argenteus, the haemulid Orthopristis
ruber and the clupeids Harengula clupeola and
Sardinella brasiliensis predominated in the exposed
beaches. The Polychaetae families Syllidae and
Dorvilleidae, and isopod of the family Cirolanidae pre-
dominated in semi-protect beaches, whereas
polychaetas of the families Glyceridae and
Saccocirridae predominated in the exposed beaches. In
this study, we showed that fish and benthic invertebrates
are influenced by different environmental variables in
tropical sandy beaches and no significant correlation
was found between these two taxonomic groups. Our
findings are a step to a better understanding of the fish-
benthic invertebrate relationship and a contribution to
management policies aiming the conservation of tropi-
cal coastal areas.

Keywords Fish-invertebrate relationship -
Environmental influences - Fish assemblage - Benthic
fauna

Introduction

Sandy beach surf zones account for most of the world’s
open shoreline (Defeo et al. 2009) and are inhabited by
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diverse assemblages that use this coastal zone as their
only habitat, or as nursery areas or migratory path to
other nurseries, or as a sink where they have drifted
inadvertently (McLachlan and Brown 2006). Among
these assemblages, the fish and the benthic invertebrate,
mostly composed of polychaetes and shrimp-like
macrocrustaceans (e.g., prawns and mysids) predomi-
nate in these areas (Crawley et al. 2006; Sato et al.
2008). However, there is still insufficient information
on how and whether fish and invertebrates correlate, and
how they respond to environmental variables. However,
there is still insufficient information on whether and
how, fish and benthic invertebrate correlates and how
they respond to environmental changes.

Although several authors seek to understand patterns
and changes in species diversity (e.g. Wolters et al.
2006), there is a difficulty in establishing which factors
influence these patterns (Johnson and Hering 2010).
The fish species that inhabit these systems use several
strategies associated with tolerances to physicochemical
variables. In addition, these variables seem to play an
important role in the distribution of fish, which may be
associated with an abundance of food resources
(Whitfield and Elliott 2002) and provide protection from
predators (Blaber and Blaber 1980). In general, fish
communities are important components within a coastal
ecosystem, being relevant in studies associated with
benthic invertebrates relationships.

The benthic fauna of sandy beaches is composed of
many phyla of invertebrates, with crustaceans, molluscs
and polychaetes being the most dominant. In addition,
they are fundamental in the bioturbation process, in
which the nutrients stored in the sediment are taken to
the water column (Josefson and Rasmussen 2000).
Thus, nutrients are made available by mixing the de-
composition of organic matter and sedimentary material
(Nielson and Jernakoff 1996). This process mainly fa-
vours higher trophic levels, being a source for primary
production in the water column with the availability of
these nutrients (Human et al. 2015).

Concordance or cross-taxon congruence refers to
similar assemblage structure among different taxa. Dif-
ferent mechanisms can drive cross-taxon concordance
(Heino 2010) such as similar response to the same or
correlated environmental gradient, co- loss of species
along stress gradients and biotic interactions. Concor-
dance of two assemblages are more likely to occur in
freshwater ecosystems (Jackson and Harvey 1993;
Paszkowski and Tonn 2000; Larsen et al. 2012), can
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reveal patterns with the environment and interactions
among assemblages (Santoul et al. 2004). At local scale,
environmental conditions are a main driver for the oc-
currence of species distribution. However, as different
taxonomical groups use different habitats, they may be
expected to respond in different ways to environmental
influences with each community was associated with a
different set of environmental factors. In addition, biotic
interactions may involve direct processes such as fish
predation on a particular invertebrate taxon or indirect
factors, e.g., where fish limit the abundance of inverte-
brate predators, thereby limiting the impact of these
invertebrate predators (Jackson and Harvey 1993). Iden-
tifying the patterns of different taxonomic groups simul-
taneously with similar environmental gradients can
seem challenging, because it gives us a more robust
answer on how agreement between different groups
occurs.

Sandy beaches are physically dynamic habitats,
inhabited by specialized biotic assemblages that are
structured mainly by physical forces (Defeo 2003).
Changes for beach ecosystems grain size becomes
coarser, erosion-accretion dynamics more intense, and
swash frequency and velocity increase as morpho dy-
namic conditions from dissipative to reflective extremes
with reduction of species towards the reflective extreme
that cause increasing environmental severity. In addition
to this, water physicochemical variables and biotic in-
teraction also contribute to large interspecific variability
in the life history and ecological traits of sandy beach
communities, since species with different characteristics
could be controlled by different limiting factors
(Alejandro 2001; Defeo et al. 2009; Qu et al. 2019).
The identification of meaningful spatial and temporal
scales of variability in population regulation mecha-
nisms and processes, and also in the dynamic nature of
the fishing process, are relevant for assessment and
management (Defeo 2003; Meena et al. 2019)

The coast of Rio de Janeiro has sandy beaches with a
range of environmental characteristics that provide a
morpho-dynamic gradient of beaches, directly influenc-
ing the distribution of fauna. Thus, these systems are of
great importance not only to investigate biotic relation-
ships, but also to assess the distribution of biological
groups in systems with different environmental charac-
teristics. A small number of studies have sought to
understand the concordance of fish and benthic inverte-
brates along environmental gradients; however, assum-
ing that these two groups have different life forms and
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sizes, they may be expected to respond differently to
environmental variables.

In this study, we seek to evaluate the important
predictor variables for fish and benthic invertebrate dis-
tribution in sandy beaches in a nearshore tropical area in
south-eastern Brazil, and whether these two groups have
a significant correlation. We tested for a correlation
between fish and benthic invertebrates and evaluated
which environmental variables influenced each group.
We hope to better understand which variables are im-
portant for each group, thus contributing to a better
understanding of their relationships and supplying in-
formation for management programs of environmental
conservation of tropical coastal systems.

Materials and methods
Study area

Six sandy beaches along the Rio de Janeiro coast were
sampled for fishes, benthic invertebrates and environ-
mental variables (Fig. 1), which is part of the transition
region between the tropical and subtropical provinces in
the South-eastern Brazilian coast. Two oceanic beaches
(1 and 2) were located in an unprotected coastal area
where the wave action is high. Each beach was approx-
imately 2500 m long, with predominating medium to
coarse sand (mean grain size of 0.43 mm), tide range of
approximately 1 m, and intertidal slope varying from
1/5.29 to 1/17.82 (Veloso et al. 2006). Two beaches (3
and 4) were well protected within the Sepetiba Bay.
These beaches are approximately 1800 m long and have
low amplitude semidiurnal tides with 0.6 m of mean
range with medium to fine sand grains size (mean di-
ameter of 0.20 mm) and gentle slope profile
(Vasconcellos et al. 2011).The other two beaches (5
and 6) were located in a semi-protected area in the Ilha
Grande Bay, with comparatively less influence of an-
thropogenic activities and intermediary environmental
conditions between the oceanic beaches and the
protected beaches.

Sampling design

Environmental and species assemblage data were col-
lected quarterly from six beaches along the coast of Rio
de Janeiro between March 2014 and December 2015
with four replicates at each site, totalling 192 samples

(six sites x four seasons x two years x four replicates).
In order to reduce the influence of diel and tidal ampli-
tude, sampling was carried out at low tide, during quad-
rature tides, between 10:00 and 16:00 h.

Environmental data collection

The sediment samples for invertebrate composition,
particle-size and nutrient analysis were obtained with
the aid of a PVC corer (10 cm in diameter and 50 cm in
length) with a collecting area of 0.00785 m? at 1.5 m of
water depth and 15 cm sediment depth with four repli-
cates at each beach. According to Bally (1983), the first
15-20 cm of the substrate has the greatest abundance of
benthic organisms.

The collected sediment was weighed (precision of
0.01 g) and dried at 80 °C in a stove. The samples were
weighed on a precision scale (0.01 g) and 150 g were
taken for analysis of nutrients and 300 g for
granulometric analysis with the aid of the tampering
device during 15 min for each sample. The silt and
clay fractions were grouped together. The
granulometric parameters were calculated according to
Folk and Ward (1957) and classified according to Shep-
ard (1954). The mean granules size was determined
from each granulometric fraction weight retained in
each sieve, using the software SysGran 3.0 (Camargo
2006). In total, seven classes of sediment size were
determined: granules, very coarse sand, coarse sand,
medium sand, fine sand, very fine sand, and silt + clay.

The concentrations of the following nutrients in the
sediment were analysed: organic matter (g x cm ), or-
ganic carbon (g x kg '), total nitrogen (%) and total
phosphorus (mg x dm ). The concentration of organic
carbon was determined using the method of Walkey and
Black (1934). The concentration of total nitrogen in the
sediment was determined using the Kjeldahl nitrogen
method with a diffusion camera. The concentration of
total phosphorus was determined using a spectropho-
tometer after digestion with HNO;—HCI (3:1, V/V) at
200 °C. The solubilization of the mineral and organic
phosphate forms was conducted using 1:1 H,SO,4
(Bowman 1988).

At each sampling occasion, water temperature (de-
gree Celsius), salinity (ppt), dissolved oxygen (mg L ™)
pH, turbidity (NTU) and conductivity (mS % cm ') were
measured. These measurements were performed using a
Horiba U-23 multiprobe (Horiba Trading Co. Ltd.,
Shanghai) immersed approximately 0.5 m under the
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Fig. 1 Sampling sites of collection of fish, benthic invertebrates
and environmental data in sandy beaches along the Rio de Janeiro
coast between 2014 and 2015: Oceanic exposed beaches: 1,

water surface. Transparency was measured with a
Secchi disc.

Benthic invertebrates

Immediately after collection, the organisms were fixed
with 10% formalin for subsequent screening in the
laboratory. The sediment samples were initially
screened with the aid of a plastic tray (80 cm x 40 cm %
7 cm) using tap water for removal of the largest spec-
imens, then sieved through a 0.5 mm mesh and exam-
ined under light stereo microscope for identification of
the smallest specimens to family level. According to
Kilgour and Barton (1999), benthic invertebrates have
a better correlation with fish when identified at the
family level, as there is no significant difference when
identified at the species level. All identified specimens
were preserved in 70% ethanol solution.

Fish collection

A beach seine net (12 m long % 2.5 m high; 8 mm
stretched mesh at the wings and 4 mm at the cod end)
was used for the fish sampling. The hauls were 30 m
long and perpendicular to the shore, and they were taken
out to a depth of approximately 1.5 m, covering a swept
area of approximately 300 m? (30 m long x 10 m wide
opening). After capture, the fish were anesthetized in
benzocaine hydrochloride (50 mg L™ ') and
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Recreio and 2, Grumari; Protected beaches in the Sepetiba Bay:
3, Itacuruga and 4, Muriqui; Semi-protected beaches in the Ilha
Grande Bay: 5, Sdo Gongalo and 6, Sdo Gongalinho

subsequently fixed in 10% formalin solution. In the
laboratory, fish were identified and transferred to a
preservative liquid (70% alcohol). All fishes were iden-
tified to the species level, and voucher specimens were
deposited in the Ichthyological Collection of the Fish
Ecology Laboratory of the Universidade Federal Rural
do Rio de Janeiro.

Data analyses

The fifteen environmental variables obtained were pre-
viously separated into three different categories: water
physical-chemical variables, sediment nutrients, and
sediment particle size (Table S1 in the Supplementary
Information). These environmental variables were stan-
dardized (centred to the mean and reduced to units of
standard deviation) to eliminate the effects of different
units of measurements. A principal component analysis
(PCA) was used to reduce each group of environmental
variables into few independent and interpretable com-
ponents (PCs). Three groups of environmental variables
were considered: 1) water physicochemical variables
(PCA pc); 2) sediment nutrients variables (PCA n);
and 3) sediment granulometric variables (PCA g). The
PCA was based on a correlation matrix of the centred
and standardized data (Legendre and Legendre 2012).
The first two axes that are the most relevant to explain
the environmental variance were selected (Peres-Neto
et al. 2003), and used as latent environmental variables.
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The variables that most contributed for the explained
variance were considered as those with loadings larger
than the hypothetical equal contribution of all variables.

Numerical abundances were used for fish and benthic
invertebrate that were expressed at species and family
levels, respectively. Taxa with less than 3% of occur-
rence were considered rare and omitted from these anal-
yses to avoid overweighting their influence on the ordi-
nation results (Leps and Smilauer 2003), as incidental
taxa diminish the response signal of the more abundant
taxa to environmental gradients. Spearman rank corre-
lation was used to assess relationship between fish and
benthic invertebrate richness across sites.

Prior to analysis, the biological data were square root
transformed to reduce the influence of abundant species
but preserve information on their relative abundance.
The relationship between taxonomic richness of each
group with environmental variables and the taxonomic
richness of the other group were assessed using hierar-
chical partitioning of R? values. By taking a hierarchical
approach in which, all orders of variables are used, the
average independent contribution of a variable is obtain-
ed and an exact partitioning results (Chevan and
Sutherland 1991). Randomization test was used to com-
pare the observed independent contribution of variables
to explain variance against a population of independent
contribution drawn from 500 randomization of the data
matrix. The statistical significance of the variables was
determined using the upper 95% confidence limit (Mac
Nally 2000). This approach is less affected by multi-
collinearity between variables and was performed using
the Hier-Part package (Walsh and Mac Nally 2007)
within the R statistical package.

The partition variance in both fish or macroinverte-
brates assemblages into unique and shared contribution
of environmental and biological variables were deter-
mined using Canonical Correspondence Analysis
(CCA) and partial CCA (pCCA). In this analysis, the
unique contribution of one group in explaining variation
in the assemblage of the other group is an estimate of the
importance of biological interactions (Paszkowski and
Tonn 2000). Partial CCA enables decomposition of
variance and was used to partition the variance into: 1)
the unique or pure variation explained by environmental
variables after removing the (co)variation associated
with the other taxonomic group, ii) the pure variation
explained by the other taxonomic groups after removing
the (co)variation associated with environmental vari-
ables, iii) the common or shared variation between

environmental and biological variables, and iv) unex-
plained variation.

CCA with no covariables (using both environmental
variables and biological variables from the other group
as explanatory variables) was used to calculate the total
amount of variance explained. In these analyses the first
two Detrended Correspondence Analysis (DCA) axes
and taxonomic richness of one group were used as
biological explanatory variables when analysing the
other group. In a second step, the unique effect of
environmental variables or biological variables was es-
timated by using one as a predictor and the other as a
covariable. To evaluate this variation, we used the fol-
lowing procedure for the fish and for the benthic inver-
tebrate variables: (1) CCA of the species matrix
constrained by the environmental matrix; (2) CCA of
the species matrix constrained by the biotic matrix of the
other group; (3) CCA of the species matrix constrained
by the environmental matrix but removing the effect of
the other group biotic matrix; and (4) CCA of the
species matrix constrained by the other group biotic
matrix but removing the effect of the environmental
matrix. With these four constraints of ordination and
three data matrices, it was possible decompose the var-
iance on fish and benthic invertebrate assemblages. We
used a Monte Carlo permutation test (generating 999
permutations) to test the significance of each environ-
mental and biotic variable. All ordinations and permu-
tation tests were performed using CANOCO 4.0 for
Windows software (Leps and Smilauer 2003).

The correlation between fish and benthic invertebrate
was assessed using the Mantel test on the dissimilarity
(Bray-Curtis) matrices of both taxa. In addition, a Partial
Mantel test was also used to control for environmental
variables (using Euclidean distance matrices), as con-
cordance between taxa matrices could derive simply by
their shared response to environmental variables. Ran-
dom permutations (5000) were used to obtain the sig-
nificance level for the correlation coefficients.

Results

Environmental variables

The first two axes of the PCA showed more than 60% of
the variation in each of the three categories of environ-

mental physicochemical variables (Table 1). PCA 1 of
the physicochemical variables represent mainly a
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gradient of high temperature in opposition to low salin-
ity, whereas PCA 2 represent the effect of low dissolved
oxygen and pH. These two axes were used in the sub-
sequent analyses to synthetize environmental physico-
chemical variables. The PCA1 of the nutrient analysis
was characterized by high influence of carbon and or-
ganic matter in opposition to nitrogen, whereas PCA 2
reflected mainly the effect of phosphorous. The PCA1
of the granulometry showed a gradient with positive
contribution of fine sediment (fine and very fine sand,
and silt + clay), whereas PCA 2 represented the positive
effect of the coarse sediment in opposition to medium
sediment (Table 1).

Hierarchical partitioning of taxonomic richness

A total of 59 species of fish and 24 families of benthic
invertebrates were identified (Tables S2 and S3 in the
Supplementary Information). The taxonomic richness
between fish and invertebrates had no significant corre-
lation (r;=0.063 p =0.58).

The water physicochemical variables had influence
on the fish species richness. PCA2-pc and PCA1-pc
were negatively correlated with richness, whereas the
nutrient PCA2-n and the granulometric PCA1-g were
positively correlated with richness (Table 2, Fig. 2).
That is, fish species richness was higher in areas with
high salinity and dissolved oxygen and low temperature.
In addition, richness was also favoured by higher phos-
phorus content and presence of fine and very fine sand
sediment.

For benthic invertebrates, the granolumetric variables
PCA1l-g were negatively correlate with invertebrate
richness (Table 2, Fig. 2). In other words, benthic inver-
tebrate richness was lower in fine and very fine sedi-
ment, and increased in the presence of medium and
coarse sediment.

Variance partitioning in the community composition

Only 11.30% of the variation in the fish community was
explained by the biotic benthic invertebrate (inverte-
brate richness) data and the environmental PCA1-pc,
PCA2-g, PCA1-g and PCA2-pc. The partial CCA using
the biotic matrix as covariate explained 10.01% of the
explained variation in the analysis of CCA with PCA1-
pc, PCA2-pc and PCAl-g as the strongest variable
selected through the Monte Carlo test permutations
(Table 3). Using the environmental matrix as a
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Table 1 Loadings of the first two principal components (PC1 and
PC2) of the PCAs (Principal Component Analysis) on the three
categories of environmental variables. PCA-pc, water physico-
chemical; PCA-n, sediment nutrients; and PCA-g, sediment
granulometric variables. Percent of explained variance in brackets

PCA-pc PC1 (32.1%) PC2(28.5%)
Salinity (ppt) —0.83 —-0.02
Temperature (°C) 0.80 0.27

pH 0.41 -0.73
Dissolved oxygen (%) 0.07 —-0.76
Turbidity (NTU) -0.24 -0.47
PCA-n PC1 (74.3%) PC2 (24.2%)
Carbon 0.97 —-0.07
Organic matter 0.99 —0.06
Nitrogen —-0.56 —-0.07
Phosphorus 0.20 0.97

PCA-g PC1 (48.6%) PC2 (26.6%)
Granules % —0.55 0.51

Very coarse sand % —0.75 043

Coarse sand % —0.65 —0.60
Medium sand % 0.26 —0.85

Fine sand % 0.83 —0.15

Very fine sand % 0.90 0.27
Silt+Clay % 0.71 0.46

covariate, the partial CCA explained only 2.95% by
the biotic variables of the fish variation (Table 4). The
shared variation by environmental and biotic variables
were only 1.29% of the fish.

For the benthic invertebrates, the initial CCA showed
17.9% of the variation explained by the environmental
and biotic variables. The fish richness and all PCAs
variables, except PCA1-pc were selected variables by
the Monte Carlo test permutations explaining the ben-
thic invertebrate variables (Table 3). In the of partial
CCA analysis, removing the effect of the biotic vari-
ables, the selected variables explaining benthic inverte-
brate were PCA1-g, PCA2-n, PCA2-g and PCA1-n,
explaining about 13.56 of the benthic invertebrate var-
iables (Table 3). When the effect of environmental
variables was removed, the explanation of the biotic
variables was 4.43%, whereas the shared variation of
the environmental and biotic variables was 4.31% of the
benthic invertebrate variables (Table 4).

The Mantel and partial Mantel tests showed no sig-
nificant correlation between fish and benthic inverte-
brates (r=0.017; p=0.17), even when controlling the
effect of environmental variables (r=0.013; p =0.23).
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Table 2 Hierarchical partition of predictors variables explaining
fish and benthic invertebrate richness. 1%, percentage of the pre-
dictor for the explained variation of the variable; I, independent
effect; J, set and total of predictors on taxonomic richness. Z-
score, based on randomly I distributing. The statistical significance
(*) is based on the upper confidence limit 0of 0.95 (Z > =1.65). ** is

the significance of the Spearman correlation coefficient between
the predictors and the taxonomic richness. PCA-pc, PCA-n, PCA-
g are the first two axes of the Principal Component Analysis
(PCA) from water physicochemical (pc), sediment nutrients (n)
and sediment granulometric (g) variables, respectively

Preditor 1% I J Total Z-score Coefficient
Fish PCAl-pc 22.19 —0.68 -0.09 -0.77 5.15% =027
PCA2-pc 40.12 -1.23 -0.21 —145 10.53%* —(0.33%*
PCAIl-n 5.76 -0.17 -0.07 -0.25 0.65 0.12
PCA2-n 9.62 -0.29 0.05 -0.24 1.78* 0.26%*
PCAl-g 21.11 —0.65 -0.34 -0.99 4.51% 0.28%*
PCA2-g 1.17 -0.03 0.01 -0.02 -0.38 -0.04
Invertebrates PCAl-pc 0.56 —0.006 —-0.003 -0.01 -0.52 0.02
PCA2-pc 5.46 —0.06 -0.07 -0.13 0.04 0.08
PCAl-n 13.03 —0.16 0.07 -0.08 0.88 0.05
PCA2-n 0.99 -0.01 0.001 -0.01 -0.55 -0.03
PCAl-g 57.39 —-0.70 0.06 —0.64 7.83* —0.27%*
PCA2-g 22.54 -0.27 —-0.05 -0.33 2.44% 0.11

For the fish community, the sum of all eigenvalues in
the canonical correspondence analysis of the species
matrix was 6.503 (Table 4). From here, we obtained
the relative importance of each factor that controls the
variation in the composition of species. The environ-
mental variables explained about 11.30% of the varia-
tion of the species matrix (Step 1) (Table 4). About
1.29% out of this variation was related to biotic vari-
ables. Roughly, 14.25% of the explained variation was
due to both spatial and biotic variables, while the
amount of unexplained variation was 85.75% (Table 4,
Fig. 3).

For the benthic invertebrates community, the sum of
all eigenvalues in the canonical correspondence analy-
ses of the data matrix was 3.832 (Table 4). The

Fig. 2 Distribution of so
independent effects (I1%) of
predictor variables for fish and
benthic invertebrate richness
calculated with hierarchical
partitioning. PCA-pc, PCA-n,
PCA-g are the first two axes of the

Principal Component Analysis 20
(PCA) from water physicochemi-

50

40

30
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cal (pc), sediment nutrients (n) 10
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environmental variables explained 17.87% of the varia-
tion of the benthic invertebrate matrix (Step 1). From
this variation, 4.31% was shared between environmental
and biotic variables. A total of 22.3% of the benthic
invertebrate variation was explained by both environ-
mental and biotic variables, whereas the amount of
unexplained variation was 77.7% (Table 4, Fig. 3).
The first two CCA axes of the relationship between
fish relative abundance and environmental variables
showed that PCA1-pc was positively associated with
the semi-protected beaches (Fig. 4). Species of the fam-
ily Gerreidae (e.g., Eucinostomus argenteus,
Eucinostomus melanopterus) were abundant in these
sites (5 and 6) and were influenced by high temperatures
and low salinity, with sediment predominated by fine

IDIHI_J )

variables, respectively g
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Table 3 Results of forward variable selection in CCA and partial
CCA (i.e. the unique effect of environmental variables) on fish and
benthic invertebrate macroinvertebrate and fish assemblages. The
values in parentheses show the percentage of the explained vari-
ance and the sum of the canonical eigenvalues. Lambda A

represents the contribution of each variable to the canonical eigen-
values. PCA-pc, PCA-n, PCA-g are the first two axes of the
Principal Component Analysis (PCA) from water physicochemi-
cal (pc), sediment nutrients (n) and sediment granulometric (g)
variables, respectively

Selected variables Lambda A P F
CCA fish (11.30%) Invert. richness 0.13 0.006 3.25
(canonical eigenvalue = 0.74) PCAl-pc 0.20 0.022 4.85
PCA2-¢ 0.11 0.016 2.75
PCAl-g 0.11 0.008 29
PCA2-pc 0.09 0.036 2.31
Partial CCA (10.01%) PCAl-pc 0.18 0.005 4.62
(canonical eigenvalues = 0.65) PCA2-n 0.15 0.026 3.72
PCA2-g 0.10 0.005 2.52
CCA invertebrate (17.9) Fish richness 0.19 0.001 791
(canonical eigenvalue = 0.69) DCAl 0.12 0.007 545
PCAl-g 0.22 0.001 9.32
PCA2-n 0.14 0.022 6.37
PCAl-n 0.12 0.001 5.49
PCA2-g 0.11 0.001 5.02
PCA2-pc 0.05 0.019 2.69
Partial CCA (13.56%) PCAl-g 0.17 0.001 7.99
(canonical eigenvalue = 0.52) PCA2-n 0.11 0.014 5.00
PCA2-¢ 0.10 0.004 4.67
PCAl-n 0.06 0.011 2.80

sand grains (PCA1-g). On the other hand, the protected
beaches (sites 3 and 4) had high PCA2-n, characterized
by high phosphorus concentration in the sediment. The
opposite of these environmental conditions prevails in
the unprotected oceanic beaches (sites 1 and 2) that had
predominance of the sparid Diplodus argenteus, the
haemulid Orthopristis ruber, and the clupeids
Harengula clupeola and Sardinella brasiliensis.

In relation to the benthic invertebrates, the semi-
protected sandy beaches (sites 5 and 6) had high
PCA2-pc and PCA1-pc, characterized by high temper-
ature, low salinity with predominance of polychaetes of
the families Syllidae and Dorvilleidae, and isopods of
the family Cirolanidae (Fig. 4). The opposition condi-
tion characterized the protected beaches (sites 3 and 4)
with high PCA2-n, PCA1-n and PCA1-g, representing
sediment rich in organic matter, organic carbon and
phosphorus with fine and very fine sediment, where
predominate Tanaidacea and polychaetes of the families
Spionidae, Sigalionidae and Ophellidae. The unprotect-
ed beaches (sites 1 and 2) had environmental conditions
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between the protected and unprotected beaches, with
predominance of polychaetes of the families Glyceridae
and Saccocirridae.

Discussion

In this study, we found no correlation between the fish
and benthic invertebrate richness in this area that repre-
sent the transition region between the tropical and sub-
tropical provinces along the South-eastern Brazilian
coast. The lack of correlations is generally attributed to
taxon specific responses to environmental gradients, and
this appears to be the case also in this study. However, it
is necessary to consider that the lack of correlation
between fish and invertebrate richness may be due to
the local scale of this study, with only six sites being
analyzed in a relatively close distance. The fish richness
was most influenced by the salinity and temperature,
and to a lesser extent by the dissolved oxygen, as
reflected in PCA1-pc and PCA2-pc, whereas the benthic
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Table 4 Percentage of the total variation of fish and benthic invertebrates showing each step of the analysis

Step Fish

1 Environmental variation

2 Biotic variation

3 Non-biotic environmental variation

4 Non-environmental biotic variation
5(1+4) Overall amount of explained variation

6 Unexplained variation

7 (5-4-3) Environmental and biotic shared variation

Step invertebrate
1

Benthic

Environmental variation

2 Biotic variation

3 Non-biotic environmental variation

4 Non-environmental biotic variation
5(1+4) Overall amount of explained variation

6 Unexplained variation

7 (5-4-3) Environmental and biotic shared variation

(0.735x100)/6.503 = 11.30%
(0.277 x 100)/6.503 =4.26
(0.651 x 100)/6.503 =10.01
(0.192 x 100)/6.503 =2.95%
11.30+2.95=14.25%
100-14.25=285.75%

1.29%

(0.685 % 100)/3.832=17.87%
(0.335x100)/3.832 =8.74%
(0.520 % 100)/3.832 =13.56%
(0.170 x 100)/3.832 =4.43%
22.3%

100-22.3% =77.7%
22.3-13.56-4.43=4.31%

invertebrate richness was mostly influenced by the sed-
iment granulometry decreasing in fine and very fine
sediment, as reflected by the physicochemical PCA1-
g. This seems to be a common finding in other biodi-
versity studies. Wolters et al. (2006), in a meta-analysis
covering 43 taxa, concluded that no taxon appeared to
be a good predictor of the richness of other taxa. In a
similar study for Mediterranean streams evaluating rich-
ness and composition of fish and macroinvertebrates,
only a weak correlation between these two groups was
found (Larsen et al. 2012). Therefore, we confirmed in
this study that the fish richness is more related to phys-
icochemical variables whereas the benthic invertebrate

Fig. 3 Partitioning of variance in 100
the taxonomic composition of fish
and benthic invertebrate with
partial CCA showing i) the 80
unexplained variation; ii) the 3
unique effect of environmental _§
variables; iii) the unique effect of g 60
biotic variables and iv) the shared ‘s
effect of environmental and biotic S
variables 'g 40
a
<
a
20
0

nicheness was more associated to sediment
granulometry, rather than physicochemical variables.
Other studies also have pointed to the importance of
the sediment on the distribution of benthic invertebrate
in sandy beaches (e.g., Lercari and Defeo 2006;
Mclachlan and Brown 2006; Defeo and Mclachlan
2011; Cardoso et al. 2012).

Regarding the agreement between the two assem-
blages, no significant correlation was found between
the fish and benthic invertebrates according to the Man-
tel and partial Mantel tests after controlling the influ-
ences of environmental variables. That is, we found no
indication of influences from one taxon on the other, or

Fish Invertebrates

O Environmental ([OBiotic MShared @ Unexplained
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Fig. 4 First two axes from CCA analysis of fish (a) and benthic
invertebrate (b) relative abundances at sand beaches in South-
eastern Brazil. Environmental variables are represented as vectors.
Species of fishes and families of benthic invertebrate abbreviations
are in Table S2 and S3 in the Supplementary Information. Sites
codes: oceanic exposed beaches: 1, Praia do Recreio and 2,

other type of interactions such as common assemblage
responses to the effects of environmental variables. In
addition, the results of CCA and partial CCA for the
relationship between each assemblage with both envi-
ronmental variables and biological variables from the
other group as explanatory variables, also showed weak
correlation. In fact, each assemblage was influenced by
different environmental variables with the effects vary-
ing at species-specific levels. Physicochemical vari-
ables, namely temperature and salinity, have been iden-
tified as important drivers of fish assemblages, whereas
sediment granulometry influenced benthic invertebrate
assemblages. Salinity and temperature are the most im-
portant predictors in the distribution of fish in estuarine
areas of temperate coastal ecosystems (Thiel et al. 1995;
Martino and Able 2003). In the tropics, salinity is one of
the most important drivers for assemblage composition
(Barletta et al. 2005), and turbidity is an essential factor
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Grumari; Protected beaches in Sepetiba bay: 3, Itacuruca and 4,
Muriqui; Semi-protected beaches in Ilha Grande Bay: 5, Sao
Gongalo and 6, Sdo Gongalinho. PCA-pc, PCA-n, PCA-g are the
first two axes of the Principal Component Analysis (PCA) from
water physicochemical (pc), sediment nutrients (n) and sediment
granulometric (g) variables, respectively

providing protection against predators (Blaber and
Blaber 1980). Aratjo et al. (2002) found that depth,
followed by transparency and salinity, were the primary
factors influencing assemblage structure in different
areas of the Sepetiba Bay, south-eastern Brazil.

It is well established that local ecological interactions
are important in shaping the local assemblages (e.g.,
Cornell and Harrison 2013). The amount of ‘strictly
biotic’ variation can be of particular importance in eco-
logical investigations when there is a strong ecological
relationship, such as prey-predator, interference or ex-
ploitation competition or other significant biotic inter-
action. Our approach of estimating biological interac-
tions by using the unique contribution of one group
(DCAL1, DCA2 and species richness) in explaining var-
iation in the assemblage of the other group, showed a
weak relationship. The influence of the benthic inverte-
brates on the fish community was very low and the
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reverse situation was similar. However, the environmen-
tal influences explained a relevant part of the variance
and were much more relevant than the biotic interac-
tions, although a large proportion of the variance was
unexplained for both taxa, suggesting that part of it was
due to nondeterministic fluctuations. The large unex-
plained variance can be attributed to stochasticity that
prevails in this type of environment and also to some
spurious effect of an extraneous variable, not included in
the model, that influence these communities. In most
studies, it is difficult to discriminate between the part
that is potentially explained and the part that is real
stochasticity (Borcard et al. 1992). However, different
patterns can be found at large scale. Highly significant
similarities in the spatial pattern of distribution of ben-
thos and fishes, despite their differences in motility and
other ecological traits was found in the Barent Sea
(Johannesen et al. 2017), with fish and benthos commu-
nities having a similar relationship to the environmental
gradients at the scale of hundreds to thousands of
kilometres.

We found, at local scale, evidence that fish and
benthic invertebrate assemblages were weakly correlat-
ed to each other and that each group responded more
strongly to different types of environmental variables
that biotic interactions. These results coincide with other
studies (e.g., Herlihy et al. 2020), in which most of the
environmental variables were related to either fish and/
or macroinvertebrates in some fashion and that the
factors involved, and the strength of the relationship,
varied between the assemblages. Although the sampled
locations are relatively distant from sources of pollution
that are common around the city of Rio de Janeiro, it is
important to keep in mind the great potential sources of
environmental degradation nearby. Sandy beach urban-
ization is an increasing phenomenon that contributes to
decreasing composition and density of benthic organ-
isms by affecting sediment characteristics and conse-
quently the macroinfaunal community (Veloso et al.
2006; Defeo et al. 2009). Main threats are linked with
the social and economic use of beaches such as, sand
nourishment to counter erosion, enrichment of coastal
waters with nutrients, the mechanical cleaning of
beaches and disturbance by tourist pressure. In cases
of degradation, the complex associations among indi-
viduals of macroinvertebrates and benthic algae re-
vealed relatively greater stability and resistance to hu-
man impacts, with faster community recovery than fish
(Qu et al. 2019). Differences in the local habitat

structure associated to environmental variables are
widely known to influence spatial distribution in biotic
assemblages (Auster et al. 2001; Cardoso et al. 2012;
Cornell and Harrison 2013; Meena et al. 2019). The type
of sediment, local geomorphology, organic input and
wave exposure are important drivers determining habitat
characteristics at local scale (within a few kilometres).
Wave exposure may have acted together with the
other factors such as the type of sediment, which tended
to be muddy in sites located in the bays, and sandy in the
unprotected oceanic beaches, a common pattern report-
ed elsewhere (e.g., Defeo et al. 2009; Di Domenico et al.
2014). In this study, the protected (sites 3 and 4) and
semi protected (sites 5 and 6) beaches inside the bays
with comparatively lesser wave exposure than the un-
protected sandy beaches (sites 1 and 2) could have
influenced the presence of different types of fish and
benthic invertebrates across the beaches. The fish spe-
cies Diplodus argenteus, Harengula clupeola,
Sardinella brasiliensis and Trachinotus carolinus were
more frequent and abundant in the unprotected oceanic
beaches, whereas Atherinella brasiliensis, Anchoa
Jjanuaria and Anchoa tricolor were common in the
protected beaches of Sepetiba Bay, and Eucinostomus
argenteus in the semi-protected beaches of the Ilha
Grande Bay. In relation to benthic invertebrates, the
family Saccocirridae occurred in high abundance in all
beaches, but predominated in the unprotected oceanic
beaches. Phyllodocidae, Syllidae and Cirolanidae oc-
curred mainly in the semi-protected beaches of the Ilha
Grande Bay, whereas Capitellidae and Tanaidacea in the
protected beaches of the Sepetiba Bay. According to
Mariani (2001), the structure of the fish assemblages
of bays and coastal areas usually reflects the physical,
geochemical and hydrological characteristics of the ar-
ea, and the distribution of the species is consistent with
the degree of marine influence in the system. Sand
movement and, potentially, the influence of adjacent
habitats (Jarrin and Miller 2016) can change local envi-
ronmental conditions of each beach having particular
influence on habitat structure that determine and dis-
criminate the community structure (Bally 1983; Aratijo
et al. 2002; Cardoso et al. 2012; Cornell and Harrison
2013). Di Domenico et al. (2009, 2014) and Cardoso
et al. (2012) observed the dominance of a family of
polychaetes in coarse-grained coastal environments.
Fish distribution data (species or communities) have
been used as a proxy for habitat distribution to develop
precautionary conservation strategies for habitat
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protection (e.g., marine protected areas, restrictions on
fishing gear) (Auster et al. 2001; Aratjo et al. 2017).
However, other taxonomic groups are neglected despite
the importance for the overall functioning of the eco-
system. For example, Aratjo et al. (2017) and Gomes-
Gongalves et al. (2020) evaluated the temporal changes
of the ichthyofauna in Sepetiba Bay and observed con-
trasting differences in composition and abundance over
time. However, the temporal variations of other taxo-
nomic groups (e.g., benthic invertebrates) that could be
associated with the ichthyofauna were not investigated.
It is not an easy task to assess different taxonomic
groups and their biotic and environmental constraints
that are relevant in an ecological study. The amount of
unexplained variation when considering biotic and en-
vironmental predictors are proportionally high. Howev-
er, such predictors can still be considered as important
factors in structuring the assemblages of fish and benthic
invertebrates.

Our study showed that fish and benthic invertebrates
are influenced by different environmental variables in
tropical sandy beaches and no significant correlation
was found between these two taxonomic groups. These
results contribute to a better understanding of the func-
tioning of sandy beaches, encompassing two important
components of the biotic community and providing
ecological information that are complementary and that
can assist in conservation measures. Thus, the present
study provides baseline information on assemblage pat-
terns of fish and benthic invertebrates in tropical sandy
beaches that would help in policies for sustainable man-
agement of these aquatic resources.
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