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Abstract

Multiscale processes through dynamic boundaries drive the local contributions (LCBD; uniqueness in species composition
and abundance) and species contributions (SCBD; individual species abundance variation) to fish beta diversity in coastal
seascapes. We partitioned LCBD into LCBDyg, (replacement) and LCBD ¢ (abundance difference), and used model-
based approaches to investigate whether seascape size influences environmental and spatial drivers of LCBD, and effects of
species (distribution, prevalence, and coastal dependence) on SCBD. Three large bays (bay level) and three zones per bay
(zone level), southeastern Brazil, were seascape models during 1 year. At the bay level, more locations had higher LCBD,
related to species composition, lower water transparency, and much less to flood/high tides and higher number of estuaries.
LCBDg,, Was also prevalent and stronger positive effects of transparency and mangrove cover reinforced the importance
of environmental filtering and alternative habitats driving local contributions to replacement processes in larger seascapes.
Species richness influenced positively LCBD primarily at the zone level, and negative effects of vegetal cover and primarily
human settlements suggested species loss under lower heterogeneity. Also, more similar LCBDg,, and LCBD ;¢ evidenced
the increasing local contributions to abundance differences in smaller species pools. At both levels, larger- and finer-scale
spatial effects evidenced possible influences of dispersal and biotic interactions, respectively, on LCBDg,,, and LCBD g
SCBD was positively related to species prevalence at locations and distribution at both levels. Therefore, multiscale mecha-
nisms dependent and irrespective of seascape size support the critical importance of habitat availability, complexity, and
variety to beta diversity of coastal fishes.

Keywords Beta diversity - Scale dependence - Coastal fish - Assembly processes - Spatial heterogeneity - Multiscale
environmental gradients

Introduction

Coastal ecosystems (e.g., estuaries, mangroves, seagrass
beds, and coral reefs) are critical components of seascapes,
spatially heterogeneous areas with complex arrangements
of marine and brackish habitat patches, highly connected
P4 Francisco Gerson Aradjo by ecological processes at multiple spatial and temporal
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and resource availability provide high-quality areas for
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primarily related to land-based pollution, frequently con-
sumed in mesopelagic food webs or deposited thousands of
kilometers away, besides structural changes along the shore-
line, overfishing, and ship/boat traffic (Baztan et al. 2014;
Hilborn 2016; Schulz et al. 2020). Therefore, the manage-
ment of coastal resources must consider multiscale ecologi-
cal processes driving local contributions to biodiversity pat-
terns and ecosystem functions and services within seascapes
(Cardinale et al. 2012; Annis et al. 2017).

Highly dynamic boundaries and features support the
intense energy flow and exchange of species, nutrients, and
other materials between coastal habitats, whereas the static
location favors land-based processes (Sheaves 2009; Hazen
et al. 2013). Therefore, the spatial and temporal contexts of
marine and freshwater influences may be more relevant to
shape biodiversity patterns in coastal seascapes than habi-
tat type (Neves et al. 2016; Bradley et al. 2019). The sea-
scape composition (i.e., the abundance and variety of habitat
patches) and configuration (i.e., the spatial arrangement of
patch types), in turn, are stronger drivers of biodiversity in
areas with exceptionally high spatial heterogeneity (Hen-
derson et al. 2017; Camara et al. 2019). These areas include
large tropical bays, complex ecosystems under gradients of
riverine vs. marine influences that harbor a great variety
of habitats (e.g., estuaries, mangroves, and sandy beaches)
(Kjerfve et al. 1997). In this scenario, biodiversity is a pri-
mary result of ecological processes associated with local
environmental conditions and the connectivity between
alternative habitats (van Lier et al. 2018; Rodil et al. 2021).
These relationships are also dependent on the spatial and
temporal scales in which key ecological processes (e.g., spe-
cies movement and nutrients flow) operate (Sheaves 2009;
Camara et al. 2021). Disentangling the spatial and temporal
scales and contexts in which environmental changes impact
biodiversity components is, therefore, an essential step to
set conservation aims based on the structural complexity of
habitats and seascapes.

Fishes can connect food webs in different ecosystems
depending on specific dispersion capabilities and habitat
requirements associated with the life cycles of individu-
als (Vinagre et al. 2011). Some fish species complete their
life cycles at a given habitat patch, whereas others spend
only particular stages in coastal ecosystems, performing
ontogenetic and seasonal migrations between the coast and
the ocean (Potter et al. 2015; Andrade-Tubino et al. 2020).
The highly dynamic boundaries in pelagic systems favor
otherwise the occurrence of numerous rare marine-origin
species, which may lead to the prevalence of random assem-
bly processes (Ford and Roberts 2018; Aradjo et al. 2019).
Therefore, specific differences in the habitat use modu-
late the effects of local habitat quality and availability of
alternative habitats on fish diversity (Vargas-Fonseca et al.
2016; Henderson et al. 2020). In this sense, convergences in
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environmental tolerances, habitat requirements, and disper-
sal capabilities of fish species sharing the habitat use may
reveal multiscale mechanisms related to the contributions of
local assemblages to spatial and temporal diversity patterns
in seascapes (Potter et al. 2015; Camara et al. 2020).

Beta diversity measures are a result of joint contributions
of assemblages in localities and/or temporal intervals, and
individual species to the overall variation (Anderson et al.
2011). Mechanisms promoting beta diversity patterns in
seascapes can, therefore, be assessed by local contribution
(LCBD) and species contribution to beta diversity (SCBD)
(Legendre and Caceres 2013). LCBD expresses the unique-
ness of habitat patches in terms of species composition (and
abundance), and may be indicative of local contributions
to species replacement and richness/abundance differences
(Legendre 2014). SCBD, in turn, expresses the occur-
rence/abundance variation of individual species within the
seascape (Legendre and Caceres 2013). This approach is
especially interesting in the face of increasing processes of
homogenization, with human-related environmental changes
(e.g., habitat degradation, Gomes-Gongalves et al. 2020;
urbanization and landscape transformation, Henderson et al.
2020; rising ocean temperatures, Magurran et al. 2015; and
changes in upwelling regimes, Wang et al. 2015) reducing
differences between coastal fish assemblages in multiple spa-
tial and temporal scales. Beta diversity in coastal seascapes
is also influenced by natural processes that promote spatial
and temporal heterogeneity, such as environmental gradients
(e.g., Chin et al. 2018), population processes (e.g., Krueck
et al. 2020), and biotic interactions (e.g., Mouchet et al.
2013). These multiple influences frequently produce spatial
and temporal structures due to the non-random organization
of local assemblages arising from unaccounted ecological
processes at multiple scales (Dray et al. 2006; Dornelas et al.
2014). Therefore, disentangling multiscale environmental,
spatial and temporal effects on both LCBD and SCBD may
reveal critical mechanisms driving fish diversity patterns in
coastal seascapes.

We assessed multiscale environmental and spatial drivers
of LCBD and SCBD in tropical coastal seascapes using three
large bays in southeastern Brazil as models during 1-year
period. Beta diversity was partitioned into LCBD and SCBD
at the bay and zone levels (i.e., within each bay and each
zone per bay, respectively) (Legendre and Caceres 2013).
For each hierarchical level, we also partitioned beta diversity
into abundance-based replacement and abundance difference
components, and assessed LCBDs for each assembly pro-
cess (Legendre 2014). Besides differences in spatial extents
(seascape size), the two hierarchical levels include marked
gradients of conservation and marine vs. freshwater influ-
ences (Camara et al. 2019, 2020). We considered that larger
seascapes encompass higher environmental heterogeneity,
providing more alternative habitats and niche opportunities
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for different species (Messmer et al. 2011; Massicotte et al.
2015). Furthermore, hierarchical environmental gradients
gradually select species from the regional pool to local
assemblages, whereas the interplay between landscape pro-
cesses and local environmental conditions, including biotic
processes at fine spatial scales, shape diversity patterns from
local to larger scales (Mouchet et al. 2013; Camara et al.
2020). We, therefore, hypothesized that (1) more locations
and species have higher overall LCBD and SCBD, respec-
tively, at the bay level. Also, (2) climate and ocean condi-
tions and spatial structures at larger scales influence LCBD
indices primarily at the bay level, whereas landscape fea-
tures, local habitat quality, spatial structures from intermedi-
ate to finer scales, and spatial and temporal variation in fish
assemblage structure influence LCBD indices primarily at
the zone level. Considering the largely shared regional pool
of fish species in the study area (Reis et al. 2016; Aradjo
et al. 2018), we also hypothesized (3) higher local contri-
butions to abundance differences than replacement at both
levels, and (4) higher SCBD for species more dependent
on coastal habitats and more widespread. This study aimed
at identifying multiscale mechanisms supporting critical

contributions of locations and species to fish diversity in
tropical coastal seascapes.

Materials and methods
Study area

The Ilha Grande, Sepetiba, and Guanabara bays are three
large tropical seascapes sequentially distributed over
a 150 km extent on the coast of the Rio de Janeiro state,
southeastern Brazil (Fig. 1a, b). The average annual tem-
perature is 22 °C and total annual rainfall ranges from 1000
to 1600 mm, peaking from October to March (Alvares et al.
2013). Spring (September—November) and summer (Decem-
ber—February) constitute wet seasons, whereas autumn
(March—May) and winter (June—August) are primarily dry
seasons (CPTEC/INPE 2020).

Ilha Grande bay is a largely open system with approxi-
mately 1150 km? of surface area, and a highly jagged shore-
line and numerous islands that protect some areas from the
open sea (Fig. 1b). These features most likely support the
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Fig. 1 Location of (a) the tropical seascapes in the Rio de Janeiro
State, southeastern Brazil, and (b) sampling locations (circles) in the
Inner, Middle, and Outer zones of Ilha Grande (dark green), Sepetiba
(brown), and Guanabara (dark gray) bays. The buffer areas consid-

ered for each sampling location to obtain the metrics representative
of (¢) hydrological features (5 km radius buffer) and (d) land use and
cover (200 m radius buffer)
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slight variation in the marine influence in this bay, also char-
acterized by extensive native forest cover and several con-
servation areas (Camara et al. 2020). The input of domestic
sewage is primarily restricted to localities near summerhouse
settlements, but the bay is surrounded by a nuclear power
plant, private marinas, a port area, and a large oil terminal
(Teixeira-Neves et al. 2015). The riverine input consists of
several small watersheds due to the predominance of coastal
mountains that reach the coastline (Guerra and Soares 2009).
Consequently, sand bottoms associated with rocky shores
and shallow waters (< 8 m) are the main physiographic fea-
tures (Teixeira-Neves et al. 2015).

Sepetiba bay is a semi-enclosed ecosystem with about
545 km? of surface area and a narrow sandy barrier in its
southern portion (Fig. 1b). The system is connected to the
open sea by a 12 km wide channel in the west, and much
less in the east, by a small inlet, shallow and with extremely
reduced water flow going through mangrove forests (Fig. 1b;
Molisani et al. 2004). The bay has also other types of native
forest, and primarily both mud and sand flats, and to a lesser
extent rocky shore habitats (Camara et al. 2020). In the last
century, structural changes in large rivers have increased
sedimentation rates in the bay, and the fast growth of urban,
industrial, and cultivation areas has increased loads of
organic and industrial effluents primarily in the last decades
(Molisani et al. 2004, 2006). More recently, the inner por-
tions of the bay (east side) suffered large structural changes
in the shoreline to harbor a large cargo port terminal, a steel
company, and a terminal for submarines (Aradjo et al. 2016).
Temporal decreases in species richness and abundance also
evidence impacts of overfishing (Aradjo et al. 2016).

Guanabara bay constitutes an iconic landscape in the Rio
de Janeiro state, with high-density human settlements over
a stunning scenario of escarpments, hills, fluvial and marine
coastal plains, beaches, and coastal lagoons (Soares-Gomes
et al. 2016). This highly industrialized metropolitan area
has gas and oil terminals, and two large ports (Fistarol et al.
2015). A large highway bridge crosses the bay, which har-
bors navy bases and the heavy traffic of ferries, fishing boats,
and yachts (Kjerfve et al. 1997). The bay has approximately
405 km? of surface area, the innermost location is 35 km
distant from the open sea, and the inner portion is much
wider (19 km mean wide) than the middle-outer portion (10
km mean wide) (Fig. 1). This gradual tapering results in a
narrow entrance (1.6 km wide) and shallow depths (< 10 m),
which limit water circulation and enhance influences of tides
and winds, especially in the inner portions (Kjerfve et al.
1997). Consequently, the fluvial and marine sediments are
not evenly distributed, and the sandy substrate is abruptly
replaced by muddy substrate from areas closer to the sea
to intermediate-inner portions (Baptista-Neto et al. 2006).
Water quality is also lower primarily in these portions due
to the dense drainage basin with numerous rivers, streams,
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and channels highly polluted with industrial and domestic
effluents (Fistarol et al. 2015). Regardless of intense human
pressures, the bay still harbors extensive mangrove areas and
smaller patches of native forest (Camara et al. 2020).

Decreasing degrees of conservation and marine influence,
and increasing human impacts and freshwater influence are
observed primarily from the Ilha Grande to the Guana-
bara bay, but also between different zones within the bays
(Camara et al. 2019; 2020). We, therefore, considered three
major zones in each bay, as follows: (1) Inner zone, area
more protected from the open sea and under higher land-
based influences (e.g., riverine input, pollution, and changes
in the coastal landscape); (2) Middle zone, a transition area
less sheltered from the open sea, but still under high land-
based influences; and (3) Outer zone, area closer to the open
sea and under higher marine influence (e.g., ocean currents,
waves, and euhaline ranges of salinity).

Fish sampling

Sampling was performed bimonthly during seven periods
between September 2017 and September 2018 in the Ilha
Grande, Sepetiba, and Guanabara bays (Fig. 1b). For each
bay and period, sampling was performed at three locations
per zone (i.e., Inner, Middle, and Outer) (Fig. 1b). However,
different sets of locations were sampled in each period to
better consider the environmental heterogeneity intrinsic to
each seascape and identify critical locations for fish diver-
sity. Therefore, we sampled 17 locations in the Ilha Grande
bay and 15 locations in the Sepetiba bay. In the Guanabara
bay, for logistic reasons, sampling was always carried out
at the same locations. A total of 191 samples were obtained
at the sampling locations (3 locations X 3 zones X 3 bays X 7
periods + 2 locations). The two additional locations are situ-
ated in the ITha Grande bay, and one was sampled in Novem-
ber 2017 and another in March 2018.

Each sample included three replicates per location. For
each replicate, fishes were collected on the shore (< 1.5 m)
with a beach seine net (12X2.5 m; 5 mm mesh size) drag-
ging perpendicular to the shoreline (30-m long), and cover-
ing a swept area of about 300 m. Fishes were fixed in 10%
formalin, and after 48 h preserved in 70% ethanol. All fishes
were identified to the species level as described in Aradjo
et al. (2018), and voucher specimens were deposited in the
Ichthyological Collection of the Laboratério de Ecologia de
Peixes of the Universidade Federal Rural do Rio de Janeiro.

Local habitat quality

Habitat quality included physicochemical parameters and
substrate measures recorded at each location concurrently
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with fish sampling. Salinity, pH, and temperature (°C)
were obtained with a HANNA HI 9829 multiprobe
(HANNA Instruments, Sdo Paulo, Brazil), and depth (cm)
was measured with a Speedtech model SM-5 digital probe
(Speedtech Instruments, Great Falls, Virginia). Transpar-
ency (%) was measured with a Secchi disk and calculated
as a percentage of Secchi depth/depth. Substrate type was
classified considering the occurrence of clay + silt, fine
sand, medium sand, coarse sand, gravel, and rocky bot-
tom, estimated by visual census at three sampling points
(I m and 0.5 m depth, and at the spread washing zone)
within the area of approximately 300 m? covered by the
fish sampling. The classification was based on the scale
defined by the granulometric analysis described in Camara
et al. (2019). Substrate type was scored from 1 (clay + silt)
to 6 (rocky bottom) and calculated as the mean value per
location.

Ocean and climate conditions

The tide variation was observed during the sampling pro-
cedures at each location, and classified as flood, high, ebb,
or low tide. Tidal phase was then scored from 1 (flood/
high tide) to 2 (ebb/low tide). Likewise, the moon phase
was firstly classified as third quarter, new, first quarter, and
full, and then scored as 1 (first/third quarter) and 2 (new/
full), considering its weaker and stronger influences on the
intensity of tidal regimes, respectively.

The accumulated rainfall (mm) expressed the rainfall
amounts observed 15 days before fish sampling at each
location and period. We considered this interval due to
the large differences in the water renewal time between the
three systems, which may vary from weeks to months in
the different areas of the Guanabara bay, and be relatively
rapid in the other bays, especially in the outermost areas
(Pinto et al. 2017; Andrade et al. 2019). The accumulated
rainfall values were obtained from the Instituto Nacional
de Metereologia website, considering the nearest weather
stations to the sampling locations (INMET 2020). In the
IlTha Grande bay, accumulated rainfall was obtained at
the Angra dos Reis station and the Paraty station, about
1.3 km and 2.1 km from the coastline, for locations in the
Inner and Outer zones, respectively. For locations in the
Middle zone, accumulated rainfall was the mean values
recorded at the two stations. In the Sepetiba bay, accumu-
lated rainfall was obtained at the Marambaia station, about
2 km from the coastline in the Inner zone and 46 km from
the most distant location in the Outer zone. In the Guana-
bara bay, accumulated rainfall was obtained at the Niteroi
station, about 1 km from the coastline, for locations in the
Inner and Middle zones, and the Copacabana station, about
4.5 km from the coastline, for locations in the Outer zone.

Landscape and seascape features

Metrics representative of landscape features and seascape
configuration were obtained using a geographic informa-
tion system (QGIS Development Team 2018). The geo-
processing procedures used vectorial layers of hydrogra-
phy and land use/cover (1: 25,000 scale; 2018) provided
by a partnership between the Instituto Brasileiro de Geo-
grafia e Estatistica (IBGE) and the Secretaria de Estado do
Ambiente do Estado do Rio de Janeiro (SEA-RJ) (Portal
GeoINEA 2020).

For each location, geographical coordinates were
obtained during field sampling with a handheld GPS
Garmin eTrex 10 (Garmin International, Inc., Olathe, Kan-
sas, USA). Metrics of land use/cover were firstly obtained
as the areas (kmz) of native forest cover, pasture cover, and
human settlements within a 200 m radius buffer from the
GPS coordinates of each location, and then calculated as
a percentage of the buffer area (Fig. 1d). In the three bays,
the distance of 200 m separate most locations within the
same zone, including those locations sampled in different
periods. Furthermore, previous studies revealed important
effects of landscape metrics obtained within this radius on
the fish assemblage structure in the studied systems (Camara
et al. 2019, 2020). We, therefore, considered 200 m buffers
to assess the landscape heterogeneity primarily related to
each location.

Drainage density (km™') was calculated as the total length
of streams and rivers (km) within a 5 km radius buffer from
the GPS coordinates of each location (Fig. 1¢). The distance
of 5 km corresponds to approximately the shorter distance
between locations in different zones within the same bay,
and we considered this radius to assess the major effects
related to the marine and freshwater gradients that distin-
guish zones (Aratjo et al. 2002, 2017).

Metrics of seascape configuration were representative
of the availability of alternative habitats for local assem-
blages. We considered metrics within 5 km radius buffers
for estuaries and rocky shores, habitats largely distributed
and strongly associated with the levels of marine vs. fresh-
water influences that distinguish zones (Camara et al. 2020).
For each location, nearby estuaries were considered as the
total number of estuaries within a 5 km buffer, whereas the
availability of rocky shores was calculated as a percentage
of the total area of rocky shores (km?) by the buffer area.
Mangroves provide more complex habitats and resources for
fish refuge (Whitfield 2017), but have more restricted extent
and distribution due to the specific environmental conditions
required to develop and heavy human pressures (Giri et al.
2011). Therefore, to assess the influence of mangroves on
the ecological uniqueness of each location, we obtained the
total area (km?) within a 200 m radius buffer, and calculated
the mangrove cover as a percentage of the buffer area.
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Spatial structures

Multiscale spatial variables were obtained by a principal
coordinates of neighbor matrices analysis (PCNM; Borcard
and Legendre 2002; Borcard et al. 2004). Spatial variables
explaining the local contribution to beta diversity in further
analyses were representative of spatial structures expressing
the strength of the spatial autocorrelation in the response,
i.e., how much localities close together are ecologically
similar due to unmeasured intrinsic processes of communi-
ties, such as biotic interactions (finer scales) and dispersion
(larger scales) (Dray et al. 2006). The PCNM used a distance
matrix based on pairwise aquatic distances between the 41
sampling locations to decompose the original distances in
eigenvectors that represent new independent spatial vari-
ables (Borcard et al. 2004). Only PCNM eigenvectors with
positive eigenvalues were considered as possible proxies of
spatial structures over the spatial range included in the data
set (Borcard and Legendre 2002). The first PCNM axis (S1)
represents the spatial structure at the broader spatial scale
and the last one (S25) the finest spatial scale. Therefore,
each spatial variable may be indicative of unmeasured pro-
cesses structuring local fish assemblages at a given spatial
scale. We then arbitrarily defined the ranges of spatial scales
encompassing the spatial variables: larger scales (S1-S8),
intermediate scales (S9-S16), and finer scales (S17-S25).
The analysis was performed in the R environment (version
3.6.3; R Core Team 2020) using the package ‘vegan’ (ver-
sion 2.5-6; Oksanen et al. 2019).

Fish assemblage metrics

The spatial and temporal variations in the abundances of
individual species between samples were assessed and con-
trolled by model-based Bayesian ordinations using latent
variable models (Hui et al. 2015). Model-based approaches
are regarded as multivariate extensions of generalized linear
(mixed) models (Hui et al. 2015; Warton et al. 2015). The
method can handle to non-normal distributions and explic-
itly model the strong mean—variance relationship typical of
count data, controlling for confounding effects of location
(mean abundance) and dispersal (variance) (Bolker et al.
2009; Warton et al. 2012). Therefore, the model-based
ordination allows disentangling of species-level from assem-
blage-level effects.

We fitted two pure latent variable models in the R environ-
ment (version 3.6.3; R Core Team 2020) using the package
‘boral’ (version 1.9; Hui 2016, 2020). Modeling was per-
formed on the n X p species data (p = 127 species and n =191
samples), where rows i = 1, ..., n are samples and columns
j=1,...,pare species, assuming Poisson counts for species,
and including two latent variables (z;) and a fixed row effect
(o) (Hui 2016). For each sample, the latent variables are a pair
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of coordinates representing the position of the sample in the
two-dimensional ordination (Hui et al. 2015). The row effect
allows to construct an ordination in terms of species composi-
tion rather than sample total abundance (Hui et al. 2015). In
our study, each sample was obtained at a single location per
period, and different periods may represent a same season.
We then included row effects for location and season due to
their stronger influences on the occurrence and abundance of
individual species (Andrade-Tubino et al. 2020). Therefore,
we performed two independent unconstrained analysis, with
a fixed row effect for location or season, to obtain latent vari-
ables representative of the residual variation after controlling
for these spatial and temporal influences, respectively, as
follows:

T
log(u,-j) = Cfiyeqp) HOj +2z; X 0j1 +27p X Gﬂ = Gfedr T 90/- +z; 9/-,

where y;; is the mean response at sample i for species j,
Upiveariy 18 @ vector denoting the fixed row effect (location or
season) applied to the sample i, 6, is the species-specific
intercept, z; = (z;,2,,)" is a vector of two latent variables, and
0, = (0, GjZ)T are the corresponding species-specific coeffi-
cients (Hui 2016). The means of the posterior distributions of
the latent variables were included in the following analyses
as proxies of species composition in assemblages after con-
trolling for the effects of localities (LV1(Lo), LV2(Lo)) and
seasons (LV1(Se), LV2(Se)). Likewise, the species-specific
coefficients were included as proxies of the unconstrained dis-
tributions of individual species after controlling for the effects
of localities (Sp_c1(Lo), Sp_c2(Lo)) and seasons (Sp_c1(Se),
Sp_c2(Se)). We used the default methods described in Hui
(2016), with the estimations for both models performed using
a Bayesian Markov Chain Monte Carlo (MCMC) method via
JAGS (version 4.3.0; Plummer 2003). We ran a single chain
with 40,000 iterations, a burn in of 10,000, and a thinning fac-
tor of 30, and used weakly informative priors to stabilize the
MCMC sampling and prevent it from sampling excessively
large coefficients (Hui 2016).

Species richness was calculated as the number of species
per sampling unit (i.e., location per period), and used as a sur-
rogate for species diversity to reduce the influence of spatial
and temporal variations in the relative abundance on the spe-
cies prevalence. The calculation was performed in the R envi-
ronment (version 3.6.3; R Core Team 2020) using the package
‘vegan’ (version 2.5-6; Oksanen et al., 2019). We also calcu-
lated the prevalence of individual species in the seascape as the
number of locations in which each species occurred per zone
and bay during the sampling periods.

Habitat use groups

The coastal habitats in our study have environmental differ-
ences primarily related to gradients of marine vs. freshwater
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influence (Camara et al. 2020). Species were then assigned
to estuarine habitat use groups based on the functional guilds
proposed by Potter et al. (2015), complemented by specific
information for the study area (Aratjo et al. 2016; Andrade-
Tubino et al. 2020). We, therefore, used ecological infor-
mation primarily at the family level to classify species into
seven habitat use groups expressing the degree of depend-
ence on estuarine habitats (Table S1). Very high depend-
ence: (1) estuarine group, species that spend the life cycle
entirely or primarily in estuaries; and (2) marine estuarine-
dependent group, marine species that require estuarine hab-
itats during the juvenile life. High dependence: (3) semi-
anadromous group, species that spend most of the life cycle
in the sea and migrate to the upper portions of estuaries to
spawn; and (4) semi-catadromous group, species that spend
most of the life cycle in freshwater and migrate to the lower
portions of estuaries to spawn. Intermediate dependence: (5)
marine estuarine-opportunist group, marine species typically
euryhaline that frequently enter estuaries in large numbers,
especially in the juvenile life, but use coastal marine areas
as alternative nursery areas. Low dependence: (6) marine
straggler group, species that are stenohaline and occur in low
numbers in estuaries; and (7) freshwater species, species that
occur in low to high numbers in upper estuarine areas, but
may spend the entire life cycles in freshwater environments.

Localities and species contributions to beta
diversity

Beta diversity expressed a non-directional variation between
sampling units at the zone and bay levels (Anderson et al.
2011). Considering that each sampling unit was a single
location in a given period and different sets of locations
were sampled in each period, we calculated beta diversity
separately for the seven periods per bay (bay level) and zone
within bay (zone level) to obtain balanced estimates. There-
fore, for each period, we first Hellinger-transformed the
location-by-species abundance matrix, and then calculated
the total beta diversity, the local contribution to beta diver-
sity (LCBD), and the species contribution to beta diversity
(SCBD) as proposed by Legendre and De Carceres (2013).
We also assessed the LCBD based on the contributions of
the abundance-based replacement (LCBDg,,,) and abun-
dance difference (LCBD ;) components of beta diversity
(Legendre and De Cérceres 2013; Legendre 2014). Likewise,
for each period at the bay and zone levels, we first calculated
the pairwise total beta diversity and the replacement and
abundance difference components, based on the abundance-
based Sgrensen index, as described in Legendre (2014). The
abundance-based replacement expressed the replacement of
individuals of some species by the same number of individu-
als of different species between pairs of locations, whereas

the abundance difference referred to the individuals that are
not involved in replacement (Legendre 2014).

LCBD, LCBDg,,; and LCBD ¢ values expressed the
ecological uniqueness of individual locations per period in
terms of species composition and abundance, abundance-
based replacement and abundance difference, respec-
tively (Legendre and De Carceres 2013; Legendre 2014).
Large LCBD values may be indicative of high-diversity
or extremely species-poor locations, and thus concomitant
assessment of LCBDg,,; and LCBD ;g allows to eluci-
date how different assembly processes contribute to the local
uniqueness (Legendre 2014). All LCBD indices vary from
0 to 1, for locations that contribute less and more than the
mean to the overall variation (i.e., beta diversity), respec-
tively (Legendre and De Carceres 2013). SCBD values, in
turn, expressed the degree of variation in the abundances
of individual species in the set of sampling locations per
period, varying from O to 1, for species that have smaller and
larger contributions to beta diversity, respectively (Legendre
and De Cérceres 2013). All calculations were performed in
the R package ‘adespatial’ (version 0.3—8; Dray et al. 2020),
following the mathematical procedures described in Leg-
endre and De Carceres (2013).

Statistical modeling

For each period, the strength of the overall LCBD patterns at
the bay and zone levels was tested separately within each bay
and zone per bay, respectively, by independent permutations
within the columns of the location-by-species abundance
matrix, while preserving the species abundance distribu-
tions (Legendre and De Carceres 2013). P values <0.05
were indicative of non-random patterns.

We modeled the responses of LCBD, LCBDg,.
LCBD,ypi, and SCBD, at the bay and zone levels, to
multiscale environmental effects and spatial and temporal
structures using beta regression (BR) and generalized linear
mixed models (GLMMs) specifying the Beta distribution
for the response variables (Cribari-Neto and Zeileis 2010;
Brooks et al. 2017). Beta distribution can accommodate
several shapes and is therefore flexible to model continu-
ous variables ranging between 0 and 1, which are typically
heteroskedastic and asymmetric (Ferrari and Cribari-Neto
2004). Both BRs and GLMMs used a logit-link function to
relate the expected values of responses to linear predictors
(Gelman and Hill 2007; Bolker et al. 2009).

Prior to models fitting, the environmental variables were
centered and standardized to improve the parameter esti-
mates and for fitting comparable models (Schielzeth 2010).
The habitat use was included as a dummy variable with the
estuarine group as the reference level. For LCBD indices
and SCBD, at each hierarchical level, we calculated the
variance inflation factor (VIF) for each predictor variable in
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«Fig.2 Local contribution to beta diversity (LCBD) per bay (left
panel) and zone (right panel) of sampling locations in the Ilha Grande
(dark green), Sepetiba (brown), and Guanabara (dark gray) bays.
Numbered locations in the Inner (1-3b), Middle (4-6b), and Outer
(7-9b) zones of the bays have higher LCBD and stronger evidence for
non-random patterns based on the permutation tests

full models (i.e., including all predictors; Table S2) to avoid
multicollinearity (Zuur et al. 2010). For all cases, almost all
variables had VIF <2, and none had VIF >4, which is indic-
ative of negligible multicollinearity (Zuur et al. 2010). We
then performed a variable selection using a forward stepwise
procedure based on the corrected Akaike information crite-
rion (AICc) (Li et al. 2020). At each step, the procedure fits
a least square regression for each possible combination of
all predictors and add a variable to the final model based on
the lowest AICc value. The selection stops when the number
of parameters increases and no information is added. For
LCBD indices, all procedures were performed separately
for models including only environmental effects and models
including both environmental and spatial effects, resulting in
two final models per hierarchical level. For SCBD, the pro-
cedures were performed once for each hierarchical level and
included metrics representative of the species dependence
on coastal habitats, the spatial and temporal distribution of
individual species, and their prevalence in the seascape.

All selected variables were included as fixed effects in
full GLMMs, with models specified for responses of LCBD
indices and SCBD including random effects to control for
possible influences of the hierarchical structure (i.e., loca-
tions, zones, bays, and nested effects of locations within
zones and bays, and zones within bays) and season, and
species identity, respectively (Bolker et al. 2009). First, we
applied a model selection procedure based on the AICc to
compare full models with different combinations of random
effects and select the optimum random structure for the
responses of LCBD, LCBDg,,;, LCBD,pig, and SCBD at
each hierarchical level (Burnham and Anderson 2002). For
LCBD indices, each candidate GLMM included a possible
combination of random effects (i.e., hierarchical structure
and/or season). The full GLMM:s explaining the responses of
SCBD included a random effect for species identity at both
the bay and zone levels. For all cases, the set of candidate
models also included full BR models (i.e., models with no
random effects).

In a second step of the model selection, an automated
procedure using the best full model (i.e., GLMM or BR)
as a start point was used to obtain the submodels with the
most parsimonious combinations of fixed effects (Barton
2020). In all steps, candidate models were ranked accord-
ing the AICc weight (wi) and all models with AAICc <2
were selected for interpretation (Burnham and Anderson
2002; Wagenmakers and Farrell 2004). The goodness-of-fit

of each selected model was indicated by the squared correla-
tion between the response and the predicted value based only
on the fixed effects included in the model (r2 ), and both the
fixed and random effects included in the model (> f+ ).

We used model averaging to obtain inferences across
the selected models to explain LCBD indices and SCBD
by model-averaged parameter estimates and the associated
confidence intervals (Burnham and Anderson 2002). There-
fore, the approach estimated the strength of environmental
and spatial effects based on their contributions to the average
model. A parameter was informative if the 95% confidence
interval did not overlap zero. The relative variable impor-
tance (RVI) for the parameter estimates in the average model
was calculated by summing the wi of the selected models
recalculated without the other candidate models (Burnham
and Anderson 2002).

All analyses were performed in the R environment (ver-
sion 3.6.3; R Core Team 2020) with the packages ‘adespa-
tial’ (version 0.3-8; Dray et al. 2020), ‘car’ (version 3.0-10;
Fox and Weisberg 2019), ‘Ime4’ (version 1.1-26; Bates et al.
2015), ‘betareg’ (version 3.1-3; Cribari-Neto and Zeileis
2010), ‘glmmTMB’ (version 1.0.2.1; Brooks et al. 2017),
‘StepReg’ (version 1.4.1; Li et al. 2020), ‘MuMIn’ (version
1.43.17; Bartori 2020), and ‘ggcorrplot’ (version 0.1.3; Kas-
sambara 2019).

Results
Scale-dependent patterns of LCBD

LCBD varied between the sampling periods at both the bay
and zone levels (Fig. 2a—0). In the Ilha Grande bay, based
on the permutation tests per bay and zone in each bay, more
locations had non-random LCBD values higher than most
locations at the bay level, whereas one location in the Mid-
dle zone and another in the Outer zone had higher values
at both hierarchical levels (p values <0.05; Fig. 2a—0). The
opposite was observed in the Sepetiba bay, with more loca-
tions exhibiting higher non-random LCDB at the zone level
(p values < 0.05; Fig. 2a—0). Three locations in the Sepetiba
bay, two of them in the Inner and one in the Outer zone,
had higher LCBD than most locations at both hierarchical
levels (p values < 0.05; Fig. 2a—0). In the Guanabara bay,
more locations had higher non-random LCBD at the bay
level, and three locations, one in each zone, had higher val-
ues at both hierarchical levels (p values <0.05; Fig. 2a—o).
Therefore, in all bays, the non-random contributions of some
locations to beta diversity, primarily in the Outer zone, was
not dependent on the seascape size. Likewise, marked differ-
ences between bays were primarily related to LCBD values
in their respective zones.
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At the bay level, also considering the non-random pat-
terns, LCBD was generally higher in the Guanabara bay,
followed by the Sepetiba and Ilha Grande bays (Fig. 2, left
panel). In the Guanabara bay, the highest LCBD varied over
time between a set of six locations, primarily in the Inner
zone, but also in the Middle and Outer zones (Fig. 2, left
panel). The highest LCBD also varied between a set of five
locations primarily in the Inner zone of the Sepetiba bay
(Fig. 2, left panel). Only one location had higher LCBD
during one sampling period (autumn) in the Outer zone of
the Sepetiba bay, whereas one location in the Inner zone had
higher LCBD over almost the entire annual cycle (Fig. 2,
left panel). In the Ilha Grande bay, the highest LCBD also
varied between a set of six locations, but in the Middle and
Outer zones, with values slightly higher in the former zone
(Fig. 2, left panel).

Based on the non-random patterns, at the zone level,
LCBD was higher in the Sepetiba bay than the Guanabara
and Ilha Grande bays (Fig. 2, right panel). The highest
LCBD varied between sets of seven, four and two locations
in the Sepetiba, Guanabara, and Ilha Grande bays, respec-
tively (Fig. 2, right panel). In the Sepetiba bay, these loca-
tions were more equally distributed between zones compared
with the other bays (Fig. 2, right panel). A similar trend
was observed in the Guanabara bay, but the highest LCBD
occurred primarily in the Outer zone and to a lesser extent
the Inner zone (Fig. 2; right panel). Only locations in the
Middle and Outer zones had the highest LCBD in the Ilha
Grande bay, one location in the former zone in most sam-
pling periods and one location in the Outer zone only in one
period (autumn) (Fig. 2, right panel).

Assembly processes supporting LCBD

At the bay level, more locations with higher non-random
LCBD had also higher local contributions than other loca-
tions to the abundance-based replacement (LCBDg,,)
(Fig. 3a). However, other several locations with higher non-
random LCBD had higher local contributions than other
locations based on the abundance difference (LCBD,yp;4)
(Fig. 3b). Major differences regarding the assembly pro-
cesses leading to more unique local assemblages were
observed in the Sepetiba bay, with the prevalence of
LCBDgg,, in most locations with higher non-random LCBD
(Fig. 3a, b). A temporal decrease in LCBDg,,, values was
also observed in the Sepetiba bay, which was followed by a
quite slight increase in LCBD ;i values (Fig. 3a, b). In the
Guanabara bay, also considering locations with higher non-
random LCBD values, regardless of the highest LCBDg,,
values observed for some locations, most of locations
had higher LCBD i (Fig. 3a, b). A gradual increase in
LCBD ¢ from September 2017 to March 2018 (wet sea-
son), followed by a gradual decrease to September 2018 (dry
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season) was also observed in the Guanabara bay (Fig. 3b).
On the other hand, no clear temporal trends were observed
for LCBDg, in the Guanabara bay (Fig. 3a). Similar values
of LCBDg,; and LCBD ;¢ and no clear temporal or spatial
trends were indicative of proportional local contributions of
both assembly processes to beta diversity in the Ilha Grande
bay (Fig. 3a, b).

Considering locations with higher non-random LCBD at
the zone level, differences in the assembly processes sup-
porting more unique locations were more marked between
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bays, and to a lesser extent zone per bay (Fig. 4a—f). In the
Ilha Grande bay, higher LCBDg,,, in the Middle zone con-
trasted with higher LCBD ;¢ in the Outer zone (Fig. 4a-b).
However, this trend was supported by one location in each
zone, and only the location in the Middle zone had higher
LCBDg,, during most periods (Fig. 4a). Differences
between zones were even more slight in the Guanabara bay,
where highest values of both LCBDg,, and LCBD 5, pig
were observed for most locations with higher non-random

Fig.4 Local contribution to

LCBD (Fig. 4e, f). Considering the sampling periods,
higher LCBD ;s Was prevalent in the Guanabara bay, but
the lower values of LCBDg, observed in some sampling
periods were not enough to support differences between
zones (Fig. 4e, f). In the Sepetiba bay, LCBDg,, was pri-
marily higher in the Inner and Outer zones, whereas higher
LCBD,,pis Was prevalent in the Middle zone (Fig. 4c, d).
For all zones and LCBD indices, the trend was supported
by several locations, evidencing stronger differences in the
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primary assembly processes between zones in the Sepetiba
bay compared with the other bays (Fig. 4c, d).

Environmental, assemblage-based and spatial
sources of variation

For models including only environmental effects, variables
selected to explain LCBD at the bay level included metrics
representative of local habitat quality, ocean conditions, sea-
scape configuration, and assemblage structure (Table S3).
At the zone level, variables selected to explain LCBD were
primarily landscape features, besides seascape configura-
tion and assemblage metrics (Table S3). Metrics of seascape
configuration representative of the availability of alternative
habitats were nearby estuaries and mangrove cover at the
bay level and mangrove cover at the zone level (Tables S3).
Regarding assemblage metrics, species richness was selected
to explain LCBD at both hierarchical levels, whereas vari-
ables selected for the full models exclusively at the bay
and zone levels were latent variables representative of the
variation in species composition after controlling for effects
of season (LV1(Se)) and location (LV2(Lo)), respectively
(Table S3). Considering the LCBD indices based on dif-
ferent assembly processes, environmental models explained
only LCBDg,, at the bay level, and the selected variables
included transparency, mangrove cover, and nearby estuar-
ies (Table S4). For all LCBD indices, at both hierarchical

levels, only spatial variables were selected for the models
considering both environmental and spatial effects (Tables
S3, S4). Models explaining LCBD included spatial variables
representative of spatial structures from larger to finer spa-
tial scales, but the range of spatial scales was slightly wider
at the zone level (Table S3). Spatial structures from larger
to finer scales also explained LCBDg,, and LCBD 45 at
both hierarchical levels (Table S4). However, LCBDy,, was
primarily explained by spatial structures at larger scales,
whereas spatial structures at finer scales were the primary
drivers of LCBD ;i (Table S4).

Local habitat quality distinguished bays in terms of a
much higher water transparency in the Ilha Grande bay and
lower in the Sepetiba bay (Table 1). Tidal phase, in turn, was
primarily characterized by ebb/low tides in the Guanabara
bay and flood/high tides in the other bays (Table 1). How-
ever, differences between locations in different bays were
mostly supported by landscape metrics (Table 1). Forest
cover was much higher in the Ilha Grande bay, followed
by the Guanabara bay, where higher values were observed
at some locations, regardless of the prevalent low values
(Table 1). Pasture cover was also much higher in the Ilha
Grande bay, very reduced in the Sepetiba bay and quite
negligible in the Guanabara bay (Table 1). Contrary to the
observed for forest and pasture covers, human settlements
were higher in the Guanabara bay and decreased to the
Ilha Grande bay (Table 1). Regardless of quite lower and

Table 1 Environmental variables selected to explain the local contribution to beta diversity

Variable Ilha Grande bay Sepetiba bay Guanabara bay
Quartiles Quartiles Quartiles
Median Lower Upper Median Lower Upper Median Lower Upper

Local habitat quality

Transparency (% depth) 100.00 50.00 100.00 50.23 36.81 76.94 63.10 40.42 87.30
Ocean-related variables

Tidal phase 1.00 1.00 2.00 1.00 1.00 2.00 2.00 1.00 2.00
Landscape metrics

Forest cover (%) 12.30 2.76 22.78 0.00 0.00 0.21 0.30 0.00 9.78

Pasture cover (%) 10.00 0.00 25.98 0.00 0.00 2.60 0.00 0.00 0.00

Human settlements (%) 34.74 0.00 42.75 48.37 21.72 49.51 50.25 25.25 55.17
Seascape configuration

Number of nearby estuaries 8 6 9 4 3 5 3 0 7

Mangrove cover (%) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

Rocky shores (%) 0.09 0.02 0.13 0.02 0.00 0.05 0.03 0.01 0.85
Assemblage-based metrics

Species richness 8 6 11 9 7 11 10 7 12

Latent variable 1 (season) -0.13 —-0.63 0.53 —-0.18 —-0.48 0.83 0.37 —-0.24 1.82

Latent variable 2 (location) 0.28 -0.37 1.24 0.76 -0.75 1.46 0.30 —0.46 1.37

Median, lower and upper quartiles of the samples obtained at locations during seven two-month intervals through 1-year period in the Ilha
Grande, Sepetiba, and Guanabara bays. Variables representative of local habitat quality, ocean and climate conditions, landscape features, sea-

scape configuration, and assemblage structure
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negligible human settlements at several locations in the Ilha
Grande bay, changes were generally less abrupt and sup-
ported a more marked gradient between bays (Table 1).

Regarding the seascape configuration, the number of
nearby estuaries was higher in the Ilha Grande bay, followed
by the Sepetiba and Guanabara bays (Table 1). Regardless of
the similar values between the latter bays, nearby estuaries
varied more in the Guanabara bay, where some locations had
no estuaries in their buffer areas (Table 1). Mangrove cover
was observed in all bays, but values were quite low at most
locations (Table 1).

Considering the assemblage metrics, species richness
varied over a similar range in all bays, but was slightly
higher at locations in the Guanabara bay and decreased
to the Ilha Grande bay (Table 1). Regarding the varia-
tion in species composition after controlling for location
effect, LV2(Lo), similar trends were observed in all bays,
with the prevalence of positive scores (Table 1). However,
the values varied more in the Sepetiba bay, with extreme
positive and negative scores, and more frequent positive
scores higher than in the other bays (Table 1). The scores
of LV2(Lo) were quite similar between the Ilha Grande
and Guanabara bays, with a smaller variation resulting in
lower positive scores than in the Sepetiba bay (Table 1).
Therefore, major differences in species composition were

observed on spatial extents most likely next to individual
bays.

A slight and gradual increase in LV2(Lo) was observed
from the spring to the winter 2017, followed by an even
more slight decrease to the spring 2018 (Fig. 5b). This
trend evidenced seasonal changes in species composi-
tion through the annual cycle, also supported by seasonal
changes in the variation of LV2(Lo) scores (Fig. 5b). In
this sense, the larger variation in LV2(Lo) observed in the
autumn 2017 suggests it is a critical season for assembly
processes. Furthermore, despite the slight decrease in the
scores from the winter 2017 to the spring 2018, the outli-
ers with more negative scores in the latter season some-
what reinforced the importance of seasonal processes lead-
ing species composition to be more similar to the spring
2017.

Controlling for season effect, LV1(Se) expressed a much
higher variation in species composition in the Guanabara
bay, with positive scores prevalent and negative scores
much lower than in the other bays (Table 1; Fig. 5a). In the
Sepetiba and Ilha Grande bays, higher scores were posi-
tive and negative, respectively, but negative scores were
more frequent in both bays, despite slightly higher in the
Sepetiba bay (Table 1; Fig. Sa).
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Fig.5 Latent variables resulting from Bayesian Ordinations using
latent variable models (LVM) for the unconstrained variation in the
occurrences of individual species. The latent variables selected to
explain the local contribution to beta diversity express the variation
in species composition per sample after controlling for the effects of
(a) season and (b) location. Samples for season in 2017 (Sp, spring;

and Su, summer) and 2018 (A, autumn; W, winter; and Sp, spring),
and samples for location in the Inner (I), Middle (M), and Outer (O)
zones of Ilha Grande (I, 1-3b; M, 4-6b; and O, 7-9b), Sepetiba (I,
1-3; M, 4-5b; and O, 6-9b), and Guanabara (I, 1-3; M, 4-6; and O,
7-9) bays
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Multiscale environmental and spatial drivers
of LCBD

All environmental models selected to explain LCBD at both
hierarchical levels included location as random effect, which
shared a large fraction of the explained variation with envi-
ronmental effects (Tables 2, S5). Model selection applied
to both environmental and spatial effects, in turn, resulted
in spatial models with no random structure (Tables 2, S5).
Environmental models explaining LCBDg,, also included
location as a random effect, which had a slighter influence on
the response to environmental effects compared with envi-
ronmental models for LCBD (Tables 3, S6). Spatial models
selected to explain LCBDg,,, at the bay level also included a
random effect for location, but its influence on the response
variation was negligible (Tables 3, S6). At the zone level,
spatial models including only location and both location and

season as random effects were selected to explain LCBDg,
and in all cases the influence of the random structure on
the response variation was also slight (Tables 3, S6). At
both hierarchical levels, spatial models selected to explain
LCBD,pig had no random structure (Tables 3, S6).

At the bay level, more models included the negative
effects of transparency and LV1(Se) on LCBD (Table 2).
The negative effect of LV1(Se) was primarily indicative of
higher LCBD associated with species composition in the
Ilha Grande, followed by the Sepetiba bay, and lower LCBD
in the Guanabara bay (Fig. 5a). The negative effect of trans-
parency on LCBD contrasted with a stronger positive effect
on LCBDgy,, indicative of higher abundance-based replace-
ment under increasing transparency (Tables 2, 3). Mangrove
cover had an even stronger positive influence on LCBDg,,
at the bay level (Table 3). LCBD, in turn, was also posi-
tively related to nearby estuaries and species richness, and

Table 2 Parameter estimates

” Parameter Bay level RVI Zone level RVI

(95% confidence intervals) and . .

relative variable importance Estimate Estimate

g:?;?el;zzgigg ;}rlledagvee;:;g;?;g Env Random effect: Lo Random effect: Lo

linear mixed models better Intercept —2.076 (- 2.170, — 1.982) —0.737 (- 0.843, — 0.630)

explaining (AAICc < 2) the Transparency — 0.251 (— 0.443, — 0.058) 1.00 (7)

local contributions to beta Species richness  0.113 (= 0.011, 0.339) 0.69 (4)  0.218 (0.050, 0.386) 1.00 (6)

diversity at the bay and zone LV1_Se ~0.110 (- 0.196, — 0.024)  1.00 (7)
LV2_Lo 0.021 (- 0.017, 0.105) 0.48 (3)
Tidal phase —0.048 (— 0.273, 0.047) 0.43 (3)
Nearby estuaries 0.097 (- 0.027, 0.354) 0.59 4)
Mangrove —0.039 (— 0.494, 0.154) 0.23 (3)
Forest cover —0.297 (- 0.561, — 0.034) 1.00 (6)
Pasture cover —0.143 (= 0.511, 0.058) 0.63 (4)
Settlements — 0.405 (— 0.792, — 0.017) 1.00 (6)

Env+S

Intercept —2.124 (- 2.203, — 2.045) —0.744 (- 0.822, — 0.667)
S2 —0.505 (— 0.996, — 0.014) 1.00 (3)
S6 —0.670 (— 1.192, — 0.146) 1.00 (3)
S8 0.684 (0.215, 1.153) 1.00 (3)
S9 —0.394 (— 0.763, — 0.024) 1.00 (3)  —0.434 (— 0.824, — 0.052) 1.00 (3)
S10 —0.399 (- 1.003, 0.000) 0.80 (2)
S11 —0.196 (- 0.706, 0.079) 0.62 (2)
S12 0.727 (0.209, 1.244) 1.00 (3)
S14 0.238 (— 0.109, 0.894) 0.61(2) —0.527 (— 1.038, — 0.016) 1.00 (3)
S15 0.415 (0.005, 1.016) 0.81(2)  0.869 (0.352, 1.386) 1.00 (3)
S16 0.590 (0.188, 0.992) 1.00 (3)
S17 — 0.654 (— 1.190, — 0.118) 1.00 (3)
S19 — 0.689 (— 1.294, — 0.084) 1.00(3)  —0.887 (— 1.492, — 0.282) 1.00 (3)
S20 0.496 (0.103, 0.888) 1.00 (3)  0.474 (0.077, 0.870) 1.00 (3)
S21 —0.710 (— 1.216, — 0.205) 1.00 (3)

Model selection based on environmental (Env) and spatial effects (S). The number of models including
each parameter in parenthesis. Location (Lo) as random effect. Estimates with confidence intervals that do

not overlap zero in bold
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Table 3 Parameter estimates

P t LCBD RVI LCBD 4 pis RVI
(95% confidence intervals) and arameter . Repl 7 AbDilt
relative variable importance Estimate Estimate
(RVI) based on the averages of
. . Bay level
beta regression and generalized
linear mixed models better Env Random effect: Lo
explaining (AAICc <2) the Intercept —2.338 (— 2.607, — 2.069)
g?cal ?Ontrlicblgiozs to bebta . Transparency 0.400 (0.022, 0.778) 1.00 (2)
iversity of abundance-base
replacement (LCBDRepl) Mangrove cover 0.525 (0.042, 1.008) 1.00 (2)
and abundance difference Nearby estuaries  0.067 (— 0.267, 0.671) 0.33 (1)

(LCBDy,p;sp) at the bay and Env+S Random effect: Lo
zone levels Intercept —2.332 (- 2.586, — 2.078) —2.092 (- 2.200, — 1.984)
S5 1.193 (0.043, 2.343) 1.00 (2)
S6 —0.094 (- 1.034, 0.326) 0.27 (2)
S8 2.123 (0.830, 3.416) 1.00(2) —0.115 (- 1.045,0.274) 0.30 (2)
S16 0.660 (0.139, 1.180) 1.00 (6)
S20 0.552 (0.035, 1.068) 1.00 (6)
S25 —0.476 (- 2.278,0.351) 0.49 (1)  0.246 (— 0.195, 1.208) 0.49 (3)
Zone level
Env+S Random effects: Lo
Intercept —1.279 (- 1.578, — 0.979) —0.734 (- 0.858, — 0.610)
S2 — 1.323 (- 3.415, 0.047) 0.79 (2)
S9 —0.333 (— 1.148, 0.095) 0.63 (4)
S18 —0.358 (- 2.864, 0.686) 0.33(1)  1.296 (0.488, 2.103) 1.00 (7)
S20 0.397 (- 0.049, 1.215) 0.68 (4)
S25 0.354 (- 0.233, 1.507) 0.56 (4)
Random effects: Lo, Se
Intercept —1.232 (- 1.593, — 0.872)
S2 — 1.754 (- 3.500, — 0.008)  1.00 (3)
S15 0.164 (- 1.097, 2.609) 0.22 (1)
S18 —0.357 (— 2.883, 0.691) 0.33 (1)

Model selection based on environmental (Env) and spatial effects (S). Location (Lo) and season (Se) as
random effects. The number of models including each parameter in parenthesis. Estimates with confidence
intervals that do not overlap zero in bold

negatively related to tidal phase, but these variables were
included in fewer models and, according to the model aver-
aging, had negligible effects (Table 2).

Considering the spatial models at the bay level, LCBD
was slightly more related to spatial structures at intermediate
scales, but also at finer and larger scales (Table 2). There-
fore, there were relevant effects on LCBD not accounted
for at scales most likely comparable to zones within each
bay and small groups of locations. LCBDg,, in turn, was
more related to the spatial structure at larger scales, whereas
LCBD,,pi Was primarily influenced by spatial structures at
finer scales (Table 3).

Forest cover, human settlements, and species richness
were included in more models at the zone level, with the
landscape metrics and species richness negatively and
positively related to LCBD, respectively (Table 2). Human
settlements had stronger effects than the other variables,
whereas mangrove and pasture cover, and LV2(Lo) were

included in fewer models and had negligible averaged
effects (Table 2). Mangrove and pasture cover were also
negatively related to LCBD, whereas LV2(Lo) had a posi-
tive effect indicative of slight seasonal increases in LCBD
following composition changes from the spring to the win-
ter (Table 2; Fig. 5b).

According to the model averaging at the zone level,
LCBD was more related to spatial structures at interme-
diate to finer scales, and to a lesser extent to the spatial
structure at a much larger scale (Table 2). This large-scale
spatial structure was most likely representative of areas
larger than individual bays and also influenced LCBDg,
whereas LCBD ;i Was primarily associated with the spa-
tial structure at a finer spatial scale (Table 3). These rela-
tionships evidenced the importance of unaccounted effects
at larger and finer spatial scales for assembly processes
supporting LCBD patterns at the zone level.
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Assemblage- and species-level patterns in SCBD

In all bays, SCBD was much higher for estuarine species at
both the bay and zone levels (Table S7). Atherinella brasil-
iensis and Anchoa sp. had higher SCBD at both hierarchi-
cal levels, whereas Anchoa januaria contributed more to
beta diversity only at the bay level, and Harengula clupeola
(larvae) and Odontesthes bonariensis only at the zone level
(Table S7). At the bay level, to a lesser extent, SCBD was
also higher for other 20 estuarine species, followed by 17
marine stragglers, six marine estuarine-dependent species,
three semi-anadromous and one semi-catradomous species,
four marine estuarine-opportunists, and three freshwater
species (Table S7). A similar trend was observed at the
zone level, with intermediate SCBD observed for 29 marine
stragglers, followed by 26 other estuarine species, 10 marine
estuarine-opportunists, eight marine estuarine-dependent,
two semi-anadromous and three semi-catadromous species,
and four freshwater species (Table S7). Several species
also had intermediate values of SCBD at both hierarchi-
cal levels, mostly estuarine and marine straggler species,
16 and 15, respectively, followed by six marine estuarine-
dependent species, four marine estuarine-opportunists, two
semi-anadromous and one semi-catadromous species, and
three freshwater species (Table S7). Therefore, estuarine
and marine straggler species generally contributed more to
beta diversity, whereas marine estuarine-dependent, semi-
anadromous and semi-catadromous species had intermedi-
ate contributions, and freshwater species contributed less.
For marine estuarine-opportunists, in turn, more species had
higher SCBD at the zone level.

Variables selected to explain SCBD at both hierarchical
levels were the number of locations in which each species
occurred, species-specific coefficients representative of the
unconstrained distributions of individual species after con-
trolling for season effect, Sp_c1(Se) and Sp_c2(Se), and
habitat use (Table S3). Therefore, spatial effects were more
important to explain SCBD than seasonal effects. Four estu-
arine species and only one marine estuarine-dependent spe-
cies occurred at more than 10 locations per period (Fig. 6).
Likewise, more estuarine species occurred at five to < 10
locations per period, whereas only three species of other
habitat use groups (i.e., marine estuarine-dependent, semi-
catadromous, and marine straggler) occurred in this interval
of locations per period (Fig. 6). Most species occurred at less
than five locations per period, most of them marine strag-
glers, followed by estuarine species, marine estuarine-oppor-
tunist and dependent species, and many less freshwater,
semi-catadromous and semi-anadromous species (Fig. 6).

According to the ordination of the latent variable species-
specific coefficients expressing the unconstrained distribu-
tion of individual species after controlling for season effect,
most species were not widespread in the spatial gradients
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Fig.6 Model-based unconstrained Bayesian ordination using the pos-
terior mean estimates for the fish species composition at sampling
locations in the Ilha Grande, Sepetiba, and Guanabara bays, after
controlling for season effect (Se). Means of the posterior distributions
of the latent variable species-specific coefficients selected to explain
the species contribution to beta diversity are shown for each species
according to their habitat use groups (estuarine, ES; marine estuarine
dependent, MED; semi-anadromous, SA; semi-catadromous, SC;
marine estuarine opportunist, MEO; marine straggler, MS; and fresh-
water, FW) and the mean number of locations where they occur per
sampling period

(Fig. 6). Sp_c1(Se) was primarily indicative of the occur-
rence of less marine stragglers, and to a lesser extent marine
estuarine-opportunist species, from negative to positive
scores, whereas two freshwater species and one semi-ana-
dromous species had positive scores (Fig. 6). Estuarine and
to a much lesser extent marine estuarine-dependent species
were more widespread over the spatial gradient (Fig. 6).
Likewise, regardless of their prevalent negative scores,
marine stragglers were also widely distributed in the spatial
gradient associated with the latent variable 1 (Fig. 6). Sp_
c2(Se) expressed primarily the gradient of species occurring
in increasing numbers of locations per period from negative
(primarily freshwater species) to positive scores (primarily
estuarine and to a lesser extent marine estuarine-dependent
species) (Fig. 6). This gradient was only slightly related
to habitat use, but most species with positive scores were



Marine Biology (2022) 169:17

Page 170f23 17

estuarine and to a lesser degree marine estuarine-dependent,
whereas freshwater species had intermediated to negative
scores (Fig. 6).

Habitat use was not included in the models better explain-
ing SCBD, and based on the model averaging, Sp_c2(Se)
had a negligible effect on SCBD (Table 4). SCBD was
positively related primarily to the prevalence at locations
and less to Sp_c1(Se) at both hierarchical levels (Table 4).
SCBD was therefore primarily higher for species occurring
at more locations per zone and bay. Likewise, SCBD was
primarily lower for some marine straggler species and to a
lesser extent some marine estuarine-opportunist species, and
higher for a few freshwater and semi-anadromous species,
and primarily estuarine species. However, species with dif-
ferent habitat uses, including marine straggler and estuarine
species, had lower and higher SCBD. Also, a large fraction
of the variation in the response of SBCD was associated
with species identity at both hierarchical levels (Table S5).

Discussion

Multiscale mechanisms dependent on the seascape size drive
the contributions of individual locations to beta diversity of
coastal fishes in tropical seascapes. The effect of LV1(Se) on
local contribution to beta diversity (LCBD) at the bay level
evidenced that differences in species composition between
locations (after controlling for the season effect) may be
more relevant in larger seascapes. This possibility was
confirmed by higher contributions of locations with higher
LCBD to abundance-based replacement (LCBDg,,) than
abundance differences (LCBD ;) between local habitats
at the bay level. Furthermore, the effects of spatial structures
primarily at larger scales on LCBDg,, at both the bay and
zone levels were indicative of unaccounted processes driv-
ing the contributions of local assemblages to abundance-
based replacement in spatial extents most likely larger than
individual bays. These findings reinforce the prevalence of
large-scale mechanisms supporting replacement processes
in nearshore assemblages over increasing spatial extents

(e.g., from regional to continental scale, Viana et al. 2016;
from estuarine sectors to the entire estuary, Menegotto et al.
2019).

At the zone level, a stronger relationship between spe-
cies richness and LCBD suggested that the contributions of
local assemblages to beta diversity in smaller seascapes are
primarily related to species loss (or gain) between locations.
Based on an analogous process whereby individuals of all
species are equally lost, a larger number of more unique
local assemblages with higher LCBD 5, ;s emphasized the
importance of richness differences between locations (Leg-
endre 2014). Higher LCBD,,p; at the zone than the bay
level also evidenced the importance of even more shared
species pool to promote primarily abundance differences
between locations in smaller seascapes (Reis et al. 2016;
Aratjo et al. 2018). Also, the increasing importance of biotic
processes generating abundance differences in smaller spa-
tial extents was supported by stronger fine-scale spatial
effects on LCBD,, pi at both hierarchical levels (Munsch
et al. 2016; Yeager et al. 2017). To a much lesser degree,
the slight effect of LV2(Lo) on LCBD suggested that the
local uniqueness in smaller seascapes may be influenced by
seasonal changes in species composition (after controlling
for the location effect), which was reinforced by the random
structures associated with location and season in models
explaining LCBDyg,;. Therefore, local uniqueness is a pri-
mary result of replacement processes in larger tropical sea-
scapes, and a more balanced result of different assembly pro-
cesses in smaller spatial extents. At both hierarchical levels,
marked differences between individual seascapes in LCBD
indices and spatially structured patterns evidenced prevail-
ing spatial processes driving fish beta diversity, as supported
by previous short-term studies using metrics based on both
species richness and composition in different coastal eco-
systems (e.g., bays, oceanic beaches, and coastal lagoons,
Camara et al. 2019; coastal lagoons, Camara et al. 2021).

The prevalence of multiscale environmental effects on
LCBD and LCBDg,, at the bay level suggested that the eco-
logical uniqueness of locations is a primary product of envi-
ronmental filtering processes selecting species with different

Table 4 Parameter estimates

! Parameter Bay level RVI Zone level RVI
(95% confidence intervals) and . .
relative variable importance Estimate Estimate
(RVI) bAased on the averages of Random effect: species Random effect: species
generalized linear mixed models
better explaining (AAICc < 2) Intercept —4.679 (— 4.852, — 4.506) —3.566 (— 3.739, — 3.393)
the species contributions to beta Number of locations  0.286 (0.252, 0.320) 1.00 (2)  0.304 (0.228, 0.380) 1.00 (2)
;hvelrsuy at the bay and zone Sp_c1(Se) 0.058 (0.009, 0.106) 1.00 (2)  0.055 (0.012, 0.099) 1.00 (2)
evels Sp_c2(Se) 0.038 (= 0.001, 0.117) 0.67 (1)  0.032 (= 0.002, 0.101) 0.66 (1)

Models included the number of locations where each species occurred per sampling period and the species-
specific coefficients (Sp_c1l and Sp_c2) after controlling season effect (Se). The number of models includ-
ing each parameter in parenthesis. Species identity as random effect. Estimates with confidence intervals

that do not overlap zero in bold
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traits to local fish assemblages in larger seascapes (Mou-
chet et al. 2013; Yeager et al. 2017). Environmental effects
representative from local to regional conditions evidenced
the importance marine and freshwater influences for fish
beta diversity at the bay level. Transparency was the vari-
able better explaining LCBD, and despite representative of
local conditions, expressed strong differences between bays.
Therefore, transparency is an important regional driver of
the ecological uniqueness of local assemblages in larger sea-
scapes. The positive effect of transparency (higher marine
influence) in accordance with larger-scale spatial effects
on LCBDg,, provided further evidence for the influence
of transparency at scales most likely larger than individual
bays. To a lesser extent, tidal phase reinforced the impor-
tance of regional gradients, with higher values of LCBD
under flood/high tide (higher marine influence) and lower
transparency (lower marine influence) expressing the mutual
roles of marine and freshwater influences. The slight posi-
tive effects of nearby estuaries on LCBD and LCBDg, and
stronger positive effect of mangrove cover on LCBDg, in
turn, evidenced the importance of estuarine habitats to pro-
mote higher local contributions to abundance-based replace-
ment. Therefore, our study confirmed the importance of
environmental context (estuarine vs. marine conditions) and
seascape configuration for coastal fish biodiversity (van Lier
et al. 2018; Bradley et al. 2019; Camara et al. 2020), while
revealing environmental filtering as a primary mechanism
driving fish beta diversity in more heterogeneous seascapes
based on the contributions of coastal localities to abundance-
based replacement processes.

The slight influences of most environmental factors
at the bay level are most likely related to marked differ-
ences in the marine vs. freshwater balance between systems
and zones (Tables 1, S2; Camara et al. 2020). The gener-
ally higher LCBDyg,, in the Sepetiba bay coincident with
lower transparency and high number of nearby estuaries
supported the importance of the estuarine context to fish
beta diversity. In the Guanabara bay, the absence of nearby
estuaries to some locations and higher variation in trans-
parency values between zones most likely supported wider
ranges of LCBDge,,. In the Ilha Grande bay, regardless of a
higher number of nearby estuaries, the prevalence of small
watersheds associated with the largely opened connection
to the open sea most likely leads to higher water transpar-
ency (Guerra and Soares 2009). Therefore, the similar val-
ues of LCBDg,,; and LCBDyp¢ in the Ilha Grande bay,
with no clear spatial and temporal trends, may be explained
by smoother environmental gradients. The marine context
enable marine-origin species to have a quite similar chance
of being selected from the regional pool for different local
assemblages. At the same time, a large number of rare
marine species most likely support the random temporal
variation in LCBD values primarily in the outermost areas

@ Springer

(Tables S1, S7), reinforcing the primary importance of rare
marine species for fish diversity patterns in coastal ecosys-
tems under higher marine influence (da Silva and Fabré
2019; Camara et al. 2021). These relationships are also in
accordance with previous studies that support strong influ-
ences of random processes on fish beta diversity in coastal
areas (e.g., Ford and Roberts 2018; Aratjo et al. 2019). At
the zone level, the prevalence of spatial effects and more
marked differences in LCBD indices between bays and
zones were indicative of multiscale unaccounted processes
generating differences in the local contributions to assem-
bly processes primarily between smaller tropical seascapes
(Vasconcelos et al. 2014; Krueck et al. 2020).

Land-based processes and availability of alternative habi-
tats are critical drivers of fish diversity patterns in coastal
seascapes (van Lier et al. 2018; Henderson et al. 2020). In
our study, the exclusive selection of landscape and seascape
metrics for environmental models explaining LCBD at the
zone level supported the primary influence of landscape-
scale processes on fish beta diversity in smaller tropical sea-
scapes. Areas with larger vegetal cover generally provide
more complex habitats and feeding resources based on the
input of wood debris and organic matter (Crook and Robert-
son 1999; Whitfield 2017). Therefore, the negative effect of
forest cover on LCBD in accordance with intermediate- to
fine-scale structures associated with LCBD, primarily due to
fine-scale effects on LCBD ;g is most likely a result of a
higher similarity between local assemblages in high-quality
habitats provided by small groups of localities in more for-
ested areas. At the same time, much higher forest cover in
the Ilha Grande bay, characterized by greater marine influ-
ence, may favor environmental filtering processes selecting
the same marine-origin species, which also culminate in
lower LCBD. Further evidence in this sense was provided by
the large-scale structure associated with LCBDg,,, indica-
tive of unaccounted processes establishing the species pool
at scales much larger than zones based on the contributions
of local assemblages to abundance-based replacement.

The negative effect of human settlements on LCBD at the
zone level was stronger most likely as a result of homogeni-
zation processes related to habitat loss and human pressures
under higher levels of urbanization (Massicotte et al. 2015;
Gomes-Gongalves et al. 2020). Considering the percentage
of human settlements much higher in the Guanabara bay,
which has limited marine influence and much lower species
richness primarily related to a lower number of marine-ori-
gin species (Table S1), the opposite effects of species rich-
ness and human settlements on LCBD reinforce the possibil-
ity of species loss producing less unique local assemblages
in more urbanized areas. A lower relevance of this process in
smaller seascapes harboring more complex habitat structures
was supported by a lower negative effect of forest cover,
besides the slight averaged effects of mangrove cover and
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pasture cover on LCBD. Therefore, opposite mechanisms
support more unique assemblages at species-richer locations
and less unique local assemblages in more urbanized areas,
and to a lesser extent in more vegetated areas, most likely
due to more niche opportunities for different fish species
(Messmer et al. 2011; Whitfield 2017). In this sense, con-
sidering the reduced span of mangrove cover and the distri-
bution largely restricted to a few locations, its positive and
stronger effect on LCBDyg,,, at the bay level evidenced the
critical importance of the availability of more complex habi-
tats for fish beta diversity primarily in in larger seascapes,
but also regardless of the seascape size.

The contributions of individual species to beta diversity
(SCBD) generally irrespective of the seascape size testified
the importance of the largely shared species pool for assem-
bly processes driving fish beta diversity. Habitat use group
was not included in the models better explaining SCBD,
but more restricted distributions of semi-anadromous, semi-
catadromous and freshwater groups most likely explain their
small numbers of species with higher SBCD as a result of
more specific conditions required for their occurrences (i.e.,
presence of estuaries) (Elliott et al. 2007; Reis et al. 2016).
Estuarine species and to a lesser extent marine estuarine-
dependent species, in turn, can establish populations across
a larger number of alternative habitats, but may be much
less abundant under higher marine influence due to the high
dependence on estuarine conditions (Potter et al. 2015;
Camara et al. 2020). This may explain much higher SCBD
observed for a few estuarine species and intermediate values
observed for other several species of the group, besides more
marine estuarine-dependent species with higher SCBD at
the zone than the bay level. The large number of marine
straggler species with higher SCBD may be related to their
typically rare occurrences at several locations due to their
sporadic and random dispersal in coastal seascapes (Elli-
ott et al. 2007; Aradjo et al. 2016). In this sense, slightly
larger numbers of marine straggler and marine estuarine-
opportunist species with higher contribution to beta diversity
at the zone level, and their higher frequencies primarily in
the Middle—Outer zones reinforced the primary relevance of
random assembly processes at locations across a marine con-
text and in smaller seascapes (Table S7). These relationships
confirm the strong influences of intrinsic features of indi-
vidual systems on beta diversity patterns, and the strength
of scale-dependent patterns of LCBD. Also, the variance in
SCBD largely associated with species identity was indicative
of other important ecological attributes of individual species
influencing their contributions to beta diversity regardless
of the seascape size.

The prevalence of spatial trends in SCBD and the over-
all concordance between bays and zones, based on the
responses to effects of species-specific coefficients rep-
resentative of the distribution of individual species after

controlling for season effect (Sp_c1(Se)), reinforced the
primary relevance of processes generating spatial structures
to assembly patterns in tropical seascapes. The primary con-
tribution of more widespread species to fish beta diversity
in coastal seascapes with different sizes was evidenced by
stronger positive relationships between the number of loca-
tions in which each species occurred and SBCD. Especially
considering that the positive effect of Sp_c1(Se) supported
very slight increases in SCBD from marine straggler and
marine estuarine-opportunist species to freshwater and semi-
anadromous species, the contributions of individual species
to beta diversity are primarily related to their prevalence in
the seascapes. More widespread species may promote the
seascape connectivity, reducing impacts of urbanization on
coastal biodiversity (Vargas-Fonseca et al. 2016; Hender-
son et al. 2017), whereas species with restricted distribution
require specific environmental contexts (Potter et al. 2015;
Andrade-Tubino et al. 2020). Therefore, our results testified
the importance of habitat complexity, connectivity between
habitat patches, and spatial arrangement of seascape mosaic
in coastal conservation planning (Henderson et al. 2017;
Ortodossi et al. 2019; Rodil et al 2021).

Conservation actions designed to protect coastal fish bio-
diversity in tropical seascapes must consider multiscale hab-
itat—species relationships driving scale-dependent roles of
more diverse local assemblages in fish beta diversity. More
locations with higher LCBD at the bay level evidenced the
primary importance of a greater environmental heterogene-
ity to beta diversity in larger seascapes. The environmental
mechanisms supporting primarily LCBDg,, evidenced that
restoring and/or protecting habitat heterogeneity in larger
tropical seascapes implies to prioritize the availability of
high-complexity alternative habitats in estuarine and marine
contexts. These relationships are especially critical consid-
ering that nearshore fish assemblages include primarily
juvenile fishes with different levels of estuarine dependence
(Elliott et al. 2007; Aratjo et al. 2016), and different envi-
ronmental contexts may support independent seascape nurs-
eries in small spatial extents (Munsch et al. 2016; Bradley
et al. 2019).

Regardless of the primary importance of species rich-
ness at the zone level, a slighter positive effect on LCBD
at the bay level evidenced that higher contributions of spe-
cies-richer local assemblages to fish beta diversity are not
completely dependent on the seascape size. The higher envi-
ronmental heterogeneity may, therefore, explain the lower
importance of differences in species richness driving LCBD
in larger seascapes. These results have critical consequences
for conservation aims, considering that declines in species
richness are strongly associated with processes of environ-
mental homogenization in coastal seascapes increasingly
subjected to human impacts (Massicotte et al. 2015; Aradjo
et al. 2016). For the studied seascapes, these consequences
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may be even more threatening given the reduction in spe-
cies richness from Ilha Grande to Guanabara bay (Table S1),
following decreasing degrees of conservation and increasing
human impacts. These findings highlight the importance of
small-scale conservation actions focused on the maintenance
of species-richer local assemblages primarily in seascapes
encompassing a lower variety of habitat patches, and rein-
force the need for conservation prioritization of high-com-
plexity habitats irrespective of the seascape size.

Our study showed that larger seascapes are indeed more
heterogeneous areas that support more local assemblages
with higher contributions to fish beta diversity. Higher val-
ues of LCBD and primarily LCBDyg,, related to gradients
of marine vs. freshwater influence and availability of high-
complexity habitats evidenced that environmental filtering
is a primary mechanism driving fish beta diversity by means
of local contributions to abundance-based replacement in
larger seascapes. Spatial effects indicative of unaccounted
processes influencing the uniqueness of local assemblages at
scales larger than individual bays reinforced the importance
of large-scale replacement processes in more heterogeneous
seascapes. A stronger positive relationship between species
richness and LCBD, and higher LCBD ;s at the zone level,
besides fine-scale spatial effects on LCBD 4, provided
substantial evidence for more critical decreases in fish beta
diversity related to species loss in smaller seascapes. The
negative effect of human settlements on LCBD was strongly
indicative of species loss between localities in less hetero-
geneous areas as the primary landscape process driving fish
beta diversity in smaller seascapes. Besides confirming the
primary importance of landscape-scale processes at the zone
level, slighter negative effects of vegetal cover and avail-
ability of alternative habitats (mangrove cover) on LCBD
evidenced a damping effect of more complex habitats on
species loss in smaller seascapes.

The positive relationship between SCBD and the number
of locations in which individual species occurred evidenced
that fish species able to colonize and establish populations in a
larger number of alternative coastal habitats play a central role
in beta diversity patterns. Regardless of highly species-specific
responses, most species with higher SCBD were estuarine, evi-
dencing the importance of species more dependent on coastal
habitats to fish beta diversity irrespective to the seascape size.
A concurrent higher contribution of several marine straggler
species reinforced the importance of the environmental con-
text (estuarine vs. marine conditions) to fish beta diversity in
larger seascapes. Also, considering that the same rare marine
straggler species occurred at least in two bays, their higher
SCBD are most likely mediated by random dispersal processes
between habitats in the marine context. These relationships
highlight the importance of the maintenance of seascape con-
nectivity by means of the availability of high-quality estuarine
and marine habitat patches. Future investigations including

@ Springer

information on individual species traits related to feeding,
reproduction, and/or dispersal capability, besides environmen-
tal effects primarily at finer and larger spatial scales, and larger
temporal intervals, may better clarify the mechanisms herein
described and provide further support for the maintenance of
fish beta diversity in tropical coastal seascapes.
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