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A B S T R A C T

Rocky shore communities are shaped by complex interactions among environmental drivers and a range of bio-
logical processes. Here, we investigated the importance of abiotic and biotic drivers on the population structure
of key rocky intertidal species at 62 sites, spanning ∼50% of the Brazilian rocky shoreline (i.e., ∼500 km). Large-
scale population patterns were generally explained by differences in ocean temperature and wave exposure. For
the gastropod species Lottia subrugosa, differences at smaller scales (i.e., 0.1–1 km) were better explained by
other abiotic influences such as freshwater discharge and substrate roughness. Based on the general population
patterns of intertidal species identified, three main oceanographic groups were observed: a cold-oligotrophic
grouping at northern sites (Lakes sub-region), a eutrophic group associated with large estuaries and urban zones
(Santos and Guanabara bays); and a transitional warm-water group found between the two more productive ar-
eas. Larger individuals of Stramonita brasiliensis, L. subrugosa and Echinolittorina lineolata were generally found in
the cold-oligotrophic system (i.e., upwelling region), while small suspension feeders dominate the warm-
eutrophic systems. Evidence of bottom-up regulation was not observed, and top-down regulation effects were
only observed between the whelk S. brasiliensis and its mussel prey Perna. Environmental drivers as compared to
biotic interactions, therefore, play a key role determining the population structure of multiple intertidal species,
across a range of spatial scales along the SW Atlantic shores.

1. Introduction

Rocky intertidal habitats are situated at the transition between ter-
restrial and marine domains, providing an open laboratory for gaining
insights into factors regulating biodiversity. As a result, research over
the past century has acknowledged the role of abiotic disturbance,
species interactions, and the supply of resources in shaping the struc-
ture and dynamics of intertidal communities (reviewed by Connell,
1972; Underwood, 2000; Schiel, 2004; Hawkins et al., 2020). The fur-
ther integration of ecological processes such as recruitment, competi-
tion, and predation has resulted in recognition of the importance of bot-
tom-up and top-down mechanisms of regulation (Menge, 1995; 2000).
These mechanisms are known to be modified by abiotic factors such as

substrate topography, wave exposure, and ocean and air temperatures,
determining the distribution, abundance, and diversity of species
within coastal ecosystems (Underwood, 1984a; Benedetti-Cecchi, 2000;
Seabra et al., 2016; Menge, 2000, 2023).

While ecological processes and abiotic gradients are undisputedly
recognised as factors shaping rocky intertidal communities, their rela-
tive importance varies across spatial scales, ranging from centimetres to
thousands of kilometres. Species interactions are more likely to influ-
ence biota locally (Paine, 1966; Menge and Olson, 1990), whereas abi-
otic variables affect organisms at a greater variety of scales. For exam-
ple, substrate topography can influence recruitment and mortality by
providing access to shelter and food, as well as by modulating environ-
mental stress at small spatial scales (Underwood and Chapman, 1989;
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Fig. 1. Study area along the southwestern Atlantic (SE Brazil), depicting the coastline of São Paulo and Rio de Janeiro states (A). The circles represent the sixty-two
surveyed sites, while the colours indicate the six sub-regions within the two main regions (B and C). The map also includes important urban centres (black squares:
São Paulo, Santos, and Rio de Janeiro cities), Santos and Guanabara bays, and Cabo Frio.

Meager et al., 2011). Over broader spatial extents, however, oceano-
graphic conditions such as upwelling, seawater temperature, estuarine
plumes, and wave exposure are expected and can affect the recruit-
ment, growth, and abundance of species by governing the supply of nu-
trients and propagules, and influencing organisms’ physiology
(Sanford, 1999; Navarrete et al., 2005; Burrows et al., 2009; Helmuth
2009; Giménez et al., 2010; Menge and Menge, 2013; Hacker et al.,
2019). As a result, spatial dependence is a persistent question in ecol-
ogy (Levin, 1992; Thorson et al., 2015), emphasising the necessity for
studies that address the links between biotic variation and abiotic dri-
vers across multiple scales.

Top-down mechanisms of regulation result from the effects of con-
sumers on prey populations, influencing the structure of communities
and, ultimately, the functioning of ecosystems (Menge, 1995; 2000;
O'Connor et al., 2011). In rocky intertidal habitats, the influence of her-
bivores on micro- and macroalgae can be a major structuring factor
(Menge et al., 1999; Aguillera and Navarrete, 2007; Jenkins et al.,
2008). Likewise, carnivores have been shown to strongly influence their
prey, often leading to trophic cascades (Paine, 1966; Wootton, 1995;
Menge, 1995; Ng and Gaylord, 2020). Bottom-up mechanisms also play
a fundamental role in regulating rocky intertidal communities
(Underwood, 1979; Bustamante et al., 1995). For instance, biofilms can
be a limiting resource for grazing herbivores (Underwood, 1984a; Mak
and Williams, 1999; Thompson et al., 2004), while influencing settle-
ment of seaweed propagules and invertebrate larvae (Wahl, 1989). Im-
portantly, the abundance and growth of sessile suspension feeders are

strongly linked to phytoplankton biomass in the nearshore ocean, as
well as the supply, transport, and settlement of pelagic larval stages
(Connolly et al., 2001; Leslie et al., 2005). Thus, variations in the influx
of food and propagules are considered the basic drivers of trophic inter-
actions and the transfer of energy to the upper links of the food web
(Menge, 2003; Nielsen and Navarrete, 2004; Menge and Menge, 2013,
2019).

Here, we aimed to determine the importance of selected abiotic and
biotic variables on the population structure of multiple rocky intertidal
species of the southwestern Atlantic coast. This research is the fourth in
a series of recent publications (Pardal et al., 2021, 2022, 2023) on
large-scale variation in intertidal components and their links to envi-
ronmental variables. We explored abiotic influences on intertidal popu-
lations while also considering the relationships between consumers and
the characteristics of their food species (abundance/biomass and body
size). With this approach, we quantified scale-dependent variation and
identified abiotic variables which are potential drivers of density or
cover of intertidal species at different spatial scales, and thereby the rel-
ative influence of potential effect of top-down and bottom-up processes
(Christofoletti et al., 2011a; Pardal et al., 2022). We expected to find
positive effects of abundance and/or size of prey/food on the abun-
dance and/or size of their consumers (a bottom-up effect) and abun-
dance and/or size of food species to be reduced where consumers are
more numerous and/or bigger (a top-down effect). We also measured
variables representing physical heterogeneity which may influence bi-
otic interactions according to environmental stress at different spatial
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Fig. 2. Redundancy Analysis (RDA) of environmental variables and biological
indicators of intertidal communities surveyed at sixty-two rocky intertidal
habitats along the southwestern Atlantic coast (SE Brazil). Dashed vectors were
not significant in the reduced model. R2

adjusted = 0.24 for reduced model.
SSCh = São Sebastião Channel.

Table 1
Summary of all biological indicators measured at 62 rocky intertidal habitats
along southwestern Atlantic coast (SE Brazil). #Biofilm biomass was proxied
by NDVI values (see section 2.3).
Variable Midlittoral

level
Variable usage Potential

predictor of
Regulation
model

Whelk (Stramonita brasiliensis)
1. Total

abundance
low/mid Response/predictor3, 4, 6 and 7 Top-down

2. Body size Response/predictor3, 4, 6 and 7

Mussel (Mytilaster solisianus)
3. Percentage

cover
mid Response/predictor1 and 2 Bottom-up

4. Body size Response/predictor1 and 2

Mussel (Perna)
5.

Presence/absence
low Predictor 1 and 2 Bottom-up

Barnacle (Tetraclita stalactifera)
6. Density low Response/predictor1 and 2 Bottom-up

7. Body size Response/predictor1 and 2

Limpet (Lottia subrugosa)
8. Density low Response – –
9. Body size Response – –

Periwinkle (Echinolittorina lineolata)
10. Total

abundance
high Response – –

11. Body size Response – –
12. Biofilm

biomass#
low Predictor 8 and 9 Bottom-up
high Predictor 10 and 11

scales (Menge and Sutherland, 1987). At the site level, we surveyed in-
tertidal habitats to quantify substrate roughness and inclination. Large-
scale oceanographic variables were obtained from satellite images and
wave fetch derived from a topographical model (Burrows, 2012). We
predicted that such variables would also affect the population structure
of the intertidal species as they can directly and indirectly influence
their recruitment, survival, growth, and behaviour. Evaluating the com-
bined effects of these abiotic and biotic influences on the population
structures of key intertidal species allowed us to elucidate the scales at
which they were important and contribute to patterns seen around the
Brazilian coast.

2. Material and methods

2.1. Study area

Between April and September 2015, surveys were carried out at 62
rocky intertidal sites spanning ∼530 km of the SE coast of Brazil (Fig.
1). This extent consists of roughly 50% of the continuous rocky coast-
line of Brazil. The study area is dominated by a microtidal regime, with
a mean sea level ∼0.7 m above local Chart Datum and an average tidal
range of ∼1.4 m. We considered two main regions which are divided in
six sub-regions with distinct natural conditions and anthropogenic in-
fluences (see details in Pardal et al., 2021, 2023): Region 1 – (i) Baixada
Santista, (ii) São Sebastião Channel, (iii) Ubatuba; and Region 2 – (iv)
Green Coast, (v) Rio de Janeiro, and (vi) Lakes (Fig. 1). Sites were hier-
archically selected within sub-regions. Briefly, Baixada Santista and Rio
de Janeiro sub-regions are two of the most important metropolitan cen-
tres of Brazil, which are under high anthropogenic influence due to in-
tense urbanisation and the presence of ports, shipyards, and industrial
complexes and also experience higher primary productivity associated
with the large, urbanised bays. Ubatuba and Green Coast sub-regions
have the least populated areas, while São Sebastião Channel and Lakes
are under an intermediate level of anthropogenic influence. Along the
study area, colder waters are found northwards due to upwelling events
in the Lakes sub-region (Valentin, 2001).

2.2. Sampling of intertidal species

At each site, the intertidal zone (usually <5 m wide) was sampled
along ∼100 m of coastline during low tides. Populations of sessile sus-
pension feeders (the mussels Mytilaster solisianus and Perna, and the bar-
nacle Tetraclita stalactifera), grazers (the limpet Lottia subrugosa and the
littorinid Echinolittorina lineolata) and a predatory whelk (Stramonita
brasiliensis; previously Stramonita haemastoma) were sampled along the
midlittoral zone (Table 1). Intertidal levels were sampled within the
three visible distribution strata associated with the main sessile organ-
isms occupying the primary substrate and shore height (see detailed de-
scription and photos in Pardal et al., 2023). The vertical extent of each
stratum varies with local topography and wave conditions, but the low-
level is mostly occupied by the barnacle T. stalactifera, the mid-level by
the mussel M. solisianus, and the high-midlittoral level by the barnacle
Chthamalus bisinuatus. The mussel P. perna is found from the low-
midlittoral to the infralittoral fringe (Pardal et al., 2023). The limpet L.
subrugosa and the whelk S. brasiliensis are common inhabitants of the
mid- and low-midlittoral (Tanaka et al., 2000; Pardal et al., 2022),
while the littorinid E. lineolata is found predominantly at the high-
midlittoral and supralittoral fringe levels (Christofoletti et al., 2011a).

The abundance of the mussel M. solisianus was estimated as relative
cover using a 100 regular intersection grid from 25 × 25 cm (n = 10)
photos taken at the mid-midlittoral level. Individuals of M. solisianus
were scraped from 10 × 10 cm areas (n = 15) and later photographed
for measurement (±mm) in the laboratory. The presence of the mussel
P. perna was verified in quadrats (25 × 25 cm, n = 6–11) at the low-
midlittoral. The density of the barnacle T. stalactifera and the limpet L.
subrugosa were measured from images of 10 × 10 cm areas (n = 15)
taken from the low-midlittoral. In each image, whenever possible, 15
barnacles and all limpets were measured. The total abundance of
whelks at each site was estimated through collections of 20,
25 × 25 cm quadrats in the low-midlittoral. The total abundance of lit-
torinids was determined at the high-midlittoral by hand-collecting for
5 min by the same person. The whelks and littorinids were measured in
the laboratory with callipers (accuracy = ± 0.03 mm) and from digital
images, respectively. Body size was measured as the largest shell length
for molluscs and the largest opercular length for the barnacle T. stalact-
ifera. Images of M. solisianus and E. lineolata were calibrated using a mi-
crometre slide (accuracy = ± 0.01 mm) and specimens were individu-
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Fig. 3. Latitudinal variation in body size of rocky intertidal species (predatory whelk Stramonita brasiliensis, barnacle Tetraclita stalactifera, mussel Mytilaster
solisianus, limpet Lottia subrugosa, and periwinkle Echinolittorina lineolata) surveyed at sixty-two sites and six sub-regions along the southwestern Atlantic coast (SE
Brazil). Black circles with error bars represent site mean ± SE, while small coloured circles are raw data coded by sub-region.

ally measured using ImageJ software (Schneider et al., 2012). Barnacles
and limpets were individually measured using ImageJ calibrated with
the lower quadrat edge as reference (accuracy = ± 0.05 mm).

2.3. Biofilm biomass

Estimates of biofilm biomass were proxied by the NDVI (Normalized
Difference Vegetation Index) using the techniques applied by Pardal-
Souza et al. (2017). NDVI values were based on the analysis of 15 digi-
tal images (15 × 15 cm), taken randomly at the low- and high-
midlittoral levels at each shore using a near-infrared-enabled digital
camera (Canon PowerShot ELPH 110 modified by MaxMax.com). The
NDVI for each image pixel was calculated from the difference in blue,
green, and near-infrared measurements in photos (Murphy et al.,
2009). The NDVI index is an indirect measure of the abundance of pho-
tosynthetic organisms present in the biofilm based on the ratio between
absorbed and reflected light in bands influenced by chlorophyll mole-
cules (Bryson et al., 2013). It ranges from −1 to 1, representing an in-
creasing importance of the chlorophyll-a signal. The few negative NDVI
values observed in samples (9.6% of total) were excluded from the

analyses, as 0 was assumed to represent the absence of chlorophyll in
the biofilm.

2.4. Environmental variables

2.4.1. Oceanographic data from satellite images
Estimates of chlorophyll-a concentration (Chl-a) and sea surface

temperature (SST) were acquired from MODIS-Aqua satellite images
(level-2, 1-km resolution) using standard algorithms. Chl-a was consid-
ered an indicator of food available for invertebrate suspension feeders.
The satellite images covered a one-year period before field sampling at
each site. We also extracted specific bands of the remote sensing re-
flectance derived from satellite images for determining a proxy for an
increase in estimated freshwater discharge (freshwater discharge,
herein), calculated as the ratio (adapted from Morel and Gentili,
2009). More details on imagery processing are available in Pardal et al.
(2021).

4
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Fig. 4. Latitudinal variation in abundance (total abundance, percentage cover or density) of rocky intertidal species (predatory whelk Stramonita brasiliensis, bar-
nacle Tetraclita stalactifera, mussel Mytilaster solisianus, limpet Lottia subrugosa, and periwinkle Echinolittorina lineolata) surveyed at sixty-two sites and six sub-
regions along the southwestern Atlantic coast (SE Brazil). Black circles with error bars represent site mean ± SE, while small coloured circles are raw data coded
by sub-region.

2.4.2. Wave fetch
Wave fetch was used as a proxy for wave exposure at each shore us-

ing the model of Burrows (2012). For every 200 m along the coastline
of SE Brazil, wave fetch was calculated as the distance to the nearest
land around each point on the map up to 200 km away from the coast-
line. The distance to the nearest land was determined in 32 (11.25°) an-
gular sectors for each 200 m grid cell in the model domain. For each
cell, the final wave fetch value was the sum of the fetch values across all
32 sectors and expressed as log10 of the number of cells (see Pardal et
al., 2021). The summed wave fetch was extracted for a circular area of
500 m radius centred on the coordinates of each site. In general, sam-
ples sites avoided exposed and so included sheltered to semi-exposed
sites which allowed safe working conditions.

2.4.3. Shore topography
Within the same area where intertidal species were sampled, we de-

marcated five vertical profiles across the intertidal zone (i.e., from the
low water level up to the upper limit of the midlittoral). The vertical
profiles were placed approximately 10–15 m apart from each other.
The substrate roughness, as a proxy for habitat complexity, was quanti-

fied along the vertical profiles using the chain method (Frost et al.,
2005). This uses the ratio of a linear distance occupied by a 3 m-long
chain (ø = ∼10 mm), when placed to follow the contour of the rock
surface, to its maximum length (i.e., 3m). The substrate inclination was
determined by using an inclinometer held against the substrate along
the vertical profiles. We took three measurements of inclination along
each vertical profile by placing the inclinometer in the middle of each
shore level (i.e., low-, mid-, and high-midlittoral).

2.5. Data analysis

2.5.1. Relationships among environmental variables and population
parameters of intertidal species

All analyses were done in R software (R Core Team, 2020). First, we
applied a Redundancy Analysis (RDA) to biotic data (i.e., population
parameters of all sampled intertidal species) in relation to environmen-
tal variables to depict general patterns along spatial scales using site-
averaged values. Population parameters of intertidal species were stan-
dardised by their range (i.e., transformed in values between 0 and 1
based on the difference between each value and the minimum value of

5



CO
RR

EC
TE

D
PR

OO
F

C.A.M.M. Cordeiro et al. Marine Environmental Research xxx (xxxx) 106646

Fig. 5. The effect of environmental drivers on populational parameters and estimates of relative variance components for population parameters of the intertidal
predatory whelk Stramonita brasiliensis along SE coast of Brazil. Black lines and shaded area represent predictive values of the response ±95% confidence interval.
Dot and whiskers represent the mean and standard deviation.

each variable, divided by the difference between the maximum and
minimum values of each variable), and environmental variables were
scaled to zero mean and unit variance using the decostand function from
the vegan package (Oksanen et al., 2019). The significance of axes and
the relative contribution of each environmental variable were tested
with a Monte-Carlo test (4999 unrestricted random permutations under
the reduced model) using the functions anova.cca and ordistep.

2.5.2. Spatial scales of variation of intertidal species
The first step for building the models was to evaluate the best fit of

random components of analyses. Thus, estimates of variance compo-
nents were used for testing spatial scales of variability in population pa-
rameters of species. For each response, we fitted a fully nested random
model considering the factors representing variation at scales of region
(100s of kilometres), sub-region (10s of kilometres), and site (kilome-
tres). Models started with the fully nested random model and included
all combinations of random effects with two (sub-region and site) or
one term. Models were estimated through restricted maximum-
likelihood (REML) (Zuur et al., 2009) using nlme package (Pinheiro et
al., 2023), and the best model was chosen based on AIC scores. No
transformation was applied to guarantee that variance estimates were
comparable across all data and we did not consider models with singu-
lar fits in model selection.

2.5.3. Predictive models
After testing random components (i.e., spatial scales) best fitting, we

tested full models including the fixed variables. For that, we only in-
cluded non-collinear variables in the predictive models based on vari-
ance inflation factor (cut-off: VIF >3, Zuur et al., 2009). The models
were fitted through generalised linear mixed models (GLMM) with
Gaussian (identity link), negative binomial (log link), or binomial (logit
link) distribution. Models were fitted in R software with the package
glmmTMB (Brooks et al., 2017). All models were initially built including
a random term and the fixed effects of the abiotic predictors (Chl-a,
SST, freshwater discharge, wave fetch, shore inclination and rough-
ness). For the predatory whelk, S. brasiliensis, the models also included
the density, size and cover of its prey as predictors. Likewise, the mod-
els for the sessile suspension feeders T. stalactifera and M. solisianus in-
cluded the abundance and size of the predatory whelk (Table 1). We did

not build models to predict the abundance and size of P. perna because
this mussel is harvested along the study area, and we could not quantify
the extent of human intervention. For the grazers (L. subrugosa and E. li-
neolata), the models also included NDVI estimates from the low- and
high-midlittoral, respectively, as predictors (Table 1). We did not build
models to predict NDVI values because the temporal scales of variabil-
ity of biofilms are finer than those over which environmental predictors
were measured. These models were built to depict the relative contribu-
tions of physical control and bottom-up and top-down influences.

First, we selected the best random structure of the full model using
REML estimation. The different models included all main effects of non-
collinear variables and all possibilities of random effects (intercept
only). We selected the model with the lowest AICc score excluding
those with singular fit. Once we selected the best random structure for
the models, the fixed structure was selected through maximum-
likelihood (ML) estimation (Zuur et al., 2009). We performed a back-
wards stepwise removal of non-significant fixed effects. In each run, the
term with the largest p-value was removed. The final model was se-
lected once we could not drop any other term. The final best model was
then refitted with REML and validated through inspection of residual
plots (Zuur et al., 2009). When residuals indicated poor fit, models
were reduced to mean values of dependent variables at the site level
and run without the random term. We detected non-linear relationships
between dependent variables and predictors for M. solisianus size and
cover, and L. subrugosa size. These models were fitted using generalised
additive models (GAM) using the mgcv package (Wood et al., 2016) fol-
lowing the same model selection procedure. The final best model was
then validated through inspection of residuals histogram and residual
plots against fitted values and selected variables (see ‘Model selection
and validation’ in the Supplementary Material). All model selection
procedures were based on the best model adjustment and parsimony.

The last step of modelling was testing for spatial autocorrelation
through visual plots of model residuals versus spatial coordinates, pre-
dicted residuals (DHARMa package: Hartig, 2020), and selected vari-
ables. We found spatial patterns on the residuals corresponding to L.
subrugosa and T. stalactifera densities. Therefore, we checked if the best
model explaining variations in these responses was robust to spatial au-
tocorrelation using spatial models fitted through INLA (Zuur et al.,
2017). Those models were based on data averaged by site, Gaussian
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Table 2
Summary of final models for size and abundance of the predatory whelk (Stramonita brasiliensis), using the whelk's prey (Perna, Mytilus solisianus) and environ-
mental predictors. Whelk prey (P. perna, M. solisianus) and grazers (Lottia subrugosa, Echinolittorina lineolata) were included in further models as dependent vari-
ables tested for effects of biotic and abiotic factors (predictor variables). Spatial models (INLA) differed in the prior for the range of the Matérn spatial correlation
function (i.e., the distance at which spatial autocorrelation becomes minimal, either 500 or 1000 km). SE = standard error, SD = standard deviation, N = num-
ber of observations in models, CI = credible interval, dev. exp. = deviance explained.
Dependent variable Fixed effects Estimate SE Statistic value N Random effects Variance SD

Stramonita brasiliensis
size (LMM) intercept 29.09 1.55 18.74 55 site 20.6 4.5

M. solisianus cover −0.05 0.03 −1.86M residual 27.9 5.3
abundance (GLM) intercept −0.84 0.79 0.29 59 none

P. perna presence 0.86 0.23 4.01***
wave fetch 0.90 0.21 4.16***

Mytilaster solisianus
size (LMM) intercept 20.34 4.18 4.87*** 9170 site 1.2 1.1

SST −0.46 0.17 −2.74** residual 6.35 2.52
cover (GAM) intercept −0.33 0.28 −1.19 62 R2adjusted = 0.29,

wave fetch 0.23 0.07 2.91** dev. exp. = 32.4%
s(freshwater discharge) 6.38**

Tetraclita stalactifera
size (LM) intercept 1.63 0.05 34.1*** 604 site 0.003 0.06

freshwater discharge −0.23 0.65 −3.49*** residual
density (INLA) β CI 95% 62
Spatial 500 intercept 13.33 8.24, 18.62 σu = 0.15

SST −0.41 −0.62, −0.20 range = 73
Spatial 1000 intercept 13.53 8.38, 18.95 σu = 0.15

SST −0.42 −0.63, −0.21 range = 314
Lottia subrugosa
size(LMM) intercept 6.58 1.33 4.97*** 677 sub-region 0.02 0.12

SST −0.18 0.05 −3.32*** site 0.03 0.17
roughness −0.57 0.22 −2.63** residual 0.09 0.29
freshwater discharge 0.59 0.24 2.51*

density (INLA) β CI 95%
Spatial 500 intercept 2.40 −0.83, 5.67 59 σu = 0.58

Chl-a −0.55 −0.82, −0.55 range = 55.2
wave fetch 5.73 0.28, 11.19

Spatial 1000 intercept 2.44 −0.86, 5.79 σu = 0.58
Chl-a −0.55 −0.86, −0.25 range = 108.8
wave fetch 5.68 0.16, 11.20

Echinolittorina lineolata
size (LM) intercept only 3.32 0.16 21.49*** 60
abundance (LM) intercept only 5.28 0.08 69.37*** 62

Full model for the predatory whelk (S. brasiliensis): dependent variable ∼ shore inclination + wave fetch + SST + roughness + Chl-a + T. stalactifera den-
sity + T. stalactifera cover + M. solisianus cover + M. solisianus size + random term. Full model for whelk's prey (T. stalactifera and M. solisianus): depen-
dent variable ∼ shore inclination + wave fetch + SST + roughness + Chl-a + NDVI + S. brasiliensis size + S. brasiliensis abundance + random term. Full
model for grazers (L. subrugosa and E. lineolata): dependent variable ∼ shore inclination + wave fetch + SST + roughness + Chl-a + NDVI + random
term. s(.) = smooth term. GAM models for L. subrugosa size and T. stalactifera density were fitted to constrained smooth term ‘monotone decreasing P-splines’,
while M. solisianus cover was fitted to ‘monotone increasing P-splines’. ***p < 0.001, **p < 0.01, *p < 0.05, M p = 0.06.

residuals, and using a Gaussian Markov random field (GMRF) based on
the Matérn correlation to model the spatial autocorrelation (procedures
described in Pardal et al., 2021).

3. Results

3.1. Spatial patterns of biotic and abiotic variables

Abiotic characteristics of the sub-regions generally overlapped ex-
cept for Rio de Janeiro and Lakes (Fig. 2) and, consequently, between
Region 1 and Region 2. Wave fetch, SST, and freshwater discharge ex-
plained 17.4% (adjusted R2) of constrained variance in the reduced
model among sub-regions (Fig. 2 and Table S1), indicating the influ-
ence of oceanographic conditions over local characteristics (i.e., shore
inclination and roughness, and NDVI). Baixada Santista and São Se-
bastião Channel sub-regions had warmer (SST) and more productive
waters (Chl-a) as compared to the colder and more oligotrophic waters
of Lakes and Rio de Janeiro. These later sub-regions, in turn, had higher
NDVI values (i.e., biofilm biomass) (Fig. S2). Ubatuba and Green Coast
were transitional sub-regions (Fig. 2), with high variability for most

measured variables and higher shore complexity (i.e., shore roughness
and inclination, Fig. 2 and Fig. S3).

We checked for explicit density-dependent effects by applying
Spearman rank correlations between size and density/cover of all
species averaged by site and no correlation was found (p > 0.05). The
size (Fig. 3) and density (Fig. 4) of key species was variable along sam-
pled sites, but larger limpets (Lottia subrugosa), whelks (Stramonita
brasiliensis) and littorinids (Echinolittorina lineolata) were associated
with cold-oligotrophic waters (Figs. 2 and 3). Local scale factors influ-
enced the densities of whelks (prey presence - Fig. 5B, Table 2) and
limpets (roughness - Fig. 6B, Table 2). Barnacle density (Tetraclita sta-
lactifera) was also associated with cold-oligotrophic waters (Fig. 2), but
mussel cover (Mytilaster solisianus) was higher in sub-regions with
warmer waters and lower freshwater discharge and wave fetch (Fig. 2).

3.2. Population patterns and biotic interactions

Total whelk abundance (S. brasiliensis) ranged from 0 to 94 individu-
als per site, with the highest density found in Riviera de São Lourenço
in Baixada Santista subregion (n = 94, Fig. 4). Whelk size was variable
between sites, ranging from 6.1 to 59.2 mm, with larger averages in
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Fig. 6. The effect of environmental drivers on populational parameters (A – C, E − F) and estimates of relative variance components for population parameters (D) of
the limpet Lottia subrugosa along SE coast of Brazil. Black lines and shaded area represent predictive values of the response ±95% confidence interval.

Lakes (28.6 ± 6.8 mm), and smaller average sizes in Green Coast
(22.4 ± 7.1 mm) sub-regions (Fig. 3). Whelk size showed a negative,
although marginally significant (p = 0.06), relationship with the cover
of its prey, M. solisianus, while wave fetch and the presence of the mus-
sel, P. perna, showed a positive effect on its density (Table 2, Fig.
5AandB). A larger variance portion of models could be attributed to
site-level differences for size and density (Fig. 5D), indicating consider-
able changes in population structure among sites.

Limpet density (Lottia subrugosa) ranged from 0 to 17 individuals
per 100 cm2 and were highly variable within- and among sampled
scales (Fig. 4). The best model retained Chl-a and wave fetch as predic-
tors, with density increasing towards areas with lower Chl-a and higher
wave fetch (Table 2, Fig. 5 and S8). Limpet size ranged from 1 to
26.9 mm across sites. Smaller and more variable average sizes were ob-
served at sites in Green Coast and Ubatuba sub-regions, with size in-
creasing at Rio de Janeiro and Lakes sites (Fig. 3). The best models pre-
dicted a decrease in limpet size in conditions of higher SST and sub-
strate roughness (Table 2). The variance explained by random factors
was mostly associated with the sub-region scale for limpet size and den-
sity (Fig. 6D), indicating similarities among neighbouring sites.

The mean cover of the mussel, M. solisianus, decreased from south-
ern to northern sites, with higher and less variable values in Baixada
Santista (Fig. 4), where freshwater discharge was greater (Fig. S2). The
mean cover of M. solisianus was positively related with wave fetch and
freshwater discharge (Table 2, Fig. 7A and B). No effects of the abun-
dance or size of its predator, the whelk S. brasiliensis, were observed on
mussel cover (Table 2). The size of M. solisianus showed low variation
(8.6 ± 2.7 mm, mean ± SD), and the species was absent from nine
sites, six of them between São Sebastião Channel and Green Coast sub-
regions (Fig. 3). Mussel size was negatively related to SST (Table 2, Fig.
7C) with an inflection for predicted values above 24 °C, and larger indi-
viduals were found at northern sites (Fig. 3). Most variability was con-
centrated at within-site levels for size and density (Fig. 7D), reflecting
high variability in local populations.

The mean density of the barnacle, T. stalactifera, was highly variable
(Fig. 4) at the site level (<60% of variability), but higher at northern
sites (Fig. 4), peaking at Forte shore in Lakes sub-region (mean ± SD:
103.5 ± 30.8). Barnacle density was negatively associated with SST
(best model: density fitted using gamma residuals Tables 2 and S5, Fig.
8 and S6). Barnacle size ranged from 0.4 to 12.7 mm, with larger indi-
viduals found in Lakes sub-region (Table S3). Barnacles were smaller in
sites close to estuaries in Baixada Santista and Rio de Janeiro sub-
regions (Fig. 3), reflecting the models’ negative predicted association
with freshwater discharge in models (Table 2, Fig. 8C). As with density
values, sizes were highly variable within sites (∼90% of variability)
(Fig. 8D).

The total abundance of the littorinid E. lineolata varied between 27
and 501 (median = 167, Q1 = 107, Q3 = 255.5) individuals per site
(Fig. 3). E. lineolata size followed a similar pattern to limpets, with
higher and more variable values at the northern sites (Fig. 3). Mean lit-
torinid size in sites from Baixada Santista (1.9 ± 0.6 mm) and São Se-
bastião Channel (SSCh) (2.4 ± 0.9 mm) sub-regions was usually 50%
smaller than sites from other sub-regions (4.2 ± 1.3 mm, Fig. 3), which
was reflected in differences between sub-regions (Fig. S4;
F5,56 = 35.33, p < 0.001; Tukey test, Region 1: Baixada San-
tista = SSCh ≠ Ubatuba; Region 2: Green Coast = Rio de
Janeiro = Lakes). Littorinid mean size, however, increased with lati-
tude, i.e., towards northern sites (n = 60, r = −0.84, p < 0.001; Fig.
9A). None of the environmental variables were associated with the vari-
ation in either littorinid density or size (Table 2). Abundance values
were highly variable within sites, but size was more variable at region
scale (Fig. 9B).

4. Discussion

4.1. - spatial patterns of biotic and abiotic variables

Sea surface temperature (SST) and wave fetch (as a proxy for the de-
gree of exposure to wave action) were the most important predictors of
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Fig. 7. The effect of environmental drivers on populational parameters and estimates of relative variance components for population parameters of the mussel Myti-
laster solisianus along SE coast of Brazil. Black lines and shaded area represent predictive values of the response ±95% confidence interval. Dot and whiskers repre-
sent the mean and standard deviation.

population parameters of the studied intertidal species along SE Brazil,
indicating that such biota is under strong control of these abiotic vari-
ables. Although the explained variance of the multivariate model was
below 20%, taking into consideration the scale and number of variables
associated with the key species, we can consider those factors as of high
importance to the intertidal populations investigated here. Out of five
species evaluated, three (L. subrugosa, T. stalactifera and S. brasiliensis)
were, on average, larger and more abundant at sites with lower SST and
higher wave fetch. On the other hand, bottom-up and top-down
processes appear to have little influence, and were only associated with
site-level variation. Freshwater discharge was also correlated with pop-
ulation parameters of three species, but the direction of this effect was
variable. Chlorophyll-a concentration (Chl-a, as a proxy for food avail-
ability for suspension feeders) and shore roughness affected only one
species.

In the present study, sites were surveyed after the austral summer,
the period of more frequent and intense upwelling events in the Cabo
Frio system (Valentin, 2001), which may have enhanced SST effects.
Larger sizes of most species were observed at sites with lower SST.
Lower water temperatures are expected at higher latitudes, where
species usually reach larger body sizes within their distributional
ranges, but coastal upwelling in Cabo Frio creates an anomalous ther-
mal gradient in SST across our study area. It is predicted that somatic
growth and sexual maturity are predicted to slow down under lower
temperatures, resulting in larger adults (Atkinson, 1994). Although our
study area represents a fraction of the distributional ranges of the stud-
ied species, the limpet L. subrugosa and the mussel M. solisianus con-
formed to predictions of the temperature-size rule for ectotherms
(Atkinson, 1994). This pattern was also described for the barnacle,
Chthamalus bisinuatus, along this same study area (Pardal et al., 2021).
Along this SST gradient, competition for resources would also favour
populations of larger-bodied individuals which may better tolerate sea-
sonal resource shortage (Kaspari and Vargo, 1995; Berke et al., 2012) or
environmental stress (Benedetti-Cecchi et al., 2000). The average size
of the littorinid, Echinolittorina lineolata, and the barnacle, Tetraclita sta-
lactifera, were not associated with SST. E. lineolata inhabits the supralit-
toral fringe and is likely to be more influenced by air than water tem-
perature (Marshall et al., 2010). Greater desiccation stress associated
with higher air temperatures could also select larger shells due to opti-

mised water storage (Vermeij, 1973; Tanaka et al., 2000) and, in fact,
smaller individuals of this littorinid are found towards the equator
along the Brazilian coast (Matos et al., 2020). T. stalactifera growth
rates have been reported to be similar in sites under different tempera-
ture regimes (23.3 °C and 19.9 °C) within the Lakes sub-region (Skinner
et al., 2005). Finally, as observed experimentally, larger barnacles T.
stalactifera suffer higher predation rates by the whelk Stramonita
brasiliensis (Pardal et al., 2022), which could contribute to smaller bar-
nacles at southern sites, where whelks are more abundant, masking pos-
sible SST effects. The influence of differences in air temperature over re-
gional scales in determining the distribution of rocky intertidal organ-
isms has been demonstrated in a number of studies (e.g., Firth et al.,
2011; Seabra et al., 2016), but equally there are numerous cases where
this is not the case as air temperature is often not the primary driver of
body temperatures in intertidal organisms (e.g., Marshall et al., 2010;
Ng et al., 2017; Brahim and Marshall, 2020). We did not measure air
temperature directly across our study site because mean satellite-borne
air temperature is a very poor proxy for the temperature species experi-
ence on the rock surface (e.g., Lathlean et al., 2011) and also is known
to vary at smaller scales due to local ‘modifying factors’ (sensu
Helmuth et al., 2006) such as aspect and topography. Air temperature
seems important as a driving factor of intertidal distribution when there
are considerable differences with water temperatures, as in upwelling
shores (Seabra et al., 2016) or high latitudes (Heaven and Scrosati,
2008). Along this part of the Brazilian coast, the lowest spring tides are
nocturnal during the summertime, which helps buffering for effects of
hot air temperatures during the day (Christofoletti et al., 2011b). The
combined effect of hot water and hot air might be the worst scenario for
intertidal organisms, which would be observed when low tides occur
during the day (e.g., Little et al., 2021). Specially in the Lakes region,
upwelling events are more frequent and intense during spring and sum-
mer months (Valentin, 2001), which also may have a refreshing effect
over the hot air during daytime low tides. During the winter, we might
expect that the daytime low tides potentially impose a lower tempera-
ture stress to intertidal organisms because of the smaller differences be-
tween air and water temperature. As a result, the importance of small-
scale topographic features and the effect of thermal refuges needs to be
further investigated in the thermal landscape along the studied shores
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Fig. 8. The effect of environmental drivers on populational parameters and esti-
mates of relative variance components for population parameters of the barna-
cle Tetraclita stalactifera along SE coast of Brazil. Black lines and shaded area
represent predictive values of the response ±95% confidence interval.

to clarify those points, to help understanding the cumulative thermal
stress historic (Rezende et al., 2014) of those intertidal organisms.

Upwelling areas are also known for increased local productivity
(Kämpf and Chapman, 2016), and the seasonal events in SE Brazil en-
hance nutrient concentrations in waters of northern sites (Coelho-Souza
et al., 2017). The highest Chl-a values were, however, recorded around
estuarine urbanised areas, where natural terrestrial run-off and organic
pollutants are increased by sewage discharge (Oliveira et al., 2016).
Our results did not, therefore, support the expected bottom-up regula-
tion model linked to intermittent upwelling regimes (Menge, 2000),
where higher food availability (i.e., Chl-a, biofilm, prey) would corre-
late with the size and abundance of consumers. Both limpet (L. subru-
gosa) size and biofilm biomass (proxied by NDVI) increased north-
wards, where there are lower SST averages, although this relationship
was not significant. Even with the increase of nutrients fuelling growth
(Oliveira et al., 2016), biofilm biomass may be highly variable over
short time periods and high grazing pressure may keep biofilm standing
stock low and mask physical influences (Christofoletti et al., 2011a).

Pollutants in urbanised areas may influence the physiology of intertidal
organisms, for instance, increasing the energetic costs of higher individ-
ual Mytilaster solisianus feeding rates at polluted sites and affecting indi-
vidual growth (Martinez et al., 2019). The influence of pollutants, how-
ever, will need a deeper investigation and direct quantification as we
did not measure them in the present study.

The positive influence of wave fetch on the abundance of most
species was another well documented pattern found in this study.
Higher wave action results in higher delivery of food and larvae to
shores (Leonard et al., 1998; McQuaid and Lindsay, 2005; Dias et al.,
2018) and, thereby, to higher densities of suspension feeders at wave-
exposed locations (Jenkins et al., 2008; Burrows et al., 2010;
Christofoletti et al., 2011b). Such mechanisms can explain the higher
abundances of the barnacle, T. stalactifera, and the mussel, M. solisianus,
on more wave-exposed sites, which is consistent with results reported
for the barnacle C. bisinuatus (Pardal et al., 2021). The mussel M.
solisianus was more abundant close to estuaries and polluted sites, pos-
sibly reflecting characteristics of local planktonic productivity, besides
hydrodynamic factors. Particulate organic matter concentration is, for
example, higher close to estuaries (e.g., Pardal et al., 2023) making
these areas more suitable for fine-filter feeders (i.e., mussels), as com-
pared to coarse filter feeders (i.e., barnacles, see Dubois and Colombo,
2014). Possibly, the energetic costs of higher individual feeding rates at
polluted sites (Martinez et al., 2019) may affect individual growth, and
influence mussel size close to urbanised estuaries.

Rock surface roughness can influence limpet foraging by limiting
their access to biofilm and shelters (Erlandsson et al., 1999; Johnson et
al., 2008). Smoother rocks facilitate access to biofilm and provide
larger biofilm biomass to limpets (Hutchinson et al., 2006), influencing
resource availability in some sites. In fact, the largest individuals (shell
length >25 mm) were found on shores with more smooth rocks (e.g.,
Saquarema, Piratininga and Itaipú). Although the use of the chain
method has been criticized for being too coarse to reflect shelter avail-
ability for small organisms, such as limpets and littorinids (Meager and
Schlacher, 2013), the correlation observed here indicates that this eas-
ily obtained measurement was useful to identify patterns for L. subru-
gosa.

4.2. - population patterns and biotic interactions

A large part of the explained variability in size or density of the stud-
ied intertidal species occurred at within- and among-sites levels, reflect-
ing the importance of processes operating at smaller spatial scales (i.e.,
between 0.1 and 10s of km). Variability at such scales is commonly
linked to effects of biotic interactions (e.g., predation or competition,
Schiel, 2004; Kunze et al., 2021). However, we found little evidence of
effects of the predatory whelk, S. brasiliensis, on populations of its po-
tential prey (T. stalactifera and M. solisianus). A possible top-down influ-
ence was only suggested by the negative correlation between whelk size
and the presence of the mussel P. perna. In fact, large-sized whelks are
effective in reducing the abundance of mussels (López et al., 2010).
However, S. brasiliensis has a cryptical behaviour (e.g., hides inside
crevices) and is harvested along the Brazilian coast for consumption
and the aquarium trade (Silva and Martins, 2017; Gurjão and Lotufo,
2018), which could have influenced abundance in some populations.

The abundance of the predatory whelk, S. brasiliensis, and the cover
of the mussel, M. solisianus, were both positively affected by wave fetch.
This coincident pattern indicates that, at more wave-exposed shores,
whelks have access to greater prey availability (Rilov et al., 2001;
Christofoletti et al., 2011b). However, whelk abundance and mussel
cover were not significantly correlated perhaps because at exposed
shores whelks have mussels as alternative prey and because predation
rates of whelks on barnacles are reduced by wave action (Pardal et al.,
2022). The lack of predation effect increases the relative importance of
competition among sessile organisms, affecting patchiness within- and
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Fig. 9. The effect of environmental drivers on populational parameters and estimates of relative variance components for population parameters of the Echinolitto-
rina lineolata along SE coast of Brazil. Black lines and shaded area represent predictive values of the response ±95% confidence interval.

between shore levels (Underwood, 1984b; Menge and Sutherland,
1987), and may have a larger influence on prey populations structure.
Such synergistic effects may be more readily detected at the transitional
zones because those sites offer natural combinations of local-scale influ-
ences within relatively homogeneous temperature and productivity
conditions that are the main drivers at larger spatial scales. Due to its
complex coastline, sites between Green Coast and Ubatuba sub-regions
are ideal for future experimental approaches to unravel the relative
contribution of wave exposure and biotic interactions on Brazilian
rocky shore communities. Still, other biotic (recruitment and competi-
tion) and anthropogenic factors not evaluated here may also affect
predator populations and should also be included in future research ef-
forts.

4.3. - general patterns

Few studies have quantified large-scale patterns in rocky intertidal
communities along the Southwestern Atlantic (but see Giménez et al.,
2010; Miloslavich et al., 2016; Palomo et al., 2019; Cruz-Motta et al.,
2020; Thyrring and Peck, 2021; Pardal et al., 2021, 2022, 2023), and
the present study is the first dealing with multi-taxa population para-
meters, and the roles of environmental variability and biological re-
sponses at multiple spatial scales. Here, we observed the influence of
lateral modifiers, i.e., abiotic drivers, and little evidence of top-down
processes regulating rocky shore populations. Seawater temperature
mostly influenced species size, acting at the regional scale (i.e., 100s of
km) as a product of oceanographic processes from the SW Atlantic
coast. Wave fetch is a product of coastal morphology and prevailing
winds, mixing effects from sub-region (i.e, 10s of km) and site scales
(i.e., 100s of m), influencing species abundance. Freshwater discharge
had a sub-regional influence in sites close to estuaries, also affecting
species abundance. Lastly, roughness only affected limpet size, indicat-
ing a site scale influence (i.e., 100s of m).

Overall, our results show that the investigated intertidal populations
are spatially associated with three main trophic-oceanographic systems
along the coast of Brazil over the latitudes between 22°S and 24°S: the
colder upwelling area at the northern limit of sampled sites contrasts
with the warmer southern limit, creating a gradient in SST; two large
estuarine areas (Santos and Guanabara bays) form centres of elevated
primary production (i.e., Chl-a) and freshwater discharge; the areas be-
tween these two centres are characterised by shores with variable de-
grees of wave exposure and topographic complexity (i.e., roughness
and inclination). We could, therefore, identify three trophic-
oceanographic domains: (i) a cold-oligotrophic system at northern sites
(Lakes sub-region); (ii) an eutrophic systems associated to large estuar-
ies and urban zones (Santos and Guanabara bays); and (iii) a transi-
tional warm-water systems in between the eutrophic centres. These pat-

terns reinforce the influence of estuaries on the dynamics of rocky
shores, which may increase our understanding of multiple interacting
factors, especially along South American shores. Thus, further investi-
gation efforts should address experimental validation of the role of
species interactions at broader spatial extents whilst accounting for the
key role of abiotic processes.
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