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Could anthropic pressures
drive the burrowing behavior
of sandy beaches species?

An investigation on
Atlantorchestoidea brasiliensis
(Amphipoda: talitridae)
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and Tatiana M. B. Cabrini

Postgraduate Program in Ecology and Evolution (PPGEE), Rio de Janeiro State University (UERJ), Rio
de Janeiro, Brazil

Animal behavior represents the connection between individuals and their
environment. Environmental conditions on sandy beaches determine the
presence, demographic characteristics, and life history of benthic macrofaunal
species. The expression of agile behaviors on sandy beaches is a key factor given
the rapid environmental changes. Atlantorchestoidea brasiliensis is a sandhopper
crustacean, a bioindicator for sandy beach quality, which usually builds burrows
along the intersections of wet and dry sand. This study aimed to evaluate
differences in the burial depth of A. brasiliensis in regions with and without
anthropogenic interactions. We hypothesize that the sandhopper buries further
deep on beaches with greater human interference as a behavioral adaptation to
avoid direct human interaction. Samples of the A. brasiliensis burrows and data
on their burial depths were collected from four beaches in Rio de Janeiro, two
with free access to people and two with restricted access. Environmental
variables were determined and their influence on burial depth was tested using
a Generalized Linear Model. Generalized Additive Models were used to test the
occurrence of individuals at each burial depth in the two beach situations. No
clear relationship was observed between the environmental variables and burial
depth whereas, deeper burials were observed only on free access beaches. The
results obtained substantiate the initial hypothesis. The present study is thus an
initial step towards further research on changes in the pattern of animal behavior
induced by direct anthropogenic pressures on sandy beaches.
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With direct human interaction:

Individuals buried on all
depths and deeper

GRAPHICAL ABSTRACT

Without direct human interaction:

Individuals buried
closer to surface

1 Introduction

Animal behavior represents the connection between individuals
and their environment (Breed and Moore, 2022), a phenotypic
response arising from the interactions between genotype and
environmental conditions. Thus, the potential of certain behaviors
of an individual will only be verified in terms of the characteristics
of the environment (Sene, 2016). Innate and instinctive behaviors
inherent to the species are not learned and are explained by heredity
(Templeton, 2006; Sene, 2016). This explains similar behavioral
patterns of different populations of the same species.

Instinctive behavior of crustaceans from sandy beaches can be
verified by their ability to burrow, swim, and hop, as observed,
respectively, in the beach crustaceans Emerita brasiliensis Schmitt,
1935, Excirolana braziliensis Richardson, 1912, and Atlantorchestoidea
brasiliensis (Dana, 1853). Behaviors range from agile movements to very
discreet ones, such as ammonia excretion (Zhang et al., 2020), the release
of pheromones by marine crustacean species (Ryan, 1966), and color
change to camouflage in marine shrimp such as, Hippolyte obliquimanus
Dana, 1852 (Duarte et al., 2016).

Patterns of certain behaviors can be modified in the face of
natural selective pressures, in which organisms must find ways to
survive. Basic behaviors conferring to survival and maintenance of
primary vital functions on exposed sandy beaches (McLachlan,
1980) mainly involve searching for shelter, feeding, and
reproduction (Brown, 1996; Scapini, 2014). Three key factors of
beach ecosystem determining the presence of benthic macrofaunal
species namely: mean grain size, slope of the beach, and wave
climate (McLachlan and Defeo, 2018), along with their
demographic characteristics and life history, body size and
biomass, reproduction rates, ecological interactions, and behaviors
involved in feeding and foraging (McLachlan and Defeo, 2018).

The availability of food plays a crucial role in shaping the
structure of macrofauna on sandy beaches. These ecosystems rely
on a variety of organic matter sources including, phytoplankton from
the surf zone, carrion, and wrack (McLachlan and Defeo, 2018).
However, the inputs of these food sources are not constant and
exhibit spatiotemporal variations (Bergamino et al,, 2016; Quillien
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et al,, 2016), directly influencing the composition and organization of
the macrofaunal communities. In these ecosystems, the success of
species depends on their spatiotemporal responses to environmental
factors, requiring an appropriate orientation in choosing periods to
leave their burrows to feed and foraging sites.

The expression of agile behaviors on sandy beaches is a key
factor given the rapid environmental changes in these ecosystems
(Scapini, 2014). Burying is common among all species inhabiting
intertidal beaches, and involves a penetration phase followed by
excavation movements, the success of which, in terms of depth and
stability, is related to the physical properties of the substrates,
including the mean grain size, compactability, and penetrability of
sand (McLachlan and Defeo, 2018).

Atlantorchestoidea brasiliensis (synonymized/unaccepted
names: Orchestia brasiliensis, Orchestoidea brasiliensis,
Pseudorchestoidea brasiliensis) is a sandhopper crustacean of the
Talitridae family (Malacostraca: Amphipoda) with an aggregated
distribution pattern, forming visible banks of individuals and
records of occurrence on beaches exposed to the action of high-
energy waves in Brazil and Uruguay (Cardoso, 2002; Defeo and
Gomez, 2005; Veloso et al., 2010; Gomez and Defeo, 2012; Costa
and Zalmon, 2019; Pennafirme and Soares-Gomes, 2022).

The ability to jump (to hop) is a differential between talitrid
amphipods and other benthic macrofaunal groups that inhabit
sandy beaches; this is attributed to a body-catapult mechanism
and configures the possibility of a quick escape from threats from
the environment (Wan and Gorb, 2021). A. brasiliensis populations
usually occupy the regions along the intersections of wet and dry
sand in which individuals exhibit burrowing behavior up to an
average depth of 15 cm (Cardoso, 2002; Veloso et al, 2010).
Homotype and homochromy (Sene, 2016) are traits verified in A.
brasiliensis; homotype is evident from the shape and size of
individuals, often visually confused with grains of sand, whereas
the yellowish-white color of homochromia disguises them from the
beach environment. A. brasiliensis individuals have an average
length of 8 mm and a lifespan of approximately 16 months, with
continuous annual reproduction (Cardoso and Veloso, 1996;
Gomez and Defeo, 1999; Pennafirme and Soares-Gomes, 2022).
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The semi-terrestrial A. brasiliensis presents the ability to orient
towards the sea using solar orientation (Bessa et al., 2017) with ideal
periods for feeding, including greater intensity at dawn and
nightfall, probably because of lower environmental stress
(Cardoso, 2002; Veloso et al., 2012).

This species has been identified as a bioindicator for the
environmental quality of sandy beaches, given that its density
decreases in more urbanized sectors and beaches (Veloso et al.,
2010; Cardoso et al.,, 2016; Costa et al., 2017; Suciu et al., 2018)
because of human trampling (Veloso et al., 2010). The influence of
human pressure on the morphology and behavior of beach
organisms has been evaluated in previous studies. Costa et al.
(2022) reported negative effects of urbanization on Callichiridae
Callichirus major (Say, 1818), affecting its body size and fecundity,
and Afghan et al. (2020) highlighted that the bivalve Donacidae
Donax serra Roding, 1798, can bury themselves further deep to
avoid trampling.

Anthropogenic activities daily affect the beaches global on
spatiotemporal scales. Most beaches in Rio de Janeiro experience
frequent human interference in form of leisure, tourism, commerce,
and recreational activities (Andreatta et al., 2009), causing
trampling over benthic fauna, the local disposal of human solid
waste left by visitors, and the consequent cleaning procedures,
manual or mechanized, to remove them (Abude et al, 2021).
Most beaches in the city are in the urban context with coastal
armoring, further attracting tourists, and thus reducing the banks
and population of A. brasiliensis (Veloso et al., 2010). A. brasiliensis
burrows and their activity have however been observed along
beaches less frequented. Sarongs, beach chairs, and umbrellas also
have adverse effects on the A. brasiliensis burrows and communities
(in the middle of the beach). On beaches with some degree of
conservation and less direct human pressure, it is possible to
observe extensive banks and intense activity of A. brasiliensis.

Given this context, the primary objective of this study was to
investigate whether the direct human interference on beach is
capable of affecting the burying behavior of A. brasiliensis. This
study thus aims to expand the knowledge on the burial behavior and
its plasticity of the Talitridea bioindicator for beach environmental
quality, as a response mechanism to direct human pressures. We
hypothesize that on beaches frequented by humans, trampling, and
use of heavy cleaning machinery, talitrids bury themselves deeper.
To verify this hypothesis, differences in the depth of burial and
individual characteristics, such as sex and age group, were evaluated
for beaches frequented and trampled, and beaches without direct

human interference.

2 Materials and methods

2.1 Study area

Rio de Janeiro has a littoral area of more than 600 km, with at
least 15 ocean beach arches. Irrespective of whether the beach is free
or restricted access, especially the ones possible only by trails
crossing mountains, they are an important leisure and
recreational attraction for residents and tourists of the city.
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This study focused on beaches not subjected to intense human
pressure, to ensure the occurrence of A. brasiliensis (Cardoso et al.,
2016). Some city beaches are legally protected by Conservation
Unites, which favors their environmental quality in the face of
human pressures and allows the presence of A. brasiliensis. Other
beaches are practically deserted, owned by the military authorities,
thus restricting the civilian. Although Conservation Units reduce
the incidence of anthropic impacts, beaches in the prior category are
frequented by people and regular mechanized cleaning procedures.
Thus, despite guaranteeing a certain level of environmental quality,
these beaches are characterized as more impacted environments
than those in military areas, where there is no regular presence of
people or mechanized cleaning procedures.

Four beaches were chosen in this study, two with free access and
two with restricted access: Grumari (23° 2’ S, 43° 31’ W) and Reserva
(23° 00" S, 43° 24" W) beaches, located in Conservation Units (free
access and trampled beaches), and Marambaia (23° 03" S, 43° 30’ W)
and Fora (22° 57’ §, 43° 11" W) beaches, located in military areas
(restricted access and no trampled beaches) (Figure 1). The
Urbanization Index proposed by Gonzalez et al. (2014) was used to
characterize beaches in relation to human interventions (Table S1).

Grumari is a ~2 km long beach arc legally protected by the
Grumari Environmental Protection Area and Grumari Municipal
Natural Park. Reserva beach is situated in the ~18 km long Barra da
Tijuca beach arc, with a stretch of ~8 km located on the edge of
Marapendi Municipal Natural Park and Barra da Tijuca Municipal
Natural Park Nelson Mandela. The stretch of the Reserva beach has
a well-preserved area of lagoons and coastal vegetation. Like
Grumari, the Reserva region has extensive sandbanks and a well-
preserved backshore, with no housing settlements in the
surroundings and some kiosks and restaurants on the seafront.
These beaches are popular for leisure, tourism, sports, and surfing.
The two beaches are not easily accessible by public transport, thus
limiting the number of visitors. This limitation is especially
important in summer and sunny weekends when beaches are
more frequented. Daily, these beaches receive regular mechanized
cleaning procedures using tractors and heavy machinery.

Marambaia represents the largest beach arc in Rio de Janeiro
(~48 km), including the limits of three municipalities: Rio de
Janeiro, Itagual, and Mangaratiba. In this study, we investigated
the Rio de Janeiro’s first kilometer stretch under the authority of the
Brazilian Army. Owing to restrictions on access, this beach is free
from direct human interference, making it an ideal model of a well-
preserved beach ecosystem. There is well-preserved coastal
vegetation and no housing settlement in the immediate vicinity.
The beach is directly influenced by neighborhoods adjacent to
Sepetiba Bay, which transport human solid waste to the beach
(Abude et al., 2021). However, there are no mechanized or regular
manual cleaning procedures in place, resulting in accumulation of a
significant amount of solid waste in the upper littoral area.

Fora is an ~800 m pocket beach situated under the jurisdiction of
the Brazilian Army. Despite restricted access, the beach has a seafront
boardwalk and no coastal vegetation. The area is home to an important
Physical Education school. Similar to Marambaia, few people are seen
on this beach, frequented only by some residents of the military area,
mostly for waterside walks. Sports practices are prohibited on beaches.
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Rio de Janeiro

FIGURE 1

Study Area. Highlighting the city of Rio de Janeiro, southeastern Brazil. Green dots: free access beach; red dots: restricted access beaches.

Fora beach receives manual cleaning procedures daily for the removal
of solid waste brought by the waters of Guanabara Bay.

2.2 Sampling procedures

Samples were collected in the winter and summer of 2021,
during low spring tide periods. Three sampling areas were
established on each beach over the visible banks of A. brasiliensis.
Sampling was conducted for 1 h on each area, accounting for a total
of 3 h on the beach (maximum possible time to avoid rising tide).
For sampling, a corer-type cylindrical sampler, 5 cm in diameter
and 25 cm in height, subdivided into five sections, each of 5 cm
depth (5, 10, 15, 20, 25 cm) was used. In each area, twenty replicates
from individual burrows were randomly sampled, once each.

The sampler was introduced into the sediment to a maximum
depth (25 cm) for each sampling. The sampled sediment was
removed, and each 5 cm section was subsequently separated from
the other by a physical barrier. In the field, the material was
screened by eliminating the physical barrier from each section
one at a time. The presence and frequency of individuals at each
depth range were recorded. The collected individuals were
separated by area, replica, and depth and preserved in 70%
alcohol for further analysis.

Key physical beach variables were also sampled (McLachlan and
Defeo, 2018). On each area per beach, the slope was estimated
according to Emery (1961) (Cardoso et al., 2016). Fifteen sediment
samples per area and beach were collected and replicated per season
at varying depths (5, 10, 15, 20, 25 cm), using a corer-type

Frontiers in Marine Science

cylindrical sampler 3.5 cm in diameter, for granulometric analysis
and measurement of the organic matter in the sediments. Moreover,
sediment penetrability in each of the sampled areas was obtained
using an analog penetrometer (Herrick and Jones, 2001), and
sediment temperature was measured using a thermometer.

2.3 Laboratory analysis

Individual A. brasiliensis were measured from the beginning of
the cephalon to the end of the telson in millimeters with a digital
caliper and ocular lens and were classified by age group (adults and
juveniles) (Cardoso and Veloso, 1996). Those smaller than 4 mm
and without oostegites were classified as juveniles. Adult males were
identified by a developed second gnathopod, females were identified
by the presence of oostegites and without a developed second
gnathopod, and ovigerous females with oostegites, without
developed second gnathopod and the presence of eggs (Cardoso
and Veloso, 1996).

Sediment samples were dried in a stove at 70°C for 24 h.
Following this, approximately 10 g of each sample was burned in
a muffle furnace at 600°C for 4 h. The weight difference before and
after burning was used as a proxy for the organic matter content in
the sediment (Greiser and Faubel, 1988). For granulometric
characterization, approximately 30 g of sediment was sieved by
agitation as per method specified by to Suguio (1973). The average
value of all replicates from each beach was used to classify the
beaches’ sand according to Wentworth’s classification (1934),
adapted from Suguio (1973).
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2.4 Statistical analysis

A Generalized Linear Model with Binomial distribution and
logit link function (Zuur et al., 2009) was used to test the occurrence
of adult individuals, juveniles, and ovigerous females on all the
study areas, considering the various burial depths and the
interaction between these two factors. A Wald Chi-square test
(Type II Wald chi-square test) was applied to each term and
interaction to obtain the Analysis of Deviance Table (R “car”
package). The significance of pairwise differences between levels
of significant effects was tested using Tukey’s HSD test with
Bonferroni correction of p values (R ‘multcomp’ package).

The influence of physical environmental variables (organic
matter content, mean grain size, sediment temperature, beach
profile slope, and sand surface penetrability) on the occurrence of
adults, juveniles, and ovigerous females were initially tested using
Additive Models Generalized (GAM; R “mgcv” package), with
Binomial distribution (link=logit). For the application of the
models, the explanatory variables were submitted to a collinearity
test (VIF; R ‘HH’ package). The penetrability variables were not
considered in the models because they presented VIF = 3.92, which
is higher than the cutoff value (VIF > 3) proposed by Zuur et al.
(2009), collinear with the grain size variable.

The smoothing spline of the explanatory variables was applied
using the cubic regression spline method (cubic regression spline),
and optimal smoothing was estimated using cross-validation (Zuur
et al,, 2009). The explanatory variables were evaluated for the need
for a smoothing spline using the chi-square test applied to the
effective degrees of freedom. Since smoothing was found to be
unnecessary (if not significant) for any variable, a Generalized
Linear Model (GLM) with Binomial distribution (link=logit) was
applied. The GLM model applied to the occurrence of ovigerous
females included variable penetrability, aiming at a better fit and
validation of the model.

The most parsimonious model was selected from the complete
model using the lowest Akaike Information Criterion (AIC) and
analysis of deviations from the residuals (Likelihood Ratio Test
compared to a chi-square distribution), where each explanatory
variable was removed by time before the test. Deviation analysis

10.3389/fmars.2023.1167049

tests the null hypothesis that the regression parameter of the
removed variable does not differ from zero (B=0); therefore, its
removal will not cause a significant loss to the balance between
the precision and explanation of the model, measured by the AIC
(Zuur et al., 2009).

The most parsimonious models were validated through the
graphical analysis of the quantiles of the randomized residuals
(R “DHARMa” package) (Dunn and Smyth, 1996; Gelman and
Hill, 2006). The graphical result of each model was displayed
graphically through the predicted values (+ CI) for each predictor
variable (R “ggeffects” package).

All analysis and graphs were performed in an R environment
(R Core Team, 2022) using the packages ‘HH’ (Heiberger and
Holland, 2004), ‘mgev’ (Wood, 2004), and ‘DHARMa’.

3 Results

Of the total sampled A. brasiliensis, 8% were found to be
juveniles and 92% adults. Among the adults, 32% were male and
68% were female, of which 60% were ovigerous. The total density of
organisms collected at each burial depth for all beaches has been
presented on Table 1. Depths of 5 cm, also known as the main layer,
were identified as the preferred burial depths, and had 57% of the
frequency of individual on free access beaches, and 60% on the
restricted beaches, followed by depths of 10 cm, 15 cm, and 20 cm.
Unlike the free access (trampled) beaches where individuals were
reported from all burial depths, none were observed at depths of
25 cm from the restricted beaches. For the depth of 20 cm, the free
access beaches recorded a total abundance of A. brasiliensis of 12%,
whereas the restricted beaches recorded mere 1% (Figure 2).

Ata 5 cm depth, adults registered a frequency of ~60% whereas,
the juveniles were predominant with a frequency of 90% on free
access and 85% on restricted access beaches. Overall, irrespective of
whether females were ovigerous or not, they showed a higher
occurrence than males at depth of 10 c¢cm, which were found
distributed more at 10 and 15 cm depths.

According to the model selection, the best model (GLM
Binomial) to evaluate the occurrence of adult individuals in the

TABLE 1 Total density of organisms at different burial depth ranges for each beach.

Burial depth (cm)

Marambaia W 67 30 0 0 0
Marambaia S 41 33 0 0 0
Fora W 38 34 5 2 0
Fora S 26 46 12 1 0
Grumari W 30 55 27 0 0
Grumari S 15 42 9 8 2
Reserva W 83 32 25 1 2
Reserva S 62 31 36 3 3

The letter “W” represents samplings conducted in winter, while “S” represents samplings conducted in summer.
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FIGURE 2
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Restrict Access
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The horizontal, frequency, represented as a percentage (from 0 to 60%), of Atlantorchestoidea brasiliensis in each depth layers (5, 10, 15, 20 and

25 cm), for both free access beaches (A) and restricted access beaches (B).

two access situations and the different burial depths was the one
without interaction between the factors (AICc = 101.7, weight =
0.955) (Table S2, Figure S1). However, according to Wald’s Chi-
square test, the occurrence of adults was the same in both beach
situations and at different depths (Table 2 and Figure 3).

The most complete model containing the interaction between
the two access situations and depth (AICc = 759.5, weight = 0.741,
Table S3, Figure S2) exhibited the best fit for the occurrence of
juveniles. However, the interaction was non-significant according to
Wald’s Chi-square test (Table 3). Beaches with free access showed a
higher occurrence of juveniles (Z = -4.69, p = 2.73e-06) (Figure 4) at

TABLE 2 Analysis of Deviance Table (Type Il Wald Chi-square test) for
occurrence of adults.

Source of variation DF

Chi-square

Pr(>Chi-square)

a depth of 5 cm as compared to other depths (Figure 4B
and Table 4).

The occurrence of ovigerous females presented similar results as
for the juveniles in regards to the selection of the model (AICc =
190.3, weight = 0.989) (Table S4, Figure S3). This interaction was
found insignificant for the free access beaches (Table 5 and
Figure 5A). According to the model selection, ovigerous females
were more likely to occur at depths from 5 to 15 cm (Figure 5B
and Table 6).

Regarding the physical environmental variables, the mean grain
size varied among the beaches; however (Table S5), the model
selection showed no influence of the environmental variables on the
burial depth.

For each class of individuals (juveniles, adults, males, females,
and ovigerous females), the physical environmental variables
showed different effects. The model with the best fit and the most
parsimonious (AICc = 141.5, weight = 0.328) (Table S6, Figure 54)

Restriction to access 0.00001 1 0.9922 ns
showed that the occurrence of adults decreased with increasing
Depth 0.00001 3 1.0000 ns . .
organic matter content (intercept = 4.6668, slope = -1.6606, std.
ns, not significant. error = 0.7846, z = -2.117, p = 0.0343) (Figure 6). For juveniles, the
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FIGURE 3

Occurrence of adults of Atlantorchestoidea brasiliensis in relation to (A) restricted access to beaches and (B) burial depth.

Frontiers in Marine Science

06

frontiersin.org


https://doi.org/10.3389/fmars.2023.1167049
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Abude et al.

TABLE 3 Analysis of Deviance Table (Type Il Wald Chi-square test) for
occurrence of juveniles.

Source of variation Chi-square DF Pr(>Chisq)

Restriction to access 16.3801 1 5.183e-05 o
Depth 220.1342 3 < 2.2e-16 b
Interaction 5.6538 3 0.1297 ns

ns, not significant; *** highly significant.

relationship with physical environmental variables was better
adjusted by the model that considered the organic matter content,
temperature, and slope (AICc = 971.7, weight = 0.729) (Table S7,
Figure S5). The occurrence of juveniles increased when the organic
matter content was higher and decreased when the temperature and
slope were higher (Table 7 and Figures 7A-C). For ovigerous
females, the model with the best fit when temperature, slope, and
penetrability were considered (AICc = 250.01, weight = 0.515)
(Table S8, Figure S6). The occurrence of ovigerous females
increased with increasing beach slope and penetrability (Table 8
and Figures 7D-F). Despite being considered in the selected model,
temperature was found unrelated to the occurrence of
ovigerous females.

10.3389/fmars.2023.1167049

4 Discussion

Recent studies have focused on the relationships between the
absence and presence of bioindicators of environmental quality and
the density or abundance of key species in order to assess the
anthropogenic impacts on sandy beach species (Cardoso et al.,
2016; Costa et al.,, 2020; Barboza et al., 2021). Few studies have
investigated the morphological changes in organisms in response to
anthropogenic impacts (Frota et al, 2019; Ragagnin and Turra,
2022). However, the interaction between anthropogenic stressors
and adaptation strategies on sandy beaches yet remains to be fully
elucidated (Costa et al., 2018). The limitations of studies on
behavior driven by anthropic pressure may be because of the
synergism and co-occurrence of stressors between environmental
and anthropogenic forces to which sandy beaches are prone (Costa
et al,, 2022). Furthermore, there is a lack of deep knowledge of the
behavioral aspects of the target species and the use of locations and
temporal variations for strategic comparisons.

Studies conducted on amphipods from sandy beaches since the
2000s have assessed the resistance of organisms to anthropic
stressors, focusing especially on their ability to survive certain
impacts with regards to beach recreation and trampling (Veloso
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FIGURE 4
Occurrence of juveniles of Atlantorchestoidea brasiliensis in relation to (A) restricted access to beaches and (B) burial depth.

TABLE 4 Result of Tukey's HSD test for pairwise comparisons between levels of depth for the significant effect of depth on the probability of
occurrence of juveniles (e.g., the first line refers to the comparison between 5 cm and 10 cm in depth).

Depth Estimate Std. Error z value Pr(>|z|)
5-10 -3.34806 0.29957 -11.176 < 2e-16 %
5-15 -3.40019 0.36408 -9.339 < 2e-16 %
5-20 -2.03688 0.63641 -3.201 0.00823 **
10-15 -0.05213 0.40282 -0.129 1.00000
10 - 20 131117 0.65934 1.989 0.28045
15-20 136330 0.69104 1.973 0.29109

**, significant; *** highly significant.
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TABLE 5 Analysis of Deviance Table (Type Il Wald chisquare test) for occurrence of ovigerous females.

Source of variation Chi-square
Restriction to access 0.0036 ‘ 1 0.9523 ns
Depth 42.0006 ‘ 3 4.011e-09 il
Interaction 0.0026 ‘ 3 1.0000 Ns
ns, not significant; ***, highly significant.
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FIGURE 5
Occurrence of ovigerous females of Atlantorchestoidea brasiliensis in relation to (A) restricted access to beaches and (B) burial depth.

et al,, 2006; Veloso et al., 2010; Bessa et al., 2017). A protein
synthesis response at an individual level was recently observed by
Lynn et al. (2022), who reported a higher level of hemocyanin
protein in amphipods exposed to artificial light at night, and by
Frota et al. (2019) who reported a higher level of body asymmetry
for A. brasiliensis on more urbanized beaches. Body and phenotypic
responses can unintentionally induce changes in individual
behavior (Sene, 2016), potentially affecting the entire population
(McLachlan and Defeo, 2018). Given the high importance of the
ecology of sandy beaches, it is essential that amphipod talitrids
assume new impact assessment metrics, considering their
behavioral variation plasticity and pre-adaptive capabilities
against mortality. The present study is the first to evaluate the
burial depth of a sandy beach species as an adaptive strategy against

human trampling and pressure. A. brasiliensis has great potential as
a bio monitor for variations in animal behavior on sandy beaches
driven by anthropogenic pressures (Market et al., 2003).

Scapini et al. (2015) found that seagrasses (food availability) are
an important environmental determinant responsible for the
stability of the behavioral adaptation of the talitrids’ population
on sandy beaches of Mediterranean coasts. Food availability on
beaches determines individual’s vigor and body size (Incera et al.,
2006; McLachlan and Defeo, 2018), in addition to ensuring the
survival and maintenance of animal species (Dugan et al., 2003).
The effect of the importance of wrack supply on the ecology of
beach environments was demonstrated by Barreiro et al. (2011),
who pointed out that the wave exposure, coastal topography, and
seasonality are important factors determining the arrival of algae on

TABLE 6 Result of Tukey's HSD test for pairwise comparisons between levels of depth, for the significant effect of depth on the probability of
occurrence of ovigerous females. (e.g., the first line refers to the comparison between 5 cm and 10 cm in depth).

Depth Estimate Std. Error z value Pr(>|z|)
5-10 17.0746 1401.7089 0.012 1.000
5-15 -0.9375 0.5707 -1.643 0.603
5-20 -4.1846 0.7394 -5.659 9.12-08 ***
10 - 15 -18.0122 1401.7089 -0.013 1.000

10 - 20 -21.2592 1401.7090 -0.015 1.000
15- 20 -3.2470 0.7273 -4.465 4.82¢-05 ***

***, highly significant.
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Occurrence of adults of Atlantorchestoidea brasiliensis in relation to content organic matter.

beaches. Therefore, the removal of this material by anthropic
cleaning actions can be harmful to beach ecosystems, since it
favors the food supply of animal species, especially detritivores
(Robbe et al., 2021, Ulaski et al., 2023). Despite the beaches under
study having different cleaning strategies, no relationships were
observed between beaches and organic matter content that would
support the different burial depths.

Although sandy beaches exposed to wave action have a low
organic matter content in comparison to protected ones
(McLachlan and Defeo, 2018), is possible that the loss of
carbonates during the burning sand sample processes could lead
to the overestimation of organic matter values. However,
considering that all samples underwent the same analysis
procedure, the results of the present study show that organic
matter content was the only variable that affected the global
occurrence of adults, juveniles, and ovigerous females. A.

brasiliensis has a detritivorous feeding habit, constantly leaving
their burrows to feed (Cardoso, 2002; Veloso et al., 2012); the
organic matter content may thus be related to food availability
(McLachlan and Defeo, 2018). The higher organic matter content
thus seems to benefit the feeding habits of juveniles but not adults.
Notably, only one sample unit did not register the occurrence of
adults; despite this, unlike the juveniles, adults were observed at all
depths. Juveniles potentially move less for food, thus occurring in
areas with a higher organic matter content. Their reduced sizes,
compared to adults, can also facilitate the assimilation of organic
matter as food, as evident from the results for soft bottom
macrofauna by Mavraki et al. (2020).

The water filtration process substantially controls the interstitial
system (McLachlan and Defeo, 2018) in which, beaches with a
higher mean grain size have a greater infiltration capacity and at a
faster rate, thus oxygenating the environment. Excess organic input

TABLE 7 Estimated parameters of the model with the best fit for the relationship between the probability of occurrence of juveniles and

environmental descriptors.

Parameter Estimate Std. Error z value Pr(>|z)

(Intercept) 8.6648 1.0402 8.330 < 2e-16 ***
Organic matter 1.4094 0.3137 4.492 7.04e-06 ***
Temperature -0.3729 0.0416 -8.964 < 2e-16 ***
Slope -8.2230 1.8318 -4.489 7.16e-06 ***

***, highly significant.
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Occurrence of juveniles (A-C) and ovigerous females (D-F) of Atlantorchestoidea brasiliensis in relation to the physical environmental variables.

creates anaerobic conditions; hence, the balance between oxygen
input and organic matter content is substantial for life in grains
(McLachlan and Turner, 1994; Charbonnier et al., 2016).
Comparison of the two beach situations showed that the organic
matter content was not a determinant of the differences in
burial depths.

Fanini et al. (2009) evaluated behavioral adaptations of A.
brasiliensis for zonal orientation (horizontal) on the beach and
tested predictions of the Habitat Safety Hypothesis (Defeo and
Gomez, 2005). The results obtained suggested that on a reflective
beach (coarser grains and steeper slope), the horizontal orientation
of organisms is more precise than on a dissipative beach. Moreover,
Scapini et al. (2015) demonstrated the effects of the physical
environment (extension and morphology of beaches) on the
population of different species of talitrids (Orchestia stephenseni,
Orchestia montagu, and Talitrus saltator). The study indicated that
populations from more sheltered locations showed greater precision
of horizontal orientation than those from extensive beaches and
were more subject to changes in coastal sedimentary transport. The
mean grain size associated with the vertical orientation (burial) has
been known to determine oxygen concentrations (Charbonnier
et al., 2016), food availability (McLachlan and Turner, 1994), and

the process of water filtration (McLachlan and Defeo, 2018).
Beaches with coarser grains display less compaction between
grains favoring a greater burial depth (Costa et al., 2022).

In the present study, depths of 5 and 10 cm registered a higher
occurrence of individuals for free and restricted access beaches. This
range appears optimal for the species, which provides individuals
with ideal conditions for temperature and sediment humidity
(Maurer et al., 1981; Veloso et al., 2010). Although individuals
have been predominantly found at the mentioned depths on all
beaches, a substantial population was also observed in the deeper
sediment layers of the free access beaches (15, 20, and 25 cm) than
on the restricted. Therefore, the present results indicate a possible
response behavior to direct pressures suffered on free access beaches
because of central paradigms of sandy beach ecology; any
environmental variable evaluated here thus did not seem to affect
the depth of burial of A. brasiliensis.

The results obtained demonstrate that morphodynamic
conditions should not be considered exclusively as factors that
affect the patterns of beach populations, thus substantiating the
results of Defeo and Martinez (2003). Furthermore, in view of the
advancement of human pressure on beach ecosystems, interweaving
environmental and biotic factors with anthropogenic conditions is

TABLE 8 Estimated parameters of the model with the best fit for the relationship between the probability of occurrence of ovigerous females and

environmental descriptors.

Parameter Estimate Std. Error z value Pr(>|z|)
(Intercept) -5.4740 3.7794 -1.448 0.1475
Temperature 0.2045 0.1128 1.814 0.0697
Slope 14.7029 6.4266 2.288 00221 *
Penetrability 0.3046 0.1500 2,031 0.0423 *

* marginally significant.
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fundamental. Trampling and vehicle traffic on beaches are
important stressors for crustaceans worldwide, causing individual
mortality and reducing population densities (Moffett et al., 1998;
Schlacher and Thompson, 2007, Schlacher et al., 2008; Veloso et al.,
2010; Costa et al., 2018; Afghan et al.,, 2020; Costa et al., 2020).
Therefore, they should be considered as anthropic factors affecting
species on beaches.

Based on experiments, Reyes-Martinez et al. (2015) reported
that the Amphipod Bathyporeia pelagica appeared to be highly
sensitive to human trampling pressure, and Ugolini et al. (2008)
observed a reduction in the population density of the sandhopper
Talitrus saltator due to increased human presence. At the
behavioral level, Lucrezi et al. (2009) observed that burrows of
ghost crabs (Ocypode spp.) were sensitive to disturbances caused by
short-term trampling, with recovery during the night when there
was no human presence and restoration the next day. Costa et al.
(2018) observed that Ocypode quadrata avoided building burrows
in plots trampled by people and modify their immersion time,
suggesting changes in the species’ behavior according to human
presence. In a review study on the orientation of A. brasiliensis,
Scapini (2006) observed that the first response of the species to
potential disturbances is to escape as a reaction behavior to avoid
stress, demonstrating that A. brasiliensis has an instinctive behavior
of self-preservation. In laboratory experiments, Maurer et al. (1981)
demonstrated the capability of the amphipod Parahaustorius
longimerus to migrate vertically and reach greater depths in
stressful situations that demand survival strategies. Thus, burying
behavior can be characterized as a phenotype with considerable
adaptive potential (Brown, 1996). Therefore, if A. brasiliensis has
behavioral learning (plasticity), populations would learn to bury
themselves further to avoid mortality by trampling, in the long
term, on the most trampled beaches. Therefore, the deeper burial of
A. brasiliensis observed can be seen as behavioral plasticity and a
long-term change in trampled beaches.

The behavioral patterns in relation to stressful situations of the
species need to be better understood for enhanced effective
management and research on the conservation of the species and/
or its use as a bio monitor of animal behavior driven by anthropic
pressures (Primack and Rodrigues, 2001). Therefore, the present
study is an initial step toward further research on changes in the
patterns of animal behavior induced by direct anthropogenic
pressures on sandy beaches.

The results obtained in this study corroborate the initial
hypothesis as greater burial depths were observed on beaches
with a higher incidence of trampling (free access) and with the
low influence of environmental variables, indicating a possible
strategic behavior of preservation against mortality by organisms
on the most trampled beaches. However, the synergistic effects of
physical, biological, and anthropogenic forces must be considered
to better understand this subject.

A more philosophical approach demanding long-term studies,
arising from our guiding question, can be thought upon in context
of future studies: Do organisms bury themselves further deep as a
survival mechanism on the most impacted beaches or only the
organisms genetically capable (pre-adapted) of surviving bury
themselves deeper?
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