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ARTICLE INFO ABSTRACT

Keywords: Sandy beaches are severely under-represented in the literature on climate-change ecology, yet different lines of
Climate change evidence suggest that the macrofauna inhabiting these narrow and dynamic environments located at the land-sea
Sandy beaches interface is being reorganized under the influence of this large scale and long-lasting stressor. This is reflected in
Macrofauna i macrofaunal sensitivity to increasing sea surface temperature, sea-level rise, extreme events and erosion of the
Behavioral adaptation . . . .

Individual narrow physical habitat. However, evidence of behavioral responses by sandy beach macrofauna that are con-
ndiviauals . . . . . . e

Populations sistent with expectations under climate change is scarce and fragmentary. In this paper, specific hypotheses are

formulated for how behavioral adaptations in sandy beach macrofauna are predicted to respond to climate
change impacts. Firstly, a conceptual framework and an overview of macrofauna behavioral adaptation features
are provided. Secondly, the effects of main climate change drivers on sandy beaches are summarized. Thirdly, a
conceptual framework is developed giving behavioral adaptations of sandy beach macrofauna under climate
change pressure. The degree to which observations on behavioral adaptations of beach animals conform to
expectations under specific climate change drivers (sea level rise, sea surface temperature, winds and storminess,
rainfall, acidification and eutrophication) is explored. Taking into account the empirical evidence and the
theoretical framework detailed in the paper, emergent hypotheses/predictions are proposed. Climate change
drivers are expected to impact habitat features and consequently the behavioral expression of macrofauna as
active responses to habitat changes. Behavioral adaptations are expected to be impaired, more variable or
disrupted, thus decreasing fitness, causing local population extirpations and potentially triggering a range of
cascading effects of ecological change in the beach ecosystem. Biodiversity loss will be the outcome of the
negative pressures driven by climate change. The specificity of sandy beaches as narrow ecotones between sea
and land may be lost under climate change pressure, adversely affecting fine-tuned macrofaunal adaptations and
therefore ecosystem functioning. Strictly adapted endemic sandy beach fauna will be especially subjected to
local extirpations, while species with a large reaction norm (i.e. phenotypic and behavioral plasticity) may face
changes by dispersal and exploitation of new niches. Under climate change impacts, biodiversity loss is pre-
dicted, which would hamper beach ecosystem resilience. The limits to which sandy beach macrofauna responds
and can behaviorally adapt to environmental change are worthy of exploration, in view of the increasing in-
fluence of the long-lasting climate driven stressors threatening these ecosystems at risk.

1. Introduction occurrence of press perturbations, notably climate change. A con-

ceptual framework was recently developed to construct explanatory

Sandy beaches are threatened by a variety of stressors operating at
different spatial and temporal scales (McLachlan and Defeo, 2018).
These perturbations translate into ecological impacts that are mani-
fested across several dimensions, affecting the physical and biological
components of the beach system (Brown and McLachlan, 2002; Defeo
et al., 2009). A worrying scenario is particularly given by the increasing
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hypotheses and predictions in sandy beach ecology under climate
change expectations (Schoeman et al., 2014). Long-term information
was used to test emergent hypotheses and related predictions on po-
pulation abundance, structure, individual size, body condition, and
extension of reproductive and recruitment periods (Ortega et al., 2012,
2016; Celentano and Defeo, 2016), as well as in contraction/expansion
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of distributional ranges (Carstensen et al., 2010; Hubbard et al., 2014;
Schoeman et al., 2015; Donelson et al., 2019). Climate change has been
linked to widespread and substantial changes in the distribution,
abundance, reproduction and survival of beach populations, increasing
the risk of local extirpations and functional extinctions (McLachlan and
Defeo, 2018). Long-term changes in species richness, ecological di-
versity and ecosystem-level attributes were also detected as responses
to climate-driven changes in local productivity associated with climatic
shifts (Lercari et al., 2018). In a climate-change context, the survival of
macrofauna is related to their adaptation potential, including genetic
variation and phenotypic/behavioral plasticity (O'Connor et al., 2012).
Behavioral adaptations of macrofauna to the sandy beach habitat have
been subjected to a large amount of observational and experimental
work (Scapini, 2014; McLachlan and Defeo, 2018), yet a general con-
ceptual framework for explanatory and predictive hypotheses is
lacking, which would go beyond fragmentary evidence (Watson, 2018).

Phenotypic plasticity in sandy beach macrofauna was recognized as
an adaptation to these dynamic environments, emphasizing its im-
portance as the “adaptation to adapt” (Brown, 1996). The concept of
phenotypic plasticity was developed for plants that may reproduce
asexually and give progenies sharing the same genotype, but adapted to
different environmental conditions (Schlichting and Pigliucci, 1998).
Phenotypic plasticity is part of the concept of reaction norm and may
evolve under changing environments, including also responses to an-
thropogenic stressors such as climate change (Kelly, 2019). Behavior is
a particular case of phenotypic plasticity in animals, being expressed by
individuals, which have unique genotypes and may respond to different
environmental features that they encounter during development and
free life (Scapini et al., 1988; Hazlett, 1995; West-Eberhard, 2003).
Tolerant individuals more promptly avoid harmful stimuli or contexts
through learning (negative conditioning), or they search again in the
spot where they have previously found a resource (positive con-
ditioning). In this respect, behavior is contingent (hic et nunc, here and
now), reflecting the past and actual conditions faced by individuals.
However, individuals may show peculiar behaviors, acquired through
imprinting-like learning processes, defined “behavioral syndrome” or
“personality”, which may have evolutionary consequences (Scapini
et al., 1988; Gherardi et al., 2012; Kralj-FiSer and Schuett, 2014).

Behavior is expressed by animals in response to internal needs and
external stimuli, genetics underlying behavioral expression through
morphological, physiological and sensorial adaptations. Behavior is an
adaptation per se, important for survival and reproduction and, ulti-
mately, for population and species survival (Campan and Scapini,
2002). Behavioral and physiological plasticity, which contributes to
population survival, is a motor of evolution, but also a product thereof,
giving rise to adaptations through processes of developmental canali-
zation and/or genetic assimilation of gene expression (Badyaev, 2005).
Inter-individual diversity is commonly observed in behavioral expres-
sion, which may provide fitness advantage to better adapted in-
dividuals, particularly in case of the colonization of new habitats,
where natural selection may then establish new adaptations (O'Connor
et al., 2012). Several behavioral adaptations were shown to be geneti-
cally determined, with differences within and between populations.
These include rhythms, orientation, foraging behavior, parental care,
mate preference and antipredator behavior (Pardi and Scapini, 1983;
Scapini et al., 1985; Berthold et al., 1992; Sokolowski, 2001; Sinn et al.,
2006; Kralj-Fiser and Schneider, 2012). Phenotypic plasticity and ge-
netic variation may be considered as complementary attributes (Scapini
et al., 1988; 1995). Genomic studies and molecular genetics evidence
on gene expression and epigenetics offer a background for analyses of
(changing) relationships between genes and environment during in-
dividual life and population evolution (Baker et al., 2001; Renn and
Schumer, 2013; Clark et al., 2018).

Behavioral aspects have not been used yet in sandy beach ecology to
construct hypotheses under climate change expectations. This could be
due to the relatively poor understanding of how responses of individual
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organisms extrapolate to whole ecosystems (Schoeman et al., 2014).
Hence this is an appropriate time to develop a conceptual framework of
behavioral responses and flexibility in sandy beach macrofauna, in view
of climate change impacts on beaches. In this paper, specific expecta-
tions are formulated for how behavioral adaptations in sandy beach
macrofauna are predicted to respond to climate change related impacts.
Firstly, a conceptual framework and an overview of behavioral adap-
tation features of sandy beach macrofauna are provided. Secondly,
theory from climate change literature as applied to sandy beaches is
summarized and the main drivers of change affecting the littoral active
zone (LAZ) are detailed. Thirdly, a conceptual framework is developed
for behavioral adaptations of sandy beach macrofauna under climate
change pressure. Illustrative examples are presented for main climate
change drivers that may affect behavior in beach macrofauna, based on
observational data series, field and laboratory experiments. The degree
to which observations on behavioral adaptations of beach macrofauna
conform to expectations under specific climate change drivers is ex-
plored. Taking into account the empirical evidence and the theoretical
framework detailed in the paper, a suite of emergent hypotheses/pre-
dictions is also given.

2. Behavioral adaptations in sandy beach macrofauna

Behavioral adaptations characteristic of sandy beach macrofauna
are dictated by the instability of the habitat, given by unpredictable and
predictable environmental changes at different temporal scales, which
may impact on individual survival and population persistence
(McLachlan and Defeo, 2018). Animal behavior may include various
components of increasing complexity, from cue perception to behavior
expression (Fig. 1). For example, tides are potentially harmful for su-
pralittoral animals, for the risk of displacement from the suitable zone,
and, at the same time, provide the “cues” that give the signal for and to
orientate escape reactions, or act as zeitgeber (synchronizer) of tidal
rhythms (Scapini, 2006; Naylor, 2010). “Responses” are reactions to
single or multiple stimuli, being often innate (i.e. expressed at the be-
ginning of life, without experience) and potentially shown by all in-
dividuals of the population, in many cases shared by different species
inhabiting similar habitats or beach zones. Kinesis (movement with
respect to environmental gradients, e.g. substrate temperature, hu-
midity or salinity), taxis (movement with respect to a directional sti-
mulus, e.g. shadow, light, gravity, magnetism), or more complex ha-
bitat-specific behavioral adaptations are used to find the suitable
habitat or avoid a hazardous situation. “Behavioral adaptations” are
functional to the habitat where the population lives and may be ge-
netically determined (evolved through natural selection) or acquired
through individual experience. In the latter process, the adaptation to
adapt or learning ability may be inherited.

On sandy beaches, behavioral adaptations in mobile macrofauna are
prevalently expressed to search and choose specific substrate conditions
or avoid harmful ones, recover and maintain the suitable habitat in the
LAZ, which lies between the outer limit of wave effects on bottom
stability and the landward limit of sand transport by wind (Tinley,
1985) (Table 1S in Supplementary Material and references therein).
Supralittoral species maintain or actively recover the beach zone
through habitat selection, orientation and homing, tuning these beha-
viors to the conditions encountered (Vannini and Cannicci, 1995;
Williams, 1995; Scapini, 2014). Biological rhythms contribute to ex-
press activities under optimal conditions, by synchronizing internal
clocks to external cyclic variables, driven by night-day alternation,
tides, lunar phases and seasons; activity rhythms are key adaptations of
sandy-beach macrofauna, as they allow the anticipation of potentially
stressful conditions (Naylor, 2010). Burrowing into the sediment is a
common adaptation in sandy beach macrofauna to prevent hazardous
conditions, such as dehydration, predation or dislocation by tides and
storms, and is linked to sand granulometry and water content, which
show gradients on beaches; this behavior may be greatly impaired by
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Fig. 1. Behavioral adaptation features common in
sandy beach macrofauna: Cues are significant en-
vironmental elements to which beach individuals
react with Innate behavioral responses, according
to species physiology; Behavioral adaptations are
expressed on the beach for functions that contribute
to individual survival and reproduction and may pass
on to the following generations. Modified from
Campan and Scapini (2002).

Circadian rhythms

i

Woisid> Gl =

|
]

Zonal recovery

Habitat selection

I

Burrowing
Avoidance

Behavioral
adaptations
direct human actions, such as beach nourishment, mechanical cleaning, populations, maintaining genetic flow (Soares et al., 1999;

car driving and trampling (Viola et al., 2014; Costa and Zalmon, 2019).
In the intertidal zone, burrowing is expressed as vertical zonation
change (Sassa et al., 2011; McLachlan and Defeo, 2018). Physical and
chemical environmental driving forces prevail on sandy beaches, but
biological ones are also relevant for behavior expression (Table 1S). In
the non-vegetated zone of the beach, animals are either predators or
opportunistically forage on stranded carrion and wrack, which may be
abundant, but unpredictably supplied and of varying nature (Pennings
et al., 2000). Cannibalism was observed under particular conditions,
such as high population density under oligotrophic conditions (Duarte
et al., 2010). Supralittoral animals may also forage in the foredunes and
dunes, avoiding the risk of being swept away by waves, dehydration
risk and predation, and at the same time exploiting a rich food supply in
the case of oligotrophic coastal waters (Colombini et al., 2013; Lagar
et al., 2016). Gregarious behavior may depend on the choice of the
same zone (habitat selection) by several co-specifics; intraspecific
competition may occur to defend resources (e.g. burrows, mates and
food), population density being critical for the expression of competi-
tive behavior (Gherardi et al., 2012). Behavioral adaptations may differ
between species with direct development and those with larval stages.
The former may express behavioral adaptations specific to the beach of
origin, which are further tuned to the home beach features during life
(Gambineri and Scapini, 2008). Larvae may express innate habitat se-
lection behavior (settlement), such as taxis or kinesis to odors, sounds,
salinity gradients and pressure (Stanley et al., 2012).

The expression of adaptive behaviors may be modified in response
to changes of external cues and/or internal motivation and needs, as
well as a consequence of individual experience. In non-homogeneous
environments such as beaches, which present several land-sea physical
and biological gradients, each zone of the beach may be differentially
characterized; thus, animal displacement may itself cause a modifica-
tion of the expressed behavior. The needs of young and small in-
dividuals and their susceptibility to stressful factors may be different
than those of adult and larger ones (Williams, 1995; Scapini and Dugan,
2008); females producing eggs or carrying broods use resources for the
following generation, having therefore different needs than non-re-
productive females, which results in differential behavioral expression
(Borgioli et al., 1999).

Genetic variation within sandy beach populations is particularly
important, as their habitats are subjected to frequent changes. In some
sandy beach taxa, behaviors such as site fidelity, mate choice and
contrasting random mating may produce genetically differentiated sub-
populations, while dispersal and migration may establish meta-

Bezuidenhout et al., 2014). However, populations cannot tolerate the
large-scale event of habitat disappearance, which may be a con-
sequence of climate change impacts and encroaching development from
expanding human populations on land (e.g coastal squeeze, Defeo
et al., 2009; Hubbard et al., 2014). In such case, dispersal and successful
colonization of new beaches would allow species persistence and fur-
ther evolution. The expression of innate behavioral responses to the
beach environmental features and gradients would favor the success of
colonization. The effects of environmental change on beach macrofauna
will depend firstly on behavioral adaptability, which should be in-
cluded in explanatory and predictive hypotheses, subjected to ad hoc
experimental work.

There are specific limits or constraints to the behavioral expression,
which should be considered when developing predictive hypotheses.
Also, specific conditions are necessary to adjust behavior to a changing
environment, as the animals must actively track the environmental
changes by adapting to modified and new contexts. Animal motility and
the capacity of recovering a suitable beach habitat should be included
in the conceptual framework. Learning is an adaptation strategy in most
animals to adjust behavior to new situations, but require time, memory
and a nervous system (even a simple one). Constraints for behavior
adaptability depend also on the inherent characteristics of the species
(life cycle, generation turnover, population abundance and genetic di-
versity). A certain population size and environmental temporal stability
(with relation to population turnover) are necessary for adaptations to
be stabilized. Prevailing climatic conditions on a sandy beach may in-
teract with the tuning of behavioral expression, resulting in differential
life-cycle and behavioral adaptations in different geographic areas
(McLachlan and Defeo, 2018). The species potential for colonization of
new habitats is a key factor under climate change, which implies the
expression of adaptive behavior in new contexts, whereas habitat
connectivity would allow shifts of species ranges (O'Connor et al., 2012;
Donelson et al., 2019).

3. Sandy beach ecosystems and climate change

Climate change has added a new global dimension to modifications
of sandy beach ecosystems (Schoeman et al., 2014; McLachlan and
Defeo, 2018). It has been postulated that sandy beach ecosystems are at
risk because of concurrent and increasing impacts of different climate
change drivers (Fig. 2, Table 1). Indeed, in addition to the ecological
consequences of temperature increase, sea level rise will increase ero-
sion along sandy shores. Global warming may also be expected to cause
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increased storminess, as well as changes in rainfall patterns. Increased
storminess will also result in erosion, retreat of beaches and dune
scarping with vegetation loss. Predicted increase in rainfall patterns in
some regions of the world may increase freshwater flow into marine
environments, decreasing salinity. Salinity will also decrease due to ice
cap melting, as has been observed in the Baltic Sea (Elliott et al., 2015).
Excessive precipitation and flooding may cause a rise in groundwater
levels, thereby increasing swash run-up distances and erosion rates.
Warmer air and water have also been accompanied by an increase in
the frequency and intensity of onshore winds (Bakun, 1990; Sydeman
et al.,, 2014), which in turn increases wave energy, moving beaches
towards more erosive states (Short, 1999). It has therefore become in-
creasingly critical to understand how sandy beach ecosystems will re-
spond to these long-lasting and pressing changes of the environment.
The most sensitive areas of the LAZ are the beach, backshore and
foredunes (Fig. 2), which together comprise a narrow stretch con-
strained by physical and anthropogenic limits, where impacts on sand
budget and biodiversity are expected to occur. Human activities can
accelerate the large-scale changes that are being generated by climate
change drivers. For example, unplanned and intense urban develop-
ment on land could affect the ecosystem service played by sand dunes in
sand storage, increasing erosion rates. Acting together with rising sea
levels, these drivers may affect the sand budget (storage and transport)
across the LAZ, narrowing beaches up to the point that entire habitats
could disappear, become severely restricted or move landwards, de-
pending on the set of local conditions (Houston and Dean, 2012).
Coastal squeeze is nowadays a major long-term threat that sandy bea-
ches face worldwide (Defeo et al., 2009; McLachlan and Defeo, 2018).
Particularly, climate change drivers (Table 1) are expected to affect the
highly specialized sandy beach macrofauna restricted to inhabit the
land-sea interface and thus lacking spatial refugia or compensatory
habitats (Schoeman et al., 2014). Decreased salinity in coastal waters
may affect fertility, reproduction, growth and survival rates in sandy
beach macrofauna (Lima et al., 2000; Ortega et al., 2016). Predicted
ocean acidification may further impact beach mollusks and crustaceans
(particularly their dispersal stages), by reducing calcification rates and
calcium metabolism (Jones et al., 2007). Nutrient enrichment that leads
to eutrophication is another human-generated stressor in sandy bea-
ches, driving to increasing occurrence of harmful algal blooms (Gianelli
et al.,, 2019) and mass development of mats of drifting macro-algae
(Quillien et al., 2015a), which, in turn, may affect beach macrofauna.

4. Climate change impacts on behavioral adaptations

A conceptual framework regarding behavioral adaptation to sandy

beaches under climate change should consider the following aspects: i)
behavioral adaptation with relation to habitat availability/variability;
ii) phenotypic plasticity, including behavior, and its evolutionary role;
and iii) species life-cycle traits (duration of life, dispersal, recruitment,
developmental stages and intra-specific interactions).

It is expected that climate change will expose sandy beach macro-
fauna to significant alterations in their physical and biological en-
vironment, causing variations in behavioral expression. Under changing
conditions, variability was observed in macrofaunal behavior and in-
crease in behavioral plasticity, i.e. rapid adaptive behavior expressed in
new contexts (Gherardi et al., 2012; Scapini, 2014). Comparative ana-
lyses of populations from different beaches showed an increase of be-
havioral variability and a decrease of genetic variation as a con-
sequence of habitat loss (Scapini et al., 1995; Ketmaier et al., 2010).
Behavioral plasticity may have different adaptive importance for dis-
persing or brooding species, with planktotrophic species showing less
genetic diversity and higher phenotypic plasticity (Soares et al., 1999).
The threat of global warming requires the ability to predict the differ-
ential effects of a changing environment on sandy beach species with
dissimilar life cycles (Defeo and McLachlan, 2011).

Considering the importance of ambient energy variables (tempera-
ture and productivity) and local habitat conditions (beach slope and
tides) as leading correlates of species richness and abundance (Defeo
and McLachlan, 2013; Defeo et al., 2017) and behavioral responses as
active reactions of individuals to environmental changes (Fanini and
Scapini, 2008), a high priority should be given to the assessment of the
effects of climate change on behavioral adaptations in beach macro-
fauna. Proximate drivers could impact the LAZ habitats and sandy
beach macrofauna, including their behavioral adaptations and, conse-
quently, fitness (Figs. 2 and 3).

Beach macrofauna interact with their microhabitat and respond to
proximate drivers affecting the LAZ (Fig. 3). The behavior expressed by
an individual may change during its life (T, to Ty), according to the
external context (the microhabitat) and internal conditions. If in-
dividuals succeed in survival and reproduction, adaptations may
eventually be passed on to the successive generations and upscaling to
population level occurs. Referring to climate change impacts, caused by
distal, anthropogenic drivers, the question then is to what extent
macrofauna can (behaviorally, i.e. phenotypically) adapt to proximate
drivers. Identifying constraints of behavioral plasticity is a critical issue
to be explored. A direct impact of climate change drivers on behavioral
adaptations has not yet been modeled. However, changes or disruptions
of behavioral adaptations may represent indicators of impacts at the
population level, which matters for evolution (Scapini et al., 2013;
2015; 2019). Here, some illustrative examples based on long-term
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Fig. 3. Climate change distal and proximate drivers affecting the Littoral Active
Zone (LAZ) and microhabitat-mediated organism interactions influencing the
expressed behavior: distal drivers do not affect macrofaunal behavior directly,
but the LAZ where animals find their microhabitat; macrofauna are affected by
proximate drivers, which in turn influence the LAZ. At any moment, in response
to specific needs and cues, individuals express behaviors developed through
interactions between genes and microhabitat features. Individual development
follows the time horizon from T, to T,, and interactions and expressed beha-
viors at time T, are different from and depend on what happened in previous
life times (T;, Ty, ..), as visualized by the interaction network within the or-
ganism. Modified from Campan and Scapini (2002).

observational data series, field and laboratory experiments (Table 1)
are provided to explore the degree to which observations of the beha-
vior of beach macrofauna conform to expectations under climate
change. The space-for-time substitution modelling approach is also used
to infer temporal trends from spatial variation in population features
and ecological processes across sites that vary in environmental con-
ditions (Blois et al., 2013; Lester et al., 2014; Celentano and Defeo,
2016).

4.1. Sea level

A projected rise in sea level will affect the narrow land-sea interface
and increase erosion rates, thus modifying beach morphodynamics.
Sediment loss will diminish beach volumes and cause a retreat of the
coastline, which will greatly affect beach habitats, adding to the effects
of coastal squeeze. Increasing human actions at the coast and short-
comings in management practices (e.g. nourishment, engineering
structures such as groynes, revetments and breakwaters) also reduce
sediment supply and therefore alter beach area, thus aggravating the
scenario of concern given by sea level rise. Invertebrates with restricted
distributions and dispersal inhabiting the upper zone of sandy beaches
(e.g crustaceans and insects) are extremely vulnerable to increasing
habitat loss and fragmentation, as was documented in California and
Italy on sandy beaches subjected to intense erosion and coastal squeeze
(Hubbard et al., 2014; Nourisson et al., 2018; Scapini et al., 2018).

A comparison of beaches with different morphodynamic features
along Mediterranean and eastern Atlantic sandy shores is used here to
simulate future scenarios under climate change (Scapini et al., 2019). A
strong dependence was shown of talitrid orientation on beach width
and slope. On narrow and sloping beaches, higher behavioral varia-
bility was observed, indicating a disruption of the adaptation, which,
under severe coastal squeeze and increasing occurrence of extreme
events, will not prevent population extirpations and biodiversity loss, as
was observed in pocket beaches and islands (De Matthaeis et al., 2000;
Deidun, 2010). A reduced intertidal zone favors a shifting of foraging
migrations of mobile macrofauna from the low shore to the vegetated
sand dunes (Scapini, 1997; Colombini et al., 2013), a strategy that will
not be possible with coastal squeeze. The destruction of the habitat or
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the reduction in organic supply from the sea will reduce adaptability of
foraging behavior (Laidre, 2013).

4.2. Temperature

A sustained increase in sea surface temperature (SST) may change
water and sand properties and eventually modify local hydrodynamic
conditions. Beach invertebrates are sensitive to changes in their thermal
limits and, therefore, they are increasingly unable to acclimate to
changing temperatures, particularly at the trailing range edge of their
geographical distributions (Schoeman et al., 2014). Warming has a
notable influence on life history traits and processes, including changes
in individual growth, population structure and the extent of re-
productive and recruitment periods (Marques et al., 2003). The in-
tensity and directionality of these responses vary according to the
phylogeographic origin of the species and the intrinsic characteristics of
life history (McLachlan and Defeo, 2018).

Long-term trends were observed in demographic and biological
traits of sandy beach species of cool-water origin (e.g. the yellow clam
Mesodesma mactroides in the Southwestern Atlantic Ocean, SAO). These
were correlated with the systematic increase in SST and consistent with
expectations under climate change. These are: (1) occurrence of mass
mortalities in concurrence with increasing SST, and (2) lower popula-
tion abundance, rates of fecundity, recruitment and adult survival,
clearly reducing fitness (Herrmann et al., 2011; Ortega et al., 2012;
2016). In contrast to the trends observed for this cool-water species,
increasing abundance was found in species of SAO beaches that favor
warmer conditions, such as the wedge clam Donax hanleyanus and the
mole crab Emerita brasiliensis (Defeo, 2003; Herrmann et al., 2009). For
the mole crab, a 20-year study on an Uruguayan beach showed that
with increasing SST: (1) abundance and individual growth rates in-
creased, and (2) reproductive and recruitment periods were more ex-
tended, recruitment increased and population structure was multi-
modal (Celentano and Defeo, 2016). The advanced and extended
breeding and recruitment seasons of E. brasiliensis denote a positive
response of species with tropical affinities to increasing temperatures at
the cold (leading) edge of its range, thus conforming to expected phe-
nological responses to global warming (Schwartz, 2003; Parmesan,
2007; Poloczanska et al., 2013; Schoeman et al., 2014).

A main prediction of the adaptive behavior to warming in sandy
beach macrofauna may be an increase in the duration and phenology of
reproductive and recruitment events in species with warm-water affi-
nities at the leading edge of their distribution, whereas species with
cold-water affinities will follow the reverse trend. These changes will be
accompanied by others that also reflect a trend toward tropicalization,
such as an increase in growth rates and decrease in individual size and
life span. The narrow range endemic species would be at greatest risk,
as their rates of range extension might be outpaced by changes in
temperature, making these taxa particularly vulnerable to this prox-
imate driver. A lack of thermal “safety net” at trailing edges leaves these
species vulnerable to increasing temperatures, which could lead to mass
mortalities and local extirpations and therefore contractions of their
distribution ranges (McLachlan and Defeo, 2018).

Activity patterns of most species in temperate areas are related to
habitat variability and seasonality, which may be impacted by tem-
perature rise; as a consequence, beach populations may face a disrup-
tion of their annual rhythms and change the seasonality of rhythm
expression (Nardi et al.,, 2003; Nasri-Ammar and Morgan, 2006;
Rossano et al., 2008; 2018). Habitat selection, feeding, mating, re-
cruitment and larval settlement are all linked to seasonality, synchro-
nized by various zeitgeber (Naylor, 2010). In a scenario of tropicaliza-
tion under global warming, some synchronizers may no longer be
efficient, reducing fitness, with eventual biodiversity loss.

The predicted temperature rise may affect burrowing behavior
through changes in oxygen availability and water content within bur-
rows. With increasing temperatures, the depth of burrows was observed
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to decrease and competition for burrows increase (Dugan et al., 2004;
Sassa and Watabe, 2008; Gherardi et al., 2012). In intertidal mollusks,
mean burrowing rates are expected to increase as a response to in-
creasing temperatures (McLachlan and Defeo, 2018). In low-lying
coastal areas, sea level rise could cause beach flooding, with consequent
changes in groundwater level and suction-dynamics, affecting sediment
compaction and, consequently, burrowing of supralittoral macrofauna
(Sassa et al., 2014). The reduced fitness may cause species range shifts,
distributional changes and biodiversity loss in sensitive species.

4.3. Onshore winds and storminess

Warmer air and water may increase storminess and frequency and
intensity of onshore waves and winds, which in turn will impact the
LAZ. More frequent and intense onshore winds, together with rising sea
levels, will augment swash width and strength, decrease beach width
and accelerate beach erosion rates, modifying beach morphodynamic
features. The implications for the macrofauna may differ for intertidal
species and supralittoral ones. Storm events in the surf can cause sig-
nificant mortality in intertidal populations, which are stranded in the
upper beach zones by larger waves, being unable to return to the in-
tertidal (McLachlan et al., 1996). Supralittoral species with restricted
distribution and dispersal are expected to experience habitat loss and
mass mortalities with increasing storminess, particularly under coastal
squeeze.

Supratidal macrofauna may anticipate extreme events by changing
migration patterns, from the shoreline to the dune, where they may find
a safe habitat (Scapini et al., 1992; Colombini et al., 2013). However,
the loss of dune habitats may cause population mortality. Under abrupt
decreases in atmospheric pressure, supratidal macrofauna was shown to
anticipate storm events by changing orientation from seawards to
landwards, towards a (predicted) safer zone (Scapini et al., 2002). Be-
havioral adaptations of marine animals appear fine-tuned to changes in
pressure, yet these responses are still little studied in sandy beach
macrofauna. In the intertidal zone, the motility of surfing gastropods for
scavenging is driven by surf and surface currents and increasing stor-
miness may disrupt this adaptation (Harris et al., 2017).

Habitat loss and population extirpations are the main predictions
under a scenario of increasing storminess. Changes in zonation are also
predicted, with increasing competition for resources, consequent de-
crease of fitness and population abundance and diversity.

4.4. Rainfall

Predicted rainfall increase may cause a decrease in salinity due to
increased freshwater flow from land into the marine environment; at
high latitudes, the melting of polar caps will add to this impact.
Excessive precipitation and flooding will also raise groundwater levels,
thereby increasing swash run-up distances and beach erosion rates.
Sudden changes in salinity and salinity range may increase, particularly
in transitional environments such as estuaries, therefore augmenting
beach instability conditions (Lercari and Defeo, 1999, 2015; Colombini
et al., 2006). The increase in rainfall and water transport by rivers in-
teracts with sea level rise, impacting beach macrofauna communities.
In estuarine beaches, salinity changes entrain tidal rhythms of activity,
reproduction and recruitment (Naylor, 2010). Unpredictable salinity
changes due to increased rainfall may disrupt the adaptation to tidal
periodicity. While adult individuals will be able to counteract such
changes through displacement or changes in the expression of activity
rhythms, larvae settlement may fail under unsuitable salinity condi-
tions, with negative consequences on recruitment. Habitat selection
behavior (substrate choice) in mobile beach species is part of the os-
moregulation process, which can affect survival rates. Sandy beach
crustaceans chose the most suitable salinity within their tolerance
range, independently of the salinity of their home beach (Fanini et al.,
2012; 2017). Avoidance reactions of abnormal salt concentration were
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observed in supratidal macrofauna after submersion in unsuitable
salinity (freshwater or high salt concentration) (Scapini, 1979). Many
mobile beach species do not adapt physiologically (osmoregulation) but
behaviorally (substrate choice and orientation), which may be critical
under a scenario of decreasing salinity.

A decrease in salinity through freshwater inflow and rising
groundwater will cause habitat quality to deteriorate and may cause an
increase in the relative representation of freshwater species, including
invasive ones, eventually competing with resident species (Persson,
2001; Herkiil et al., 2006; Fanini et al., 2017). Invasive intertidal beach-
hoppers, clinging to wrack, have extended their distribution range in
north-eastern Baltic beaches, where increased wrack mass has been
transported by storms; the invasions by osmotically-tolerant alien spe-
cies (e.g. Platorchestia platensis) or freshwater ones (e.g. Cryptorchestia
garbinii) are aggravated by decreasing salinity caused by polar ice
melting (Herkiil et al., 2006). The Asian clam Corbicula fluminea has
been increasingly documented in estuarine sandy beaches and a spread
of this invasive species is predicted under climate change (Lercari and
Defeo, 2015; Reyna et al.,, 2018). Under a scenario of increasing
freshwater run-off and polar cap melting, it is predicted that invasive
species will expand their distribution range from freshwater bodies to
estuarine sandy beaches. Competition for resources with endemic spe-
cies is expected, decreasing endemic population fitness and affecting
community composition.

4.5. Acidification

Declining pH and carbonate saturation attributed to climate change
are expected to alter water chemistry properties in the surf zone. Ocean
acidification might affect beach species with calcified structures in their
anatomy (especially mollusks and crustaceans), reducing calcification
rates and calcium metabolism. However, very large quantities of bio-
genic carbonate already present in beach sediments constitute a buffer
system flushing through the beach system, which may counteract ocean
acidification effects on beach species (Schoeman et al., 2014).

Observational and experimental evidence from other marine eco-
systems (there are no examples for sandy beaches) showed that the
reproductive behavior, breeding success and survival of offspring will
be less affected by acidic conditions in species with parental care
(brooders and direct developers) than in broadcast spawners with pe-
lagic larval development (Byrne, 2011; Lucey et al., 2015). Thus, it is
predicted that behavioral adaptations related to reproduction will be
differentially affected by ocean acidification in sandy beach macro-
fauna as follows (in increasing order): supralittoral peracarids <
intertidal peracarids < intertidal mollusks and crustaceans with par-
ental care (brooders) < broadcast spawners with external fertilization
and planktonic larvae. Differential changes in behavior related to
avoidance of stressful conditions and habitat unsuitability are also ex-
pected, particularly during larval settlement, as this phase is strongly
dependent on innate behavioral and sensory adaptations (Fig. 1). Spe-
cies with pelagic larval stages may also be directly affected by large
scale, climate-driven changes in prevailing oceanographic systems,
particularly affecting migration behavior.

Many species showed a decrease in settlement under elevated pCO,
and reduced pH, which cause reductions in the larval sensory capacity
and alter settlement substrates (Stanley et al., 2012; Espinel-Velasco
et al., 2018). Reduced settlement and recruitment and increasing
mortality rates are expected for species with a non-compensatory ca-
pacity (i.e. visual cues instead of chemical ones). Altered sensory ca-
pacity may also affect homing in sandy beach decapods, which would
be more susceptible to predation and less efficient in competition for
mate and space (Vannini and Cannicci, 1995; Gherardi et al., 2012).

Foraging may be altered by changes in pH. In the south-eastern
Pacific littoral, Orchestoidea tuberculata forages on the brown algae
Durvillaea antarctica, whose nutritive characteristics are modified by
changes in CO, levels in seawater. Feeding preference was observed on
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seaweeds exposed to lower levels of CO,, also suggesting a lower pa-
latability of seaweed exposed to elevated CO, levels (Duarte et al.,
2016). It is predicted that algal palatability would be affected by ocean
acidification, forcing algal-consumers to display compensatory feeding
(higher consumption of lower quality food), therefore increasing the
feeding energetic cost. Changes in feeding behavior and/or eventual
colonization of new beaches are expected to occur under the prolonged
absence of good nutritional items. Therefore, food preference, con-
sumption and absorption efficiency may be affected by ocean acid-
ification, causing a deterioration of animal body conditions, as an es-
timate of foraging success, ultimately affecting fitness.

4.6. Eutrophication

Red tides, also known as harmful algal blooms (HAB), have ser-
iously affected the health of sandy beach ecosystems and regional
economies, especially as their frequency, magnitude and duration are
increasing. Nutrient enrichment derived from human activities, acting
together with climate change drivers (including increasing SST and
onshore winds), may be main factors of the worldwide increase in
frequency, intensity and periodicity of red tides (Hoagland and
Scatasta, 2006; Dyson and Huppert, 2010; Rodriguez et al., 2011;
Anderson et al., 2012). Several suspension feeders, including clams and
mole crabs, have been increasingly affected by red tides, which can
cause mass mortalities or render these suspension feeders not fit for
human consumption (McLachlan et al., 1996; Defeo, 2003; Gianelli
et al., 2019), thereby affecting the whole food web (Lercari et al.,
2018). Large-scale changes in the composition of phytoplankton com-
munity have been documented in the surf zone of sandy beaches to-
gether with HAB, including also an increasing representation of species
with warm-water affinities (Martinez et al., 2017). Therefore, it is ex-
pected that the quality and quantity of food, and thus the foraging
behavior, will be affected in sandy beach suspension feeders.

In bivalves, valve activity is affected by food concentration and
quality. With non-toxic food, clams maintain open valves to provide
continuous ventilation and inflow through the gills and mantle cavity.
However, valve closure was documented under the occurrence of toxic
dinoflagellates, which may be a behavioral mechanism directed to
control water inflow through the body cavity and avoid toxic cells
(Basti et al., 2009). It is predicted that the increasing occurrence and
magnitude of HAB will increase valve adduction activities, thus redu-
cing the amount and quality of food and oxygen uptake, affecting body
condition and fitness.

Mass occurrences of drifting macroalgae mats (green and golden
tides) have been increasingly documented in sandy beaches, altering
water and sediment properties (Smetacek and Zingone, 2013). Eu-
trophication is responsible for the increasing frequency and magnitude
of green and golden tides worldwide (Charlier et al., 2008; Ye et al.,
2011). Other proximate drivers related to global change (temperature,
acidification), acting simultaneously, may accelerate this process (Xu
et al., 2017). The production of toxic hydrogen sulphide (H,S) from
decomposition under anoxic conditions affects the physico-chemical
features of the habitat and the biota. Therefore, these events may alter
habitat quality and availability for the resident macrofauna and affect
the beach food-web. Recent studies documented species-specific re-
sponses to green tides along the coastline of Brittany, France: herbi-
vorous marine invertebrates and some suspension feeders benefited
from the presence of Ulva mats, whereas large sub-surface deposit
feeders and bivalve drifters, which surf up and down the shore with the
tides were negatively affected (Quillien et al., 2015a). The overall di-
versity of intertidal benthic macrofauna decreased in the presence of
green tides (Quillien et al., 2015b), but little effect was detected on
subtidal communities or flatfish (Quillien et al., 2018).

It is predicted that intertidal forms will be more affected than sub-
tidal and supralittoral ones by eutrophication because toxic compounds
may accumulate in the sediment of the intertidal zone. Changes in
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community composition are expected under climate change driven
eutrophication, with increasing occurrence of mobile supralittoral
herbivorous species, which may increase their habitat and food quality
and availability through adaptive changes of behavior (habitat selec-
tion, migrations, food selection) and/or exploitation of the dune habi-
tats (Colombini et al., 2013). By contrast, the linear and narrow habitat
of intertidal species will be even more restricted and could cause local
extirpations.

5. Discussion and conclusions

Population size or growth rate against a background of climate
change is an integrated outcome of complex interactions among fun-
damental biological, ecological and evolutionary traits and processes,
which together comprise adaptive capacity (Dawson et al., 2011). The
relevance of behavioral adaptations to changing sandy beaches has
been considered mainly as a response capacity in the framework of
macrofauna adaptability to changing local conditions of the habitat.
Our literature review has shown the widespread behavioral responses
in sandy beach macrofauna to environmental features, which were
valuable to postulate specific hypotheses on potential macrofaunal
adaptations to a changing climate. Biota adaptations to climate change
pressure include three interlinked processes: (1) plasticity, (2) dispersal
and (3) evolution (O'Connor et al., 2012). Behavioral plasticity (1) as-
sumes a major role for survival of sandy beach macrofauna in new
environments during processes (2) and (3). The evolution of new
adaptations requires time to occur, but behavioral responses will allow
the survival of individuals in a new habitat. Behavioral adaptations
contribute to fitness and, through evolutionary time, may become more
and more adapted to specific microhabitat features. Under climate
change, it is predicted that strictly adapted endemic sandy beach fauna
will be especially subjected to local extirpations, while species with a
large reaction norm (i.e. euryoecious species with phenotypic - phy-
siological and behavioral - plasticity) may face changes by dispersal and
exploitation of new niches. Nevertheless, there may be species that
facilitate the survival and resilience of other (more sensitive) species,
even under future climate conditions (Bulleri et al., 2018). Thus, bio-
logical interactions, including behavioral ones related to interspecific
and intraspecific competition, prey-predator relationships, reproduc-
tion and recruitment, may play an important role in structuring sandy
beach macrofauna communities under climate change. Beach environ-
ments are inter-connected (e.g. by coastal continuity, longshore cur-
rents, passive transportation of organisms by stranded material or
boats), and therefore the colonization of novel habitats by sandy beach
macrofauna is likely, particularly, but not exclusively, for those species
with pelagic larval dispersal (Bishop et al., 2017).

Our literature review regarding behavioral adaptations of macro-
fauna to changing environments has revealed the loss of behavioral
specificity and complexity under impacts on the microhabitat
(Table 1S, Supplementary Material). Under climate change, the pre-
dicted outcome will be a decrease of fitness that could eventually lead
to population extirpations and biodiversity loss (Table 1; Elliott et al.,
2015). In this context, rigid adaptations to a specific microhabitat may
result in a constraint and behavioral plasticity may be a better strategy
for population survival under climate change. An increase in behavioral
variation is predicted, which may represent an early warning signal.
However, increasing pressure of climate change drivers interacting with
human actions on sandy beaches could lead to impaired or disrupted
behavioral adaptations, threatening fitness, population survival and
eventually ecosystem functioning. Sandy beach ecosystems will always
exist as boundaries between sea and land, but the specificity of these
ecotones, characterized by fine-tuned macrofaunal adaptations, will
likely be lost under climate change pressure. The limits to which be-
havior can adapt to environmental changes are worthy of exploration,
in view of modeling scenarios under climate change (Scapini et al.,
2019).
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Comparative analyses of behavioral adaptations in macrofauna po-
pulations with a wide geographic range (Table 1S, Supplementary
Material) are suitable to highlight the adaptation potential under cli-
mate change impacts, also considering the large distribution range of
most sandy-beach macrofauna species. On the other hand, common-
garden experiments, while recommended to test specific hypotheses on
the effects of microhabitat change, require time, depending on the life
cycle of species (e.g. decades for plant populations, Germino et al.,
2019). The same constraint exists for long-time series observations,
which must reflect accelerating changes under climate change pressure
and anthropogenic impacts (McLachlan and Defeo, 2018). Population
substitution by invasive alien species, already notable and occurring in
large areas in marine environments (Cardeccia et al., 2018), are also
predicted for sandy beaches.

Climate change is a global process (Elliott et al., 2015), in which the
sources of impact are multiple and interacting with many effects (Fig. 2,
Table 1), posing novel questions on the potential adaptation of sandy
beach macrofauna and its narrow habitat. The predicted scenarios
under climate change may thus be complex. Degrading environmental
features will impact on ecological fitness and a loss of biodiversity will
be the outcome of the negative pressures originated by climate change.
If sandy beaches and the ecosystem services and societal goods and
benefits they provide are to be conserved, detailed insights on macro-
faunal adaptations (including behavior) and the consequences of their
predicted disruption by climate driven stressors, are needed to provide
mechanistic explanations of changes across geographic areas. The limits
to which sandy beach macrofauna responds and can behaviorally adapt
to environmental change require further exploration, in view of the
increasing influence of the long-lasting climate driven stressors threa-
tening these ecosystems at risk.
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