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Abstract Intertidal organisms are vulnerable to global
warming as they already live at, or near to, the upper
limit of their thermal tolerance window. The behaviour
of ectotherms could, however, dampen their limited
physiological abilities to respond to climate change (e.g.
drier and warmer environmental conditions) which
could substantially increase their survival rates. The
behaviour of ectotherms is still mostly overlooked in
climate change studies. Here, we investigate the poten-
tial of aggregation behaviour to compensate for climate
change in an intertidal gastropod species (Nerita atra-
mentosa) in South Australia. We used thermal imaging
to investigate (1) the heterogeneity in individual snail
water content and body temperature and surrounding
substratum temperature on two topographically differ-
ent habitats (i.e. rock platform and boulders) separated
by 250 m at both day- and night-times, (2) the potential
relationship between environment temperature (air and
substratum) and snail water content and body temper-
ature, and (3) the potential buffering effect of aggrega-
tion behaviour on snail water content and body
temperature. Both substratum and snail temperature
were more heterogeneous at small spatial scales (a few
centimetres to a few metres) than between habitats. This
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reinforces the evidence that mobile intertidal ectotherms
could survive locally under warmer conditions if they
can locate and move behaviourally in local thermal
refuges. N. atramentosa behaviour, water content and
body temperature during emersion seem to be related to
the thermal stability and local conditions of the habitat
occupied. Aggregation behaviour reduces both desicca-
tion and heat stresses but only on the boulder field.
Further investigations are required to identify the dif-
ferent behavioural strategies used by ectothermic species
to adapt to heat and dehydrating conditions at the
habitat level. Ultimately, this information constitutes a
fundamental prerequisite to implement conservation
management plans for ectothermic species identified as
vulnerable in the warming climate.
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Introduction

Understanding how ectotherms adapt physiologically to
heat stress and thermoregulate in response to climate
warming is essential to determining the limits of their
thermal tolerance window (Hofmann and Todgham
2010). This is critical since temperature has a paramount
effect on physiological processes cascading from genes to
organisms (Somero 2002). This impacts individual per-
formance and fitness (Huey and Berrigan 2001), and
ultimately sets species biogeographic ranges (Hofmann
and Todgham 2010). The physiological thermoregula-
tory abilities of intertidal ectotherms are, however, lim-
ited since they already live at, or near to, their upper
thermal tolerance limit (Somero 2002). It is thus critical
to examine non-physiological means of thermoregula-
tion that could maintain the fitness of intertidal species,
hence to some extent the balance of the intertidal eco-
system, in the changing climate.



Ectothermic species can maintain body temperatures
within their thermal tolerance window by responding to
heat stress over a range of (1) temporal scales spanning
from minutes to generations, hence involving processes
such as behavioural thermoregulation (Dubois et al.
2009; Munoz et al. 2005), acclimatisation (Sinclair et al.
2006) and evolutionary adaptation (Somero 2010); and
(2) spatial scales ranging from small-scale habitats
(Chapperon and Seuront 2011a; Denny et al. 2011) to
large-scale geographic distances (Osovitz and Hofmann
2007). In particular, the survival of ectothermic species
in the warming climate is linked strongly to the dispersal
abilities of both organisms and populations within and
across heterogeneous environments in order to select
thermally favourable habitats (Sorte et al. 2011). For
instance, some intertidal invertebrates thermoregulate
through microhabitat selection (e.g. Garrity 1984) while
some terrestrial vertebrates such as reptiles shuttle be-
tween sun and shade in order to take advantage or avoid
solar radiation (e.g. Diaz and Cabezas- Diaz 2004;
Dubois et al. 2009). Intertidal invertebrates also display
a range of thermoregulatory behaviours such as shell
position adjustment (Munoz et al. 2005) or mushroom-
ing behaviour (Williams et al. 2005). On intertidal rocky
shores, the frequent formation of aggregates that con-
tain up to hundreds of individuals (Chapman and
Underwood 1996) has typically been considered to re-
duce both thermal and desiccation stresses (Garrity
1984; Chapman and Underwood 1992; Raffaelli and
Hawkins 1996; Stafford and Davies 2005, 2011, 2012).
Aggregations may indeed maintain moisture and reduce
evaporation rate through the minimisation of the sur-
face-to-volume ratio in contact with the atmosphere
(Chase et al. 1980). For instance, aggregated Nodilitto-
rina peruviana maintain water content and thermoregu-
late better than solitary individuals (Rojas et al. 2000).
Similarly, aggregated mussels exhibit lower body tem-
peratures (4-5 °C) than solitary mussels (Helmuth
1998).

The main objective of this study was to examine
whether the aggregation behaviour widespread among
intertidal snails provide benefits in terms of body tem-
perature and water content in dry and hot environ-
mental conditions and to discuss its potential
implication in the warming climate. In this context, this
study assessed (1) the heterogeneity in snail temperature,
water content and environment temperature; (2) the
relationship between snail water content, body temper-
ature and environment temperature; and (3) the poten-
tial buffering effect of aggregation behaviour on snail
body temperature and water content in different envi-
ronmental conditions. The mosaic patterns of environ-
mental/animal temperature and the benefits of
aggregation behaviour in relation to snail temperature
and water content identified under specific conditions
provide insight into potential conservation and man-
agement plans that may be implemented to protect
ectothermic animals and their habitats from heat and
desiccation stresses.

Materials and methods
Study organisms and sampling strategy

In this study, we investigated the potential links between
aggregation, heat and desiccation stresses in the inter-
tidal prosobranch gastropod Nerita atramentosa (Reeve
1855). N. atramentosa was specifically chosen since it is
typically found in large aggregations (up to several
hundreds of individuals) on temperate South Australian
rocky shores (C.C. and L.S., personal observation), and
plays a strategic role on intertidal rocky shores
(Underwood 1984). N. atramentosa appears to be par-
ticularly vulnerable to extreme heat, and hence the
warming climate, due to its (1) geographic position, (2)
shell colour and (3) limited thermoregulatory abilities.
First, South Australia is the driest state in Australia and
is predicted to become both drier and warmer with an
increase in the frequency of extreme maximum temper-
ature (CSIRO 2010). South Australian oceanic waters
have also warmed up more rapidly than anticipated and
poleward range extension and decline of reef organisms
have already been observed (Wernberg et al. 2011).
Secondly, N. atramentosa has a black-pigmented shell
that enhances both the absorption and retention of solar
radiation during emersion more than the surrounding
substratum (McMahon 1990). Finally, N. atramentosa
individuals remain attached to the substratum even
above temperatures inducing heat coma (i.e. 38.9 °C)
and some specimens exhibit a lack or limited evaporative
cooling ability (McMahon 1990). N. atramentosa suc-
cessful dominance on South Australian rocky shores
nevertheless suggests the existence of some behavioural
adjustment of its body temperature and water content to
cope with South Australian summer conditions, such as
the formation of aggregates.

This study was conducted during the austral summer
(February 2010) on a moderately exposed rocky shore
located in South Australia (Marino Rocks). This site is
characterised by an alongshore gradient in substratum
topographic complexity that includes rock platforms,
rocks and boulders, and abounds with intertidal snails
(e.g. Bembicium sp., Austrocochlea sp.), especially Nerita
atramentosa (Reeve 1855) found at each tidal height.

In order to assess the potential effect of aggregation
behaviour on both snail body temperature and water
content, we considered solitary and aggregated individ-
uals. An individual was considered aggregated when
there was a direct shell contact with the shell of at least
another conspecific (Chapperon and Seuront 2011a, b).
However, all aggregated individuals were collected ran-
domly from different aggregations containing at least
five individuals. Individuals were collected only from the
centre of aggregations. Overall, body temperature and
water content were measured from 90 to 100 adult
individuals (17.3 £ 2.71 mm, X+ SD) during each
sampling session (i.e. daytime and nighttime low tides).
All individuals were chosen randomly 1 m away from



each side of a 30 m transect running parallel to the sea at
mid-shore level. Note that the body size of N. atra-
mentosa individuals did not differ significantly between
habitats and sampling days (P > 0.05); hence this rules
out the bias related by the potential effect of body size
on thermoregulatory performance and behaviour (e.g.
Helmuth 1998; Williams et al. 2005).

To assess the potential spatial variability in snail
temperature, water content and environment tempera-
ture and in the effects of aggregation behaviour on snail
body temperature and water content, we selected two
habitats located 250 m apart and characterised by dis-
tinct topographical complexity, and related shelter
availability. The first habitat was a horizontal rock
platform (35°2732.93”S, 138°3’35.01”E) composed by a
flat rock substratum punctuated by small pits and cre-
vices and the presence of sparse rocks. N. atramentosa
was found mainly under rocks within aggregations at
daytime low tides (Chapperon and Seuront 2011a).
Individuals situated under rocks were hence studied in
this habitat. The second habitat was a boulder field
(35°2°43.11”S, 138°3’28.30”E) characterized by a com-
plex topography formed by the presence of large rocks,
crevices (i.e. depression that fits at least an individual)
and deeper depressions such as pools (a few centimetres
up to 80 cm deep). N. atramentosa individuals occupied
mainly crevices within aggregations at daytime low tides
(Chapperon and Seuront 2011a).

The potential temporal variability in the effects of
aggregation behaviour on snail body temperature and
water content was investigated during emersion at day-
and night-times. Daytime field work was conducted at
midday low tide (i.e. 12.00 a.m. to 2.00 p.m.) during 4
successive days on the rock platform and the boulder
field. Midday low tides were chosen as they set the most
severe episodes of thermal stress that select for heat
tolerance (Somero 2010). Nighttime field work was
carried out 3 h after sunset over two successive nights in
both habitats. Days and nights of samplings were dif-
ferent between habitats (4 days and 2 nights per habi-
tat). Field work always started when the tide was at its
lowest level.

Environment and snail mantle temperature

The air temperatures measured at the regional scale
(ATgom) during the sampling times in both habitats
were collected from the Bureau of Meteorology of
Australia (BOM) from a weather station situated 10 km
away from the study site in order to ensure that the
regional scale meteorological forcing typically consid-
ered in intertidal studies (Lathlean et al. 2011) was
similar between sampling times in both habitats. The air
temperature was also measured under each studied rock
(ATyR) using a digital thermometer on the rock plat-
form.

Substratum and snail body temperatures (ST and BT,
respectively) were measured with a thermal imaging

camera (Fluke® Ti20, Fluke Corporation, Everett, WA).
Infrared thermography is a non-contact and non-inva-
sive technique to measure temperature through the cre-
ation of a picture of infrared energy emissions from any
surface in the visible spectrum (Helmuth 2002). Thermal
imaging has been used recently to measure the temper-
ature of intertidal invertebrates (Cox and Smith 2011)
such as snails (e.g. Nerita atramentosa on rocky shores,
Caddy-Retalic et al. 2011; Chapperon and Seuront
2011a; Littoraria scabra in mangroves, Chapperon and
Seuront 2011b). The thermal sensitivity of the thermal
camera is < 0.2 °C at 30 °C and the temperature mea-
surement accuracy is 2 % or 2 °C, whichever is greater.
Emissivity values of both shell snails and substrata were
set at 0.95; see Chapperon and Seuront (2011a) for
further explanations. A thermal picture of each organ-
ism and surrounding substratum were taken and further
analysed with the InsideIR 4.0 software, ver. 2006
(Fluke Corporation) to assess snail body and substra-
tum temperatures (Chapperon and Seuront 2011a). For
each thermal picture, a digital picture (Olympus J1
Tough-60, Olympus Imaging Corporation, Centre Val-
ley, PA) was taken jointly to analyze the individual BT
in regards to behavioural properties (i.e. solitary or
aggregated). Mantle temperature (MT) of each individ-
ual was subsequently estimated from the body temper-
ature, BT (Caddy-Retalic et al. 2011). The ratio,
MST, .40, between MT and ST was further calculated for
each individual to identify the temperature deviation
between organism and surrounding substratum. A total
of 248 solitary and 322 aggregated individuals were
studied on the boulder field (N = 570), and 304
solitary and 261 aggregated individuals on the rock
platform (Nyo = 565). Snails were considered within
two microhabitats on the boulder field, i.e. flat rocks and
crevices both exposed to solar radiation during day-
times. N. atramentosa temperature does not differ sig-
nificantly between these two microhabitats (Chapperon
and Seuront 2011a). On the rock platform, studied
individuals were found under rocks where they consis-
tently aggregate and shelter from thermal stress
(Chapperon and Seuront 2011a).

Snail water content

Individual water content (N = 1,135) was measured in
order to evaluate the impact of aggregation behaviour
on the dehydration state of individuals under different
desiccation stress conditions (midday and nighttime)
and in two different habitats. More specifically, each
photographed organism was removed from its substra-
tum and stored in a sealed pre-weighted tube. Individual
fresh weight (W;) was measured immediately upon
return to the laboratory. Organism dry weight (W) was
assessed after 24 h spent at 60 °C (Edgar 1990). Abso-
lute water content of each organism (g) was further
calculated as W; — Wy, and normalised to the volume of
each organism which was approximated by the product



of its length (L), width (w) and height (4). The water
content WC of each organism (g cm ) was finally cal-
culated as vy,0 = LWX‘;VXV‘}I x 1000. Note that no significant
relationship (P > 0.05) was found between the water
content of individuals and the time of sampling (i.e.
from the beginning to the end of samplings). While this
suggests that the duration of emersion does not impact
our results, it is possible that the measured individual
water contents are not only representative of the desic-
cation experienced by individual at low tide since it also
depends on the duration of foraging activities under-
taken during the previous high tide (Stafford et al. 2012),
i.e. an individual that moves for a longer period will lose
more water. However, this is unlikely to affect our water
content measurements as a recent study has shown that
N. atramentosa individuals consistently move over sim-
ilar distances from one low tide to the next (C.C. and
L.S., unpublished data).

Statistical analysis

Because the distributions of the variables WC, MT, ST
and MST,,, diverged significantly from the normality
assumption (Kolmogorov—Smirnov test, P < 0.05),
non-parametric statistics were used throughout this
work. As not temporal differences were detected
(P > 0.05) in the studied variables between the four
daytime sampling nor between the two nighttime
sampling, the data were pooled into two categories,
“night” and ‘“‘day”’, within each habitat. The potential
relationships between ATgom, ATuyr, WC, MT, ST
were investigated using the Spearman’s rank correla-
tion p. The relationship between ATgom and ATygr
was specifically investigated on the rock platform to
identify whether environmental temperatures measured
at the regional scale are representative of local scale
thermal conditions. The potential difference between
MT and ST in both habitats was further examined with
the Mann—Whitney U test. The effect of sampling
location (rock platform vs. boulders), time (day vs.
night) and individual status (aggregated vs. solitary
individuals) on WC, MT, ST and MST,,;, was inves-
tigated with the Mann—Whitney U test. We did not use
Bonferroni correction because this correction is con-
servative and results in greatly diminished power to
detect differentiation among pairs of sample collec-
tions. Instead, we used the more robust modified false
discovery rate procedure (Benjamini and Yekutieli
2001; Narum 2006), with the critical value o, estimated
from the predetermined value of « (x = 0.05) and the
number of hypothesis tests (i.e. the number of pairwise
tests) k as o, =a/ Zf:] (1/i). Analysis of variance
(three factors, ANOVA) could not be performed since
the data failed normality and homoscedasticity even
after log transformation. All statistical analyses were
performed with PASW Statistics 18 (SPSS, 2009, Chi-
cago, IL).

Results
Space—time variability in air temperature

The mean air temperature measured at the regional scale
i.e. ATgom Was on average 22.3 + 2.4 °C, (x = SD) and
25.3 + 3.6 °C at day- and night-time, respectively. On the
boulder field, ATgom was on average 25.2 £ 3.0 °C
during the day and 22.1 £ 5.4 °C during the night.
ATgom did not significantly differ (Mann—Whitney
U test, P > 0.05) between habitats at day- and night-
times. On the rock platform, the air temperature measured
under rocks (ATyg) varied between 24 and 39 °C aver-
aging at 30.1 £ 3.1 °C at daytime, and between 20 and
28 °C averaging at 23.1 £+ 1.6 °C at nighttime. ATgom
and ATygr were not significantly correlated (P > 0.05).

Space—time variability in substratum and snail
temperatures

Mantle and substratum temperatures were not corre-
lated significantly to ATgonm in both habitats (P >
0.05). However, individual MT was positively and sig-
nificantly correlated to ST in both habitats (P < 0.001,
Fig. 1). Also note that while MT was significantly higher
than ST in both habitats (P < 0.001), MT increased
significantly faster than ST (P < 0.05) in both habitats.
On the rock platform, individual MT and ST were also
positively and significantly correlated to ATygr (P <
0.001). In both habitats, MT, ST and MST,,;, were
significantly greater during the day than at night
(Tables 1, 2; Figs. 1, 2a).

During daytime, both MT and ST were significantly
cooler on the rock platform than on the boulder field
(Tables 1, 2). Nevertheless, no significant difference in
MST,.io was found between habitats during the day
(Tables 1, 2; Fig. 2a). At nighttime, MT was not sig-
nificantly different between habitats (Tables 1, 2). ST
was significantly warmer on the rock platform than on
the boulder field (Tables 1, 2) during the night. MST, .,
was significantly greater on boulders than on the rock
platform at nighttime (Tables 1, 2; Fig. 2a).

Space—time variability in N. atramentosa water content

No significant correlation was found between the mean
water content of individuals and ATgom, ATuyr, MT
and ST in both habitats during either the daytime and
nighttime field experiments (P > 0.05). On the rock
platform, WC did not significantly differ between day
and night (Tables 1, 2; Fig. 2b). In contrast, on the
boulder field, WC was significantly greater at night than
during the day (Tables 1, 2; Fig. 2b). At daytime, the
water content of individuals did not significantly differ
between the two habitats (Tables 1, 2; Fig. 2b). At
nighttime, however, the water content was significantly
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Fig. 1 Mantle temperature (MT) of Nerita atramentosa individu-
als versus surrounding substratum temperature (ST) in both
habitats (RP rock platform; B boulders) during daytime (D white
dots) and nighttime experiments (N grey dots). Mean MT and

Table 1 Mean (£ SD), minimum and maximum observed values of
water content (WC), mantle temperature (MT), substratum tem-
perature (ST), mantle to substratum temperature ratio (MST;a40)

mean ST in both habitats are represented by grey and black
squares during daytime and at night, respectively. The black line
represents the first bissectrix, i.e. MT = ST. RP-day: N = 378,
RP-night: N = 187, B-day: N = 380, B-night: N = 190

in aggregated (A) and solitary (S) individuals in both habitats (rock
platform and boulder field) during daytime and nighttime experi-
ments

Rock platform

Boulder field

Night Day Night
N(A) = 37 N(A) = 212 N(A) = 110
N(S) = 150 N(S) = 168 N(S) = 80

Day
N(A) = 224
N(S) = 154
A-WC (g cm™3) % (SD) 0.112 (0.022)
Min 0.031
Max 0.314
S-WC (g cm ™) % (SD) 0.119 (0.048)
Min 0.057
Max 0.443
A-MT (°C) % (SD) 29.096 (3.123)
Min 22414
Max 36.630
S-MT (°C) % (SD) 29.663 (4.703)
Min 20.257
Max 45.092
A-ST (°C) % (SD) 26.750 (2.567)
Min 22.131
Max 32.046
S-ST (°C) % (SD) 27.074 (3.929)
Min 18.185
Max 41.444
A-MST, a0 % (SD) 1.088 (0.056)
Min 0.987
Max 1.223
S-MST a0 % (SD) 1.095 (0.057)
Min 0.982
Max 1.298

0.115 (0.016)

0.115 (0.019)

0.130 (0.012)

0.089 0.049 0.083

0.160 0.187 0.161

0.113 (0.014) 0.109 (0.020) 0.133 (0.011)
0.079 0.041 0.103

0.162 0.188 0.161

18.827 (1.727) 30.898 (3.251) 17.977 (1.357)
15.717 23.502 15.695
21.356 39.446 20.203

18.185 (1.701) 30.669 (3.755) 18.219 (1.736)
14.737 23.282 15.145

21.895 43.735 20.863

19.150 (1.426) 28.641 (2.658) 17.640 (1.109)
16.438 23.846 15.773

20.652 35.789 19.626

18.419 (1.721) 27.951 (3.181) 17.650 (1.231)
14.110 22.704 15.775

21.151 41.443 20.209

0.982 (0.031) 1.078 (0.048) 1.019 (0.028)
0.926 0.944 0.9664

1.051 1.191 1.153

0.988 (0.035) 1.097 (0.038) 1.031 (0.041)
0.929 1.018 0.965

1.086 1.209 1.135

greater on the boulder field than on the rock platform
(Tables 1, 2; Fig. 2b).
Aggregation and thermal stress

During the day, on the boulder field, MT did not differ
significantly between aggregated and solitary snails

(Table 3). Solitary individuals occupied cooler substra-
tum than aggregated individuals (Table 3). Aggregation
behaviour significantly reduced the temperature devia-
tion between snails and surrounding substratum (i.e.
MST,.ii0, Table 3; Fig. 2a). During the day, on the rock
platform, no significant difference in MT, ST and
MST,.iio Was observed between solitary and aggregated
individuals (Table 3; Fig. 2a). At nighttime, on the
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Fig. 2 Water content (WC) and mantle to substratum temperature
ratio (MST,,0) of solitary (S, black bars) and aggregated (A, white
bars) Nerita atramentosa individuals in both habitats (RP, rock
platform; B, boulders) at both times (day: white background, night:
grey background). Values are means and error bars represent
standard deviations. Significance of the differences in WC and
MST, .0 between aggregated and solitary individuals in both
habitats at both times, and between habitats at daytime and at
nighttime are indicated by asterisks, *P < 0.05, **P < 0.01. Note
that significant differences (P < 0.01) between day- and nighttime
in MST,,, in both habitats and in WC in the boulder field are not
represented in this figure to improve clarity. RP-day solitary:
N = 108 for WC, N = 154 for MST,,,, RP-day aggregated: N =
175 for WC, N = 224 for MST,.40, RP-night solitary: N = 150,
RP-night aggregated: N = 37, boulders-day solitary: N = 168,
boulders-day aggregated: N = 212, boulders-night solitary: N =
80, boulders-night aggregated: N = 110

boulder field, MT and ST were not significantly different
between the two categories of organisms (Table 3).
MST,.;oc Wwas, however, significantly greater among
solitary than aggregated snails (Table 3; Fig. 2a). Dur-
ing the night, on the rock platform, aggregated indi-
viduals were significantly warmer and occupied
significantly warmer substratum than solitary organisms
(Table 3). MST,., did not differ between snail catego-
ries (Table 3; Fig. 2a).

Aggregation and desiccation stress

During the day, on the boulder field, solitary individuals
had significantly lower water content than aggregated
ones (Table 3; Fig. 2b). In contrast, daytime aggregation
behaviour on the rock platform did not increase the

water content of snails significantly (Table 3; Fig. 2b).
At nighttime, no significant difference between aggre-
gated and solitary organisms was observed in both
habitats (Table 3; Fig. 2b).

Discussion

Habitat temperature and thermal stability control snail
body temperature, water content and behaviour

As previously observed in others invertebrates (e.g.
Bertness 1989), N. atramentosa body temperature was
significantly and positively correlated to the local tem-
perature (ST and/or ATyg), but was not coupled to air
temperature measured at the regional scale (ATgowm).
This reinforces the growing evidence that climate change
models used to predict future biogeographic species
ranges should integrate environmental variables such as
ST (e.g. this study, Chapperon and Seuront 2011a, b)
but also solar radiations (e.g. Marshall et al. 2010) and
meteorological conditions measured at scales relevant to
individual organisms rather than variables measured at
larger spatial scales, e.g. regional air temperature (Hel-
muth et al. 2011). This is particularly relevant since both
circatidal and intra-habitat variability in ST, hence in
MT (e.g. up to 18 °C on the boulder field on a single
day) was greater than the temperature variability (i.e.
1.5 °C) observed between habitats separated by ca.
250 m. These results are consistent with recent studies
suggesting that micro-site thermal variations in both
terrestrial (Scherrer and Korner 2010) and marine
environments (Helmuth et al. 2006; Denny et al. 2011;
Meager et al. 2011) largely exceed those observed be-
tween latitudes. We also emphasise that short-term
variations in ST and in BT (Table 1) surpass seasonal
variations; see also Seabra et al. (2011). Here, the
maximal ST difference on the boulder field (20.5 °C,
Table 1) was greater than the mean seasonal ST varia-
tions (i.e. 10.25 °C between autumn and summer) pre-
viously recorded on this habitat (Chapperon and
Seuront 2011a).

In contrast, the water content of N. atramentosa was
not correlated significantly to any measured environ-
mental temperature nor to snail temperature in both
habitats during both day- and night-times. Therefore,
the water content and the small spatial scale variations
in ST, hence in MT, likely stem from the local interac-
tion between multiple environmental factors, e.g. degree
of exposure to solar radiation, intensity of local wind
(Helmuth 1998), substratum orientation (Seabra et al.
2011), and mass (Gedan et al. 2011), that create niche-
specific micro-climatic conditions that vary over time. In
the present study, individuals were exposed directly to
the surrounding environmental conditions on the boul-
der field (e.g. solar irradiance, wind), hence these abiotic
factors likely drove the heat fluxes in and out snail
bodies (Helmuth et al. 2011). This may explain both the



Table 2 Mann—Whitney U test to investigate differences in WC, MT, ST, MST,,, in aggregated and solitary snails and in all individuals
between day time (D) and night time (N) in both habitats (RP, rock platform; B, boulders), and between habitats (RP, B) at both times (D, N)

Individual status RP vs. B Days Night
Z P Sig VA P Sig
Aggregated wC —3.007 0.003 B > RP —5.494 <0.001 B > RP
MT —5.745 <0.001 B > RP —3.067 0.002 B < RP
ST —6.653 <0.001 B > RP —5.352 <0.001 B < RP
MST a0 —1.540 0.124 NS* —5.633 <0.001 B > RP
Solitary wC —0.373 0.709 NS —9.436 <0.001 B > RP
MT —2.713 0.007 B > RP —0.067 0.947 NS
ST —3.198 0.001 B > RP —3.589 <0.001 B < RP
MST.ati0 —0.651 0.515 NS —7.053 <0.001 B > RP
All individuals wC —1.678 0.093 NS —11.672 <0.001 B > RP
MT —5.974 <0.001 B > RP —1.561 0.119 NS
ST —7.050 <0.001 B > RP —6.003 <0.001 B < RP
MST a0 —0.635 0.525 NS —9.322 <0.001 B > RP
Individual status D vs. N Rock platform Boulder field
VA P Sig VA P Sig
Aggregated wC —1.093 0.274 NS -7.310 <0.001 D <N
MT —9.743 <0.001 D > N —14.718 <0.001 D >N
ST —9.744 <0.001 D >N —14.719 <0.001 D >N
MST. a0 —8.877 <0.001 D >N —10.363 <0.001 D >N
Solitary wC —1.722 0.085 NS —9.560 <0.001 D <N
MT —15.026 <0.001 D >N —12.726 <0.001 D >N
ST —14.928 <0.001 D >N —12.725 <0.001 D >N
MST .10 —13.568 <0.001 D >N —9.502 <0.001 D >N
All individuals wC —1.377 0.168 NS —-11.972 <0.001 D <N
MT —19.327 <0.001 D >N —19.477 <0.001 D >N
ST —19.276 <0.001 D >N —19.477 <0.001 D >N
MST a0 —17.206 <0.001 D >N —14.222 <0.001 D >N

“Non significant

Table 3 Mann—Whitney U test to investigate differences in WC, MT, ST, MST .., between aggregated (A) and solitary individuals (S) at
both times (D, day time; N night time) in both habitats (B boulders, RP rock platform)

Svs. A Days Night

Z P Sig. Z P Sig
Boulder field
wC —3.254 0.001 S <A —1.833 0.067 Ns*
MT —1.188 0.235 NS —1.478 0.139 NS
ST —2.996 0.003 S <A —0.176 0.860 NS
MST, a0 —3.283 0.001 S>A —2.025 0.043 S>A
Rock platform
wC —0.034 0.973 NS —0.593 0.553 NS
MT —0.154 0.877 NS —1.978 0.048 S <A
ST —0.242 0.808 NS —2.516 0.012 S <A
MST, a0 —0.933 0.351 NS —0.743 0.458 NS

“Non significant

greater substratum and individual body temperatures
(i.e. up to 1.5 °C, Table 1) observed during daytime on
the boulder field and also the significant individual water
loss from night- to daytime (Table 1). Further work is,
however, required to quantify the contribution of others
abiotic factors (e.g. wind speed, which was not measured
in this study) in the determinism of N. atramentosa body
temperature and water content. Nevertheless, the boul-
der field did not seem to be as thermally stressful as

anticipated since MST,,;;, were not significantly differ-
ent from those found under rocks. This is likely related
to the large substratum mass of boulders (i.e.
>256 mm), which is expected to buffer heat and desic-
cation stresses more than crevices, flat and smaller rocks
such as cobbles (64-256 mm; Bertness 1989; Chapperon
and Seuront 2011a; Gedan et al. 2011). Besides, rock
bottoms shelter snails from the dry and hot conditions
that prevail on the rock platform during the day



(Chapperon and Seuront 2011a). This microhabitat
protected from both the sun and the wind, is likely to
maintain a micro-climate with constant temperature and
humidity as suggested by the steady water content of
individuals between day- and nighttime (Table 1).

Some ectotherms such as limpets (Sinclair et al. 2006)
or snakes (Huey et al. 1989) thermoregulate by retreat-
ing under rocks. Likewise, N. atramentosa takes
advantage of the less stressful environmental conditions
found under rocks on rock platforms under summer
conditions (Chapperon and Seuront 2011a). Besides, N.
atramentosa also seem to behaviourally adjust its water
content to the local microclimate of the habitat it
occupies. The significantly greater water content
observed at nighttime on the boulder field indeed sug-
gests that individuals stored more water than on the
rock platform where no dehydration stress seemed to
occur during the day. Individuals might have anticipated
the risk of dehydration stress that likely took place on
boulders in summer by increasing their water storage in
order to maintain water levels even after exposure to
dehydrating conditions.

Aggregation behaviour buffers local environmental
conditions

Aggregation behaviour significantly increased the water
content and decreased the body temperature of N. at-
ramentosa in comparison to the surrounding substra-
tum, but only in one of the two habitats considered (i.e.
the boulder field), and at both day- and nighttimes. This
is in agreement with the spatial variability in the role of
aggregation behaviour of the barnacle Semibalanus ba-
lanoides (Bertness 1989) and the littorinid snail Nodilit-
torina peruviana (Rojas et al. 2000) in buffering the
effects of heat and desiccation conditions. Similarly, the
inter-habitat variability in the buffering effect of N. at-
ramentosa aggregation behaviour was likely governed by
the thermal stability of habitats or local climatic con-
ditions (Bertness 1989; Rojas et al. 2000). Although
more data collected on different species, and in a range
of habitats and climates are needed to generalise these
results, they nevertheless suggest a great flexibility in the
ability of N. atramentosa to behaviourally buffer and
respond to local environmental cues by adopting an
adequate strategy, such as the aggregation behaviour
(this study) or microhabitat selection behaviour reported
in previous work on N. atramentosa (Chapperon and
Seuront 2011a).

N. atramentosa aggregations observed under rocks on
the rock platform were induced neither by temperature
nor by desiccation conditions. Aggregations of intertidal
invertebrates have been shown to be advantageous in
regards to a range of biological (e.g. reproduction,
Cudney-Bueno and Prescott 2008; predation risk,
Coleman et al. 2004) and environmental factors (e.g.
hydrodynamism, Moran 1985). It is thus possible that
N. atramentosa formed aggregations to reduce predation

by the reef crab Ozius truncatus (Chilton and Bull 1984)
and/or to breed, as observed in other invertebrates
(Cudney-Bueno and Prescott 2008). Aggregations may
also result from the following of conspecific mucous
trails (e.g. Chelazzi et al. 1985; Stafford and Davies
2005; Chapperon and Seuront 2011b) and food, home or
conspecific source odour trails (Chelazzi et al. 1985;
Chapperon and Seuront 2009). Since individuals pref-
erentially select rock bottoms in summer to thermoreg-
ulate (Chapperon and Seuront 2011a), snails may
naturally aggregate as the number of shelters (i.e. rocks)
is limited. Further investigations are, however, required
to clearly determine the factors underlying N. atramen-
tosa aggregation behaviour on rock platforms.

Conclusion

Although further temporal investigations from a range
of environments and species would ensure the generality
of the present results, this study contributes to the
growing evidence that mobile invertebrates may be less
vulnerable than previously thought to heat extremes,
desiccation conditions and the increase in mean tem-
perature predicted in the warming climate. Intertidal
mobile, slow moving and sessile ectotherms whose body
temperature is intrinsically related to the substratum
temperature might locally survive warmer, drier and
extreme heat conditions as a combined effect of (1) the
heterogeneity in environment thermal properties identi-
fied at the centimetre scale (e.g. this study; Chapperon
and Seuront 2011a, b; Denny et al. 2011) that creates
potential thermal refuges under heat stress (e.g. rock
bottoms in this study), (2) the thermal stability status of
habitats (i.e. boulder field) that may naturally buffer
heat and desiccation stresses (e.g. this study; Gedan et al.
2011), (3) the behavioural ability of mobile ectotherms
to explore the environmental heterogeneity at the niche
level and to select a thermally favourable microhabitat
or substratum (Chapperon and Seuront 2011a, b; Miller
and Denny 2011) and (4) the intraspecific flexibility in
the behaviour of mobile ectotherms that display differ-
ent strategies (e.g. aggregation, microhabitat selection)
specific to local conditions in order to buffer heat and
desiccation stresses (e.g. this study; Chapperon and
Seuront 2011a, b).

This study particularly stresses the need to further
investigate the potential effects of various behavioural
strategies identified in different species (Garrity 1984;
Munoz et al. 2005; Chapperon and Seuront 2011a, b;
Miller and Denny 2011) on body temperatures and
water contents as they could be essential for survival
under more stressful environmental conditions. After
identifying these thermoregulatory behaviours at species
and habitat levels, some regulations to protect organ-
isms from e.g. being disturbed and stressed (e.g. non
removal or dislodgement of organisms) could ultimately
be implemented within local conservation and manage-



ment plans (e.g. installation of artificial thermal refuges)
in order to decrease their vulnerability under new envi-
ronmental conditions.

Acknowledgments The authors gratefully acknowledge V. Van-
Dongen-Vogels for field work assistance, and K. Newton, T. Jef-
fries, B. Roudnew for laboratory assistance. We thank Mike Davis
from the Bureau of Meteorology of Australia for his help and
assistance with meteorological data. This research was supported
under Australian Research Council’s Discovery Projects funding
scheme (Project Number DP0988554). Professor Seuront is the
recipient of an Australian Professorial Fellowship (Project Number
DP0988554). C. Chapperon was supported by an International
Postgraduate Research Scholarship.

References

Benjamini Y, Yekutieli D (2001) The control of false discovery rate
under dependency. Ann Stat 29:1165-1188

Bertness MD (1989) Intraspecific competition and facilitation in a
northern acorn barnacle population. Ecology 70:257-268

Caddy-Retalic S, Benkendorff K, Fairweather PG (2011) Visualizing
hotspots: applying thermal imaging to monitor internal temper-
atures in intertidal gastropods. Molluscan Res 31:106-113

Chapman MG, Underwood AJ (1992) Foraging behaviour of
marine benthic grazers. In: John DM et al (eds) Plant-animal
interactions in the marine benthos. Clarendon Press, Oxford,
pp 289-317

Chapman MG, Underwood AJ (1996) Influences of tidal condi-
tions, temperature and desiccation on patterns of aggregation
of the high-shore periwinkle, Littorina unifasciata, in New
South Wales, Australia. J Exp Mar Biol Ecol 196:213-237

Chapperon C, Seuront L (2009) Cue synergy in Littorina littorea
navigation following wave dislodgement. J Mar Biol Assoc UK
89:1225-1228

Chapperon C, Seuront L (2011a) Space-time variability in envi-
ronmental thermal properties and snail thermoregulatory
behaviour. Funct Ecol 25:1040-1050

Chapperon C, Seuront L (2011b) Behavioural thermoregulation in
a tropical gastropod: links to climate change scenarios. Glob
Change Biol 17:1740-1749

Chase R, Croll RP, Zeichner LL (1980) Aggregation in snails,
Achatina fulica. Behav Neural Biol 30:218-230

Chelazzi G, Della Santina P, Vannini M (1985) Long-lasting sub-
strate marking in the collective homing of the gastropod Nerita
textilis. Biol Bull 168:214-221

Chilton NB, Bull CM (1984) Influence of predation by a crab on
the distribution of the size-groups of three intertidal gastropods
in South Australia. Mar Biol 83:163-169

Coleman RA, Browne M, Theobalds T (2004) Aggregation as a
defense: limpet tenacity changes in response to simulated
predator attack. Ecology 85:1153-1159

Cox TE, Smith CM (2011) Thermal ecology on an exposed algal
reef: infrared imagery a rapid tool to survey temperature at
local spatial scales. Coral Reefs 30:1109-1120

CSIRO (2010) Climate variability and change in south-eastern
Australia: a synthesis of findings from Phase 1 of the South
Eastern Australian Climate Initiative (SEACI). http://www.
csiro.au/~/Media/CSIROau/Divisions/CSIRO%20Land %20
and%20Water/SynthesisReportSEACI_CLW_PDF%20Stan
dard.pdf

Cudney-Bueno R, Prescott Hinojosa-Huerta O (2008) The black
murex snail, Hexaplex Nigritus (Mollusca, Muricidae), in the
Gulf of California, Mexico: I. Reproductive ecology and
breeding aggregations. Bull Mar Sci 83:285-298

Denny MW, Dowd WW, Bilir L, Mach KJ (2011) Spreading the
risk: small-scale body temperature variation among intertidal
organisms and its implications for species persistence. J Exp
Mar Biol Ecol 400:175-190

Diaz JA, Cabezas- Diaz S (2004) Seasonal variation in the contri-
bution of different behavioural mechanisms to lizard thermo-
regulation. Funct Ecol 18:867-875

Dubois Y, Blouin-Demers G, Shipley B, Thomas D (2009) Ther-
moregulation and habitat selection in wood turtles Glyptemys
insculpta: chasing the sun slowly. J Anim Ecol 78:1023-1032

Edgar GJ (1990) The use of the size structure of benthic macro-
faunal communities to estimate faunal biomass and secondary
production. J Exp Mar Biol Ecol 137:195-214

Garrity SD (1984) Some adaptations of gastropods to physical
stress on a tropical rocky shore. Ecology 65:559-574

Gedan KB, Bernhardt J, Bertness MD, Leslie HM (2011) Substrate
size mediates thermal stress in the rocky intertidal. Ecology
92:576-582

Helmuth BST (1998) Intertidal mussel microclimates: predicting
the body temperature of a sessile invertebrate. Ecol Monogr
68:51-74

Helmuth BST (2002) How do we measure the environment?
Linking intertidal thermal physiology and ecology through
biophysics. Integr Comp Biol 42:837-845

Helmuth B, Broitman BR, Blanchette CA, Gilman S, Halpin P,
Harley CDG, O’Donnell J, Hofmann GE, Menge B, Strickland
D (2006) Mosaic patterns of thermal stress in the rocky inter-
tidal zone: implications for climate change. Ecol Monogr
76:461-479

Helmuth B, Yamane L, Lalwani S, Matzelle A, Tockstein A, Gap
N (2011) Hidden signals of climate change in intertidal eco-
systems: what (not) to expect when you are expecting. J Exp
Mar Biol Ecol 400:191-199

Hofmann GE, Todgham AE (2010) Living in the now: physio-
logical mechanisms to tolerate a rapidly changing environment.
Annu Rev Physiol 72:127-145

Huey RB, Berrigan D (2001) Temperature, demography, and
ectotherm fitness. Am Nat 158:204-210

Huey RB, Peterson CR, Arnold SJ, Warren PP (1989) Hot rocks
and not-so-hot rocks: retreat-site selection by garter snakes and
its thermal consequences. Ecology 70:931-944

Lathlean JA, Ayre DJ, Minchinton TE (2011) Rocky intertidal
temperature variability along the southeast coast of Australia:
comparing data fron in situ loggers, satellite-derived SST and
terrestrial weather stations. Mar Ecol Progr Ser 439:83-95

Marshall DJ, McQuaid CD, Williams GA (2010) Non-climatic
thermal adaptation: implications for species’ responses to cli-
mate warming. Biol Lett 6:669-673

McMahon RF (1990) Thermal tolerance, evaporative water loss,
air-water oxygen consumption and zonation of intertidal
prosobranchs: a new synthesis. Hydrobiologia 193:241-260

Meager JJ, Schlacher TA, Green M (2011) Topographic complexity
and landscape temperature patterns create a dynamic habitat
structure on a rocky intertidal shore. Mar Ecol Progr Ser
428:1-12

Miller LP, Denny MW (2011) Importance of behaviour and mor-
phological traits for controlling body temperature in Littorinids
snails. Biol Bull 220:209-223

Moran MJ (1985) Distribution and dispersion of the predatory
intertidal gastropod Morula marginalba. Mar Ecol Progr Ser
22:41-52

Munoz JLP, Finke GR, Camus PA, Bozinovic F (2005) Thermo-
regulatory behaviour, heat gain and thermal tolerance in the
periwinkle Echinolittorina peruviana in central Chile. Comp
Biochem Physiol A 142:92-98

Narum SR (2006) Beyond Bonferroni: less conservative analyses
for conservation genetics. Conserv Genet 7:783-787

Osovitz CJ, Hofmann GE (2007) Marine macrophysiology:
studying physiological variation across large spatial scales in
marine systems. Comp Biochem Physiol A 147:821-827

Raffaelli D, Hawkins SJ (1996) Intertidal ecology. Chapman and
Hall, London

Rojas JM, Farifia JM, Soto RE, Bozinovic F (2000) Geographic
variability in thermal tolerance and water economy of the
intertidal gastropod Nodilittorina peruviana. (Gastropoda: Lit-
torinidae, Lamarck, 1822). Rev Chil Hist Nat 73:543-552


http://www.csiro.au/~/Media/CSIROau/Divisions/CSIRO%20Land%20and%20Water/SynthesisReportSEACI_CLW_PDF%20Standard.pdf
http://www.csiro.au/~/Media/CSIROau/Divisions/CSIRO%20Land%20and%20Water/SynthesisReportSEACI_CLW_PDF%20Standard.pdf
http://www.csiro.au/~/Media/CSIROau/Divisions/CSIRO%20Land%20and%20Water/SynthesisReportSEACI_CLW_PDF%20Standard.pdf
http://www.csiro.au/~/Media/CSIROau/Divisions/CSIRO%20Land%20and%20Water/SynthesisReportSEACI_CLW_PDF%20Standard.pdf
http://www.csiro.au/~/Media/CSIROau/Divisions/CSIRO%20Land%20and%20Water/SynthesisReportSEACI_CLW_PDF%20Standard.pdf

Scherrer D, Korner C (2010) Infra-red thermometry of alpine
landscapes challenges climatic warming projections. Glob
Change Biol 16:2602-2613

Seabra R, Wethey DS, Santos AM, Lima FP (2011) Side matters:
microhabitat influence on intertidal heat stress over a large
geographical scale. J Exp Mar Biol Ecol 400:200-208

Sinclair ELE, Thompson MB, Seebacher F (2006) Phenotypic
flexibility in the metabolic response of the limpet Cellana tra-
moserica to thermally different microhabitats. J Exp Mar Biol
Ecol 335:131-141

Somero GN (2002) Thermal physiology and vertical zonation of
intertidal animals: optima, limits, and costs of living. Integr
Comp Biol 42:780-789

Somero GN (2010) The physiology of climate change: how
potentials for acclimatization and genetic adaptation will
determine “winners” and “losers”. J Exp Biol 213:012-920

Sorte CJB, Jones SJ, Miller LP (2011) Geographic variation in
temperature tolerance as an indicator of potential population
responses to climate change. J Exp Mar Biol Ecol 400:209-217

Stafford R, Davies MS (2005) Examining refuge location mecha-
nisms in intertidal snails using artificial life simulation tech-
niques. Lecture Notes Artif Int 3630:520-529

Stafford R, Williams GA, Davies MS (2011) Robustness of self-
organised systems to changes in behaviour: an example from
real and simulated self-organised snail aggregations. PLoS
ONE 6(7):€22743. doi:10.1371/journal.pone.0022743

Stafford R, Davies MS, Williams GA (2012) Cheats in a cooper-
ative behaviour? Behavioural differences and breakdown of
cooperative behaviour in aggregating, intertidal littorinids
(Mollusca). Mar Biol 33:66-74

Underwood AJ (1984) Vertical and seasonal patterns in competi-
tion for microalgae between intertidal gastropods. Oecologia
64:211-222

Wernberg T, Russell BD, Moore PJ, Ling SD, Smale DA, Camp-
bell A, Coleman MA, Steinberg PD, Kendrick GA, Connell SD
(2011) Impacts of climate change in a global hotspot for tem-
perate marine biodiversity and ocean warming. J Exp Mar Biol
Ecol 400:7-16

Williams GA, De Pirro M, Leung KMY, Morritt D (2005) Phys-
iological responses to heat stress on a tropical shore: the ben-
efits of mushrooming behaviour in the limpet Cellana grata.
Mar Ecol Progr Ser 292:213-234


http://dx.doi.org/10.1371/journal.pone.0022743

	Thermally mediated body temperature, water content and aggregation behaviour in the intertidal gastropod Nerita atramentosa
	Abstract
	Introduction
	Materials and methods
	Study organisms and sampling strategy
	Environment and snail mantle temperature
	Snail water content
	Statistical analysis

	Results
	Space--time variability in air temperature
	Space--time variability in substratum and snail temperatures
	Space--time variability in N. atramentosa water content
	Aggregation and thermal stress
	Aggregation and desiccation stress

	Discussion
	Habitat temperature and thermal stability control snail body temperature, water content and behaviour
	Aggregation behaviour buffers local environmental conditions

	Conclusion
	Acknowledgments
	References


