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Facing the heat: does desiccation and thermal stress explain patterns of
orientation in an intertidal invertebrate?

Abstract
This is an open access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author
and source are credited. A key challenge for ecologists is to quantify, explain and predict the ecology and
behaviour of animals from knowledge of their basic physiology. Compared to our knowledge of many other
types of distribution and behaviour, and how these are linked to individual function, we have a poor level of
understanding of the causal basis for orientation behaviours. Most explanations for patterns of animal
orientation assume that animals will modify their exposure to environmental factors by altering their
orientation. We used a keystone grazer on rocky shores, the limpet Cellana tramoserica, to test this idea.
Manipulative experiments were done to evaluate whether orientation during emersion affected limpet
desiccation or body temperature. Body temperature was determined from infrared thermography, a technique
that minimises disturbance to the test organism. No causal relationships were found between orientation and
(i) level of desiccation and (ii) their body temperature. These results add to the growing knowledge that
responses to desiccation and thermal stress may be less important in modifying the behaviour of intertidal
organisms than previously supposed and that thermoregulation does not always reflect patterns of animal
orientation.Much of what we understand about orientation comes from studies of animals able to modify
orientation over very short time scales. Our data suggests that for animals whose location is less flexible,
orientation decisions may have less to do with responses to environmental factors and more to do with
structural habitat properties or intrinsic individual attributes. Therefore we suggest future studies into
processes affecting orientation must include organisms with differing levels of behavioural plasticity.
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Abstract
A key challenge for ecologists is to quantify, explain and predict the ecology and behaviour

of animals from knowledge of their basic physiology. Compared to our knowledge of many

other types of distribution and behaviour, and how these are linked to individual function, we

have a poor level of understanding of the causal basis for orientation behaviours. Most expla-

nations for patterns of animal orientation assume that animals will modify their exposure to

environmental factors by altering their orientation. We used a keystone grazer on rocky shores,

the limpetCellana tramoserica, to test this idea. Manipulative experiments were done to evalu-

ate whether orientation during emersion affected limpet desiccation or body temperature.

Body temperature was determined from infrared thermography, a technique that minimises

disturbance to the test organism. No causal relationships were found between orientation and

(i) level of desiccation and (ii) their body temperature. These results add to the growing knowl-

edge that responses to desiccation and thermal stress may be less important in modifying the

behaviour of intertidal organisms than previously supposed and that thermoregulation does

not always reflect patterns of animal orientation. Much of what we understand about orientation

comes from studies of animals able to modify orientation over very short time scales. Our data

suggests that for animals whose location is less flexible, orientation decisions may have less

to do with responses to environmental factors and more to do with structural habitat properties

or intrinsic individual attributes. Therefore we suggest future studies into processes affecting

orientation must include organisms with differing levels of behavioural plasticity.

Introduction
Physiological constraints have often been used to explain small-scale variations in the behav-
iour and distribution of animals [1–4]. Orientation, the fine-scale position with respect to a
directional stimulus of an animal in space at a given point in time, varies greatly among indi-
viduals and at different temporal and spatial scales (nightingales [5], black wildebeest [6],
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spiders [7]). Across a wide array of taxa, associations have been established between an individ-
ual’s orientation and environmental variables (e.g. [6, 8–11]). By varying the surface area
exposed to the stimulus of interest, frequently the sun, wind or waves, individuals can alter the
effect of this stimulus on their body (e.g. [12, 13, 14]). Establishing causal links between orien-
tation and potential benefits or costs for individuals, such as differences in mating success or
physiological responses, is the obvious next step towards understanding the importance of ori-
entation has for individuals and/or fitness.

Biases in orientation are commonly thought to be associated with thermoregulation (e.g. [8,
10, 14, 15, 16, 17]). Biophysical modelling has suggested that differences in body orientation
with respect to solar radiation and wind direction can alter body temperature by up to 18°C
and 1°C, respectively, in a 1 kg terrestrial ectotherm [3]. Similarly, male killer wasps Sphecius
speciosus orientate perpendicular to the sun during cooler parts of the day and are then parallel
to solar radiation during hotter periods; when dead conspecifics were manipulated to face dif-
ferent directions, operative temperatures were greater in perpendicularly aligned individuals
than those placed parallel [16]. Manipulative experiments in the field are the ideal approach to
test predications about causal relationships between behaviour and ecological physiology [18]
but, in the context of orientation, it is difficult to manipulate highly mobile organisms. Addi-
tionally, experimental findings regarding the role of orientation in thermoregulation are con-
tradictory, and some studies show that orientation does not influence body temperature as
predicted (e.g in lizards[11], [19], butterflies [20]). Generalisation across taxa is therefore pre-
mature and further manipulative experiments are needed, preferably in the field.

Responses to thermal stress and/or desiccation stress are two of the most frequently pro-
posed underlying explanations for observed patterns of abundance, distribution and behaviour
of intertidal organisms (e.g. [1, 2, 21–24]). Compared to the volumes of experimental research
on desiccation, thermal stress and the distribution of intertidal gastropods, possible links
between orientation and potential physiological stresses are much less investigated. Most stud-
ies of orientation in the rocky intertidal environment have focused on thermoregulation in lit-
torinids [14, 25–27]. For example, in the South American periwinkle Echinolittorina
peruviana, the majority of individuals position their body to face the sun dorso-ventrally, as
opposed to laterally, to reduce exposure to solar radiation and this pattern is associated with
differences in body temperature [14]. The relative importance of orientation in gastropod ther-
moregulation is however not conclusive [26] since previous studies [14, 27] did not measure
body temperature directly, or lacked appropriate procedural controls (e.g.[25]). To increase the
generality of findings and reliability of results, studies should be done on organisms other than
littorinids and use manipulative field experiments, so enabling tests of causal links [18, 28].

Limpets are an ideal organism for field-based tests of hypotheses on the causal relationships
between orientation and physiological and fitness outcomes. This is because their ability to
alter their orientation is limited at short temporal scales, only changing when immersed or
splashed as the tide rises, this means that limpets can be manipulated more easily than other,
more mobile organisms. Limpets are also widely studied, easily accessible and play an integral
role in the ecology and structuring of their ecosystem [21, 29–31].

Populations of the intertidal limpet Cellana tramoserica exhibit a downwards bias in head
orientation on steeply sloped substrata [32]. Proposed explanations for biases in orientation
are that a downwards orientation reduces desiccation [33, 34] or thermal stress. These benefits
may occur via altering the surface area of the individual to direct solar radiation [3] or ensuring
certain parts of the organism are kept moist for longer [33, 35]. Some animals orientate so their
head is protected from, via shading, or exposed to solar radiation [e.g. 16]; this may also be true
for limpets. Consequently, although overall body temperatures may be similar, anterior tem-
peratures may be different between limpets orientating in different directions.

Orientation, Desiccation and Thermal Stress
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Here we test the idea that differences in limpet orientation are associated with variations in
a) desiccation stress, b) body temperature and/or c) anterior temperature. If there is an absence
of any relationship between orientation and desiccation stress it may be because there is no
causal link between the two or because limpets that are more sensitive to desiccation compen-
sate by orientating downwards and those which are less sensitive have no need to do so. The
same applies for any differences in body or anterior temperature. We performed manipulative
experiments, in which the orientation of individuals was altered to measure potential causal
effects on desiccation and body temperature. The following hypotheses were tested:

H1) There is a significant correlation between orientation and desiccation stress

H2) Limpets manipulated to face upwards will be, on average, more desiccated then those
orientating downwards

H3) Limpets orientating downwards will have, on average, a cooler body and anterior
temperature then those orientating upwards

H4) Limpets manipulated to face upwards will, on average, have a hotter body and anterior
temperature then those orientating downwards

Materials and Methods

Site description
The study was done at two locations near Sydney; Little Bay (033° 58’ S, 151° 15’ E) and Cape
Banks Scientific Reserve (034° 59’ S, 151° 25’ E). In New South Wales, scientific research on
any marine organism is regulated by a scientific research permit from NSWDepartment of Pri-
mary Industries—Fisheries; called a Fisheries Scientific Research Permit. On this permit, the
permissible locations for research, including organism collection, are specified. C. tramoserica
is not an endangered or protected species so no further permits are needed. On our research
permit, number F96/146-7.3, Cape Banks Aquatic Reserve and other non-gazetted areas with
New South Wales are identified as a permissible locations for research including to collect
organisms—research access is controlled under the same permit number. Little Bay is not a
gazetted area and no access permits are needed. Patterns of orientation of limpets are similar at
each location ([32]; C. Fraser unpub. Data). In all experiments, experimental patches (approx.
size 2 x 2m) were haphazardly selected within these locations. Each patch contained steeply-
sloped sandstone surfaces (>60°, where 0° is horizontal). Patches were at low- to hightide
height above mean low water (the intertidal range of C. tramoserica) and were moderately
exposed to waves [36]. The aspect of surfaces within a patch showed no directional biases and
were of mixed rugosity with limited cover of barnacles and macroalgae.

Measuring orientation
The orientation of limpets was measured using a spirit-level protractor [32] along the anterior-
posterior axis of each limpet, where the asymmetric peak of an individual is its head end, and
where 0° is normal to gravity.

Desiccation stress
Is there a relationship between orientation and desiccation?. The hypothesis that there

is a relationship between limpet orientation and desiccation status (H1) was tested by measur-
ing the orientation of limpets from each of four patches in Cape Banks in January (2 patches,

Orientation, Desiccation and Thermal Stress
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n = 46 and n = 64, maximum air temperature = 32.2°C) and March 2013 (2 patches, n = 89 and
n = 85, maximum air temperature = 28.8°C) After a minimum of two hours post low tide, lim-
pets were removed from the substrata using a palette knife, placed in individual sample bags
(70mm x 45mm) and transported to the laboratory in a cooled and insulated container. Lim-
pets were processed in the laboratory rather than the field because of logistical and sample size
constraints, however the overall effect of this delay in processing has shown to be trivial [37].
We measured haemolymph osmolality which is commonly used as an indicator of desiccation
stress [1, 22, 37, 38]. Haemolymph osmolality increases with water loss as the relative concen-
tration of compounds in the organism’s haemolymph increases [1]. Limpet haemolymph was
collected from the foot as described in Coleman [37] and its osmolality determined using a
Wescor Vapour Pressure Osmometer 5500 (Wescor Inc., USA). Triplicate samples were run
when possible to increase precision, and the average osmolality value was used as the replicate.
Desiccation occurs through evaporative water loss via the gap between shell and substrata [1],
and it is therefore a function of shell perimeter length. Shell perimeter was calculated from
length and width measurements [37], and the null hypothesis of no relationship between lim-
pet size and desiccation stress was tested using a Pearson’s correlation. Haemolymph was
extracted and analysed over two consecutive days, but this had no significant effect on osmolal-
ity (S1 File). Instead of testing for a C-linear relationship [39], a relationship between a circular
and a linear variable, orientation values for an individual were converted to a difference from
180° and the null hypothesis that there was no linear correlation between orientation and hae-
molymph osmolality was tested using a Pearson’s correlation for each of the four sites. The
Bonferroni method [40] was used to correct α for four repeated tests.

Is there a causal link between orientation and desiccation stress?. The orientation of
limpets was manipulated in the field on 4 independent sampling dates (maximal air tempera-
tures = 21.8° C, 21.5°C, 28.6°C and 30.9°C on each day respectively) to compare the mean hae-
molymph osmolality of originally downwards facing limpets that were experimentally changed
to face upwards, and limpets which remained unmanipulated and facing downwards (H2).
Damage to limpets and water loss from the mantle cavity, as a result of physically removing
animals from the substratrum, were avoided by placing limpets on sandstone blocks before the
experiment, and then rotating the blocks rather than individuals. Pilot studies have shown that
patterns of orientation on the sandstone blocks are similar to those found on natural substrata
(% limpets facing downwards on blocks: 40%, on natural substrata: 39%) and limpets appear to
experience similar rates of desiccation on both surfaces [41]. The sandstone blocks (200 mm x
200 mm x 30 mm) were attached to existing rocky substrata in the field at least two weeks
before the experiment to give sufficient time for biofilm to grow [42]. To control for the possi-
ble disturbance effects of unscrewing and rotating the sandstone blocks, some blocks were
rotated a full 360 degrees as a procedural control. Blocks were rotated before the limpets were
completely emersed but after the animals had ceased foraging movements.

Desiccation stress can increase with the length of time an individual is exposed to air, and
because of the limited availability of suitable substrata at the same tidal height to attach our
experimental units, the time individuals were exposed to the air varied greatly (80–530 min-
utes). The time periods during which limpets were emersed was estimated by measuring the
time each sandstone block was emersed (+ 5 minutes) from visual monitoring of the blocks.
Limpet haemolymph was collected from the foot as above, and the null hypothesis that mean
osmolality does not differ between limpets facing different directions was tested using a 2-way
General Linear Model in STATISTICA 6 (n = 14) with one fixed factor (Treatment: 3 levels),
one random factor (Time: 4 levels) and one covariate, length of time exposed. Heteroscedasti-
city was tested using Cochran’s C-test and the assumption of parallelism of slopes was tested
using an homogeneity of slopes model.

Orientation, Desiccation and Thermal Stress
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Body and anterior temperature
Is there a relationship between body and/or anterior temperature and orientation?. a)

A snapshot of one point in time during emersion: During October 2013, the hypothesis that
there is a difference in the body temperature and/or anterior temperature between upwards
and downwards facing limpets (H3) was tested by measuring the body temperature and ante-
rior temperature of limpets in photographs taken across the two locations (Cape Banks and Lit-
tle Bay, maximal air temperatures 20.9°C and 24.1°C) over two hours. Within each location, 55
pairs of limpets were photographed using a digital thermal imaging camera (Forward looking
Infrared S65 ThermaCAM, FLIR, Wilsonville, Oregon USA, thermal resolution 0.08°C; [43])
during low tide, where one limpet was orientated downwards and the other upwards. Shell
temperature, as measured by thermal imagery, has previously been shown to accurately predict
internal body temperature of limpets, and the following equation was used, to calculate body
(BT) and anterior temperature (AT): BT or AT = 1.34 + 1.01ST [41] (S3 File). Visible light pho-
tographs were taken of each pair as reference to assist with identifying the limpets in the ther-
mal images. The average body temperature of each limpet was calculated using the program
ThermaCAM Researcher Pro 2.10 (FLIR1). Anterior temperature was determined from the
average temperature of the area anterior to a line perpendicular to the anterior posterior axis of
the limpet positioned across the asymmetric peak of each individual (S1 Fig). Emissivity [44]
was set at 0.929 (based on calibrations in a pilot study), and air temperature and humidity set-
tings were based upon weather data collected on the day of sampling. Emissivity is the measure
of the thermal radiation emitted by a surface and varies from 0 to 1; it can vary between objects
of different colour, surface rugosity and wetness [44]. For each randomly selected pair of lim-
pets (1 ‘upwards’ and 1 ‘downwards’), the difference in body temperature (or anterior tempera-
ture) between the two limpets was used as the response variable. The null hypothesis that the
mean difference in body temperature (or anterior temperature) did not differ between sites was
first tested with a one-way ANOVA (Site: random), before a t-test was done to test the null
hypothesis that the mean differences in body or anterior temperatures of upwards and down-
wards facing limpets were not significantly different from zero. ANOVAs were done in WinG-
mav 5 (Centre for Research on Ecological Impacts of Coastal Cities, The University of Sydney).
The assumptions of homoscedasticity were tested using Cochran’s C-test.

The amount of time an individual is in the sun compared with the shade greatly influences
their body temperature [3] and it is possible that differences in body temperature may only
occur when in direct sunlight. For each pair of limpets, we monitored the length of time they
were exposed to direct sunlight from emersion until they were photographed. Subsequently we
tested the null hypothesis that differences in body temperature (or anterior temperature)
(n = 6) between upwards and downwards facing limpets did not differ between pairs exposed
to sunlight for different lengths of time (100%, 50%, 25% or 0% of the time) using a one-way
ANOVA (Exposure time: fixed), as before.

b) During entirety of emersion: Snapshot measurements do not always give an accurate pic-
ture of thermal stress of intertidal organisms and microhabitat temperatures can vary at small
spatial and temporal scales [24, 45, 46]. Hence, we also monitored the temperature of limpets
over time to calculate a value that approximates the temperature differently orientated animals
experienced over the entirety of low tide. At Little Bay in January 2014 (maximum air
temperature = 30.5°C), six pairs of limpets (one downward and upward limpet in each pair)
were labelled in each of two patches shortly after the limpets were emersed (approximately 3
hours before low tide) to test the hypothesis that the average body temperature and/or average
anterior temperature during the entirety of emersion is different between upwards and down-
wards facing limpets (H3). Every fifteen minutes for six hours each pair was photographed

Orientation, Desiccation and Thermal Stress
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with a digital thermal imaging camera and the body and anterior temperatures of each limpet
were calculated as described above. If temperature measurements are taken at regular intervals,
the average of these measurements will be representative of the temperature experienced by
each individual. For each pair of limpets, the difference in experienced temperature (as repre-
sented by average body or anterior temperature) over the entire period between the two limpets
was calculated and used as the response variable. A one-way ANOVA (Site: random) was used
to test the null hypothesis that the difference in average body or anterior temperature between
paired limpets did not differ between sites. The null hypothesis that the difference in average
body or anterior temperature between paired limpets was not different from zero was tested
with a t-test.

Is there a causal link between orientation and body or anterior temperature?. The
hypothesis that mean body and/or anterior temperature of originally downwards facing lim-
pets, rotated to face upwards would be greater than limpets which were unmanipulated and
remained facing downwards (H4) was tested using the same procedure as the experiment test-
ing H2. The study was done on two mostly sunny days in April-May 2014 of above average air
temperature (maximul air temperature April = 26.4°C and May = 23.4°C, corresponding 30
year averages 23.0°C and 20.3°C, Australian Bureau of Meteorology, www.bom.gov.au). Lim-
pets were photographed one hour before and one hour after low tide using a thermal imaging
camera (875i, Testo, Germany, thermal sensitivity 50mK (0.05°C). Body and anterior tempera-
tures of each limpet was determined using the program IRSoft (Version 3.3, Testo AG) and the
average body and anterior temperatures from both photographs were calculated as above.

As above, we predicted that differences in anterior and/or body temperature between lim-
pets facing different directions would be found only when limpets were exposed to direct solar
radiation, i.e. that there is an interaction between the factors treatment (a limpet’s orientation)
and sunlight exposure (described below). On a separate day, we scored exposure to sunlight for
each block every 30 minutes, and the total time a block was exposed to sunlight after it was
emersed was calculated. Experimental blocks were then divided into two treatments; sunlight
exposed (in direct sunlight for a minimum of 70 minutes) and shaded (in shade for entire
experimental period). The null hypotheses, that there was no interaction between treatment
and sunlight exposure and no difference in body and/or anterior temperature between limpets
orientated in different directions, were tested using a 3-way ANOVA (n = 5) with two fixed fac-
tors (Treatment: 3 levels, Sun exposed: 2 levels) and one random factor (Time: 2 levels). Data
were log transformed when assumptions of homogeneity of variance were not met [47].

Results

Desiccation stress
Is there a relationship between orientation and desiccation stress?. Differences in orien-

tation were not associated with differences in desiccation stress. There was no significant corre-
lation between orientation and haemolymph osmolality (Time 1 Patch 1: r45 = 0.080, ns; Time
1 Patch 2: r63 = -0.141, ns; Time 2 Patch 3: r88 = -0.103, ns; Time 2 Patch 4: r84 = -0.251, ns, Fig
1.) and this was consistent across patches and times. There was no relationship between limpet
perimeter and osmolality at Time1 (r109 = 0.01, ns) but haemolymph osmolality was negatively
correlated with perimeter at Time 2 (r173 = -0.227, p< 0.05) so all haemolymph osmolality val-
ues were standardised for size by dividing the overall osmolality values by shell perimeter.

Is there a causal link between orientation and desiccation stress?. No causal link was
found between orientation and desiccation stress. The haemolymph osmolality of limpets
manipulated to face upwards did not differ from either unmanipulated limpets or limpets
rotated 360° (F(2,6) = 0.27, ns, Fig 2., Table B in S2 File). Haemolymph osmolality differed

Orientation, Desiccation and Thermal Stress
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between dates (F(3,155) = 5.20 p<0.05) but the ANCOVA indicated the length of time limpets
were exposed had no influence on osmolality (F(1,155) = 0.37, ns).

Body and anterior temperature
Is there a relationship between body and/or anterior temperature and orientation?. a)

A snapshot at one point in time during emersion: The data were combined, as patterns were
consistent across locations (F(1,108) = 3.79, ns, Table C in S2 File). Orientation and body tem-
perature were not linked, and the mean difference in body temperature between paired
upwards and downwards facing limpets was not different from zero (t109 = 0.64, ns, Fig 3A).
There were significant levels of heteroscedasticity (C = 0.70), which were not stabilised by
transformation. Since heteroscedasticity causes an increase in type I errors, this is not a prob-
lem for interpretation as the null hypothesis was accepted and no type I error can be made
[47]. There was no relationship between time spent in the sun and the difference in body tem-
perature between paired limpets (F(3,20) = 0.13, ns, Table D in S2 File).

Fig 1. Association between heamolymph osmolality and head orientation (differences in orientation from downwards) in Cellana tramoserica. (a)
Patch 1 Time 1 n = 46 (b) Patch 2 Time 1 n = 64 (c) Patch 3 Time 2 n = 89 (d) Patch 4 Time 2 n = 85 Downwards is defined as between 135° and 225°, where
0° was straight up [32].

doi:10.1371/journal.pone.0150200.g001

Orientation, Desiccation and Thermal Stress
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Limpet orientation influenced anterior temperature. Differences in anterior temperature
between paired upwards and downwards facing limpets were significantly different from zero
(t101 = 4.19, Fig 3A). Downwards facing limpets were on average 0.25°C cooler than upwards
facing limpets. This pattern was consistent across locations (F(1,100) = 0.001, ns, Table E in S2
File) and therefore data were combined. There was significant heteroscedasticity (C = 0.67),
which was not fixed by transformation. Since the sample size was relatively large (n = 55) this
is less likely to be a type I error [47]. There was no relationship between time spent in the sun
and the difference in anterior temperature between paired limpets (F(3,20) = 2.22, ns, Table F in
S2 File).

b) During entirety of emersion: Orientation was not associated with average body or anterior
temperature during emersion; mean differences in average body or anterior temperatures
between paired upwards and downwards were not different from zero (Body: t11 = 0.02, ns;
Anterior: t11 = 1.48, ns, Fig 3B). These patterns were consistent across locations (Body: F(1, 10)
= 0.001, ns, Table G in S2 File; Anterior: F(1, 10) = 0.08, ns, Table H in S2 File) and therefore
data were combined.

Fig 2. Comparison of mean haemolymph osmolality (+ s.e) between control limpets facing downwards (black bars), limpets rotated 360° (grey
bars) and limpets rotated 180° to face upwards (white bars) (n = 14). Lower case numerals denote whether mean osmolality values are significantly
different from each other.

doi:10.1371/journal.pone.0150200.g002

Orientation, Desiccation and Thermal Stress
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Is there a causal link between orientation and body or anterior temperature?. There
was no causal link between body or anterior temperatures and orientation as there was no sig-
nificant interaction between treatment and sunlight exposure (Body: F(2,2) = 0.75, ns, Fig 4A,
Table I in S2 File; Anterior: F(2,48) = 2.24, ns, Fig 4B, Table J in S2 File). Additionally, there
were no significant differences in mean body or anterior temperatures between limpets orien-
tated downwards and those rotated 180° (to orientate upwards) or 360° (procedural control)
(Body: F(2,2) = 3.98, ns; Anterior: F(2,48) = 2.02, ns). There was a significant interaction between
sampling time and whether a limpet was in the sun or shade (Body: F(1, 48) = 16.77, p< 0.05,

Fig 3. Mean (+ s.e) difference in body and anterior temperature between paired upwards and
downwards facing limpets. (a) measured at one point in time (n (combined across locations) = 110 (b)
measured during emersion (n (combined across locations) = 12). Difference = temperature of upwards facing
limpet–temperature of downwards facing limpet. * = significantly different from 0.

doi:10.1371/journal.pone.0150200.g003
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Fig 5A; Anterior: F(1, 48) = 27.49, p< 0.05, Fig 5B); the magnitude of the differences between
body/anterior temperatures in sun and shade differed between the two sampling times. Overall,
limpets in the sun were significantly hotter than those in the shade.

Discussion
The results of each of the mensurative and manipulative experiments (H1 and H2) showed
that orientation in C. tramoserica was not associated with desiccation stress. Haemolymph

Fig 4. Comparison of mean (+ s.e) body and anterior temperature of limpets orientated in different
directions and different habitats (n (combined across sampling times) = 10). (a) body temperature (b)
anterior temperature. Treatments were control limpets (C) facing downwards, individuals rotated 360° (P) and
individuals rotated 180° to face upwards (T) in the shade (grey bars) and sunlight (white bars).

doi:10.1371/journal.pone.0150200.g004
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values were either slightly smaller or equal to those found in physiologically stressed individu-
als in a congeneric species, C. grata, but much greater than that of unstressed individuals [22].
In intertidal systems, the effects of desiccation stress, along with thermal stresses and wave
exposure, are frequently predicted to explain vertical and along shore patterns of animal distri-
bution (e.g. [1, 2, 21, 22, 48]). Recently manipulative experiments have shown, however, that
small-scale patterns of distribution and behaviour, e.g. patterns of aggregation, cannot always
be explained by desiccation [37] and our findings concur with this. It is possible that our failure

Fig 5. Comparison of mean (s.e) body and anterior temperature of limpets in the shade (grey bars)
and sunlight (white bars) (n (combined across treatments) = 15). (a) body temperature (b) anterior
temperature. * = significant difference

doi:10.1371/journal.pone.0150200.g005
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to find a relationship between orientation and desiccation stress is an artefact of the days cho-
sen to test our hypotheses, as maximal daily air temperature varied between sampling dates,
and our interpretation would then be a type II error. If this were the case, we would expect a
significant interaction between sampling date and experimental treatments, such that the effect
of orientation is only manifested on hot days. This did not happen; although desiccation stress
overall differed between sampling dates, there were no significant interactions with treatments
(Table B in S2 File). Additionally, if the affect of orientation on desiccation was in fact masked
by the noise of random variation (from our random factor “sampling date”) then this would
suggest that the effect is small and not biologically significant.

Differences in orientation were also not causally linked to either body or anterior tempera-
tures in C. tramoserica (H4). Although there was a significant difference in anterior tempera-
ture between unmanipulated downwards and upwards facing limpets (H3), this only occurred
when measured at a single point in time and the difference in anterior temperature was only
0.25°C. This is much smaller than differences observed in other species orientated differently
(e.g. 1.9C in robber flies [8], 2.4C in butterflies [20]) or in limpets found in different habitats
(e.g. for review see [21], 1.5–3.5°C [22], ~ 5°C [25]) or varying in behaviour (e.g the foot tem-
perature of mushrooming limpets was 2°C cooler [23]). Also, as no difference in anterior tem-
perature was found in the manipulative test of H4, it is reasonable to conclude that there is not
likely to be a causal link between anterior temperature and orientation of limpets on steeply
sloped rock.

Many studies have found associations between body temperature and orientation [3, 8, 10,
16, 49]. This is in contrast with our findings above, and may be attributed to at least two differ-
ent models; potential differences in the ability of organisms to alter their orientation in the
short term and the contrasting importance of solar radiation in influencing body temperature.
In the bulk of organisms whose orientation have been studied, individuals are highly flexible in
their ability to alter their orientation relatively quickly as environmental conditions change
(e.g. [6, 8, 10, 11]). For example, many species track the position of the sun throughout the day
by changing their orientation and thereby altering the surface area they expose to solar radia-
tion (e.g. [8, 16, 50]). In contrast, intertidal limpets, such as Cellana, appear to be limited in
their ability to alter their orientation during low tide once orientation has been selected. For
such animals, the initial orientation decision is more important compared to more mobile
organisms, and therefore the behaviour and distribution of individuals prior to orientation
selection may be of significantly more importance. In organisms where the initial selection of
orientation is more important, external and internal variables, such as structural habitat prop-
erties [51–54] and intrinsic individual attributes (for example sex, age and size) [55–57] which
are constant during subsequent orientation may have greater importance than environmental
factors, which are more likely to change in the same time frame.

The role of direct solar radiation in determining limpet body temperature may be small
compared to the effects of convection and conduction. In littorinids, associations between ori-
entation and body temperature exist [14, 25–27]. Littorinids can, however, isolate themselves
from the environment by closing their operculum during low tide and therefore solar radiation
and convective heat exchange would be of greater importance than conduction [25, 58, 59]. In
contrast, limpets always have a large proportion of their foot in contact with the substratum
[60–62]. As a consequence, conductive heat exchange is of relatively greater importance in reg-
ulating body temperature in limpets compared to solar radiation, although this varies with
time of day [63]. Hence, the slope and aspect of the substratum (which partially determines
surface temperature) [22, 64, 65], rather than the orientation of individual animals, would have
a large effect on body temperature in limpets [63]. A strong relationship between surface tem-
perature and limpet body temperature is supported by the literature [21, 22, 60, 66].
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Although thermoregulation is frequently the first, and perhaps most obvious, explanatory
model given for patterns of orientation, often other explanations may be needed and the benefits
of a specific orientation are not always easily predicated. For instance, differences in orientation
with respect to sun position, often assumed to be linked to thermoregulation, are potentially linked
to mating success [11, 19, 67]. Although facing downwards may reduce the surface area available
to solar radiation, via shading of the anterior end, during the hottest parts of the day (S2 Fig), it
also exposes the nuchal cavity to the incoming or outgoing tide and could potentially assist in the
removal of waste products such as faecal matter and CO2 [35].”The flushing of the nuchal cavity is
important as the anus and both the right and left renal openings open into this cavity [61].

In conclusion, we have shown that animal orientation does not always influence thermoreg-
ulation and desiccation stress, nor do these stresses consistently drive ecological patterns in
intertidal habitats. Variation between species in their ability to alter orientation may lead to dif-
ferences in the possible drivers and physiological consequences of individual orientation. For
animals which are unable to alter their orientation in the short term, environmental conditions,
which can fluctuate, may have little influence on orientation compared with habitat properties,
which can impact upon initial selection decisions; studies should also now investigate what
happens preceding selection in such organisms. Within intertidal gastropods, the importance
of orientation in modifying body temperature varies across taxa and for limpets an individual’s
location at the scale of the microhabitat appears to be a stronger influence on body tempera-
ture. Our results demonstrate the importance of properly designed and controlled manipula-
tive field experiments to test predications about causal links between orientation and
individual consequences, and that the use of a less mobile test organism can facilitate this.

Supporting Information
S1 Fig.
(PDF)

S2 Fig.
(PDF)

S1 File.
(PDF)

S2 File.
(PDF)

S3 File.
(PDF)

Acknowledgments
Colleagues in the EICC provided critical advice and feedback. We thank H. Lin, R. Roman Pera, S.
Brazoa and other members of EICC for assistance with fieldwork and image analysis. The experi-
ments comply with the current laws of the country in which the experiments were performed. This
work was much improved by the insightful comments of the Editor and two anonymous referees.

Author Contributions
Conceived and designed the experiments: CMLF JL FS RAC. Performed the experiments:
CMLF JL RAC. Analyzed the data: CMLF. Contributed reagents/materials/analysis tools:
CMLF JL FS RAC. Wrote the paper: CMLF JL FS RAC.

Orientation, Desiccation and Thermal Stress

PLOS ONE | DOI:10.1371/journal.pone.0150200 March 9, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150200.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150200.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150200.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150200.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150200.s005


References
1. Wolcott TG. Physiological ecology and intertidal zonation in limpets (Acmaea)—critcial look at limiting

factors. Biol Bull. 1973; 145(2):389–422.

2. Raffaelli DG, Hawkins SJ. Intertidal Ecology. London: Chapman & Hall; 1996.

3. Stevenson RD. The relative importance of behavioral and physiological adjustments controlling body
temperature in terrestrial ectotherms. Am Nat. 1985; 126(3):362–86. doi: 10.1086/284423

4. Huey RB. Physiological consequences of habitat selection. Am Nat. 1991; 137:S91–S115.

5. BrummH, Todt D. Facing the rival: Directional singing behaviour in nightingales. Behaviour. 2003;
140:43–53. doi: 10.1163/156853903763999881

6. Maloney SK, Moss G, Mitchell D. Orientation to solar radiation in black wildebeest (Connochaetes
gnou). J Comp Physiol A -Neuroethol Sens Neural Behav Physiol. 2005; 191(11):1065–77. doi: 10.
1007/s00359-005-0031-3 PMID: 16075268

7. Zschokke S, Nakata K. Spider orientation and hub position in orb webs. Naturwissenschaften. 2010; 97
(1):43–52. doi: 10.1007/s00114-009-0609-7 PMID: 19789847

8. O'Neill KM, KempWP. Behavioral thermoregulation in 2 species of robber flies occupying different
grassland microhabitats. J Therm Biol. 1992; 17(6):323–31. doi: 10.1016/0306-4565(92)90041-d

9. Otway NM, Underwood AJ. Experiments on orientation of the intertidal barnacle Tesseropora rosea
(Krauss). J Exp Mar Biol Ecol. 1987; 105(1):85–106.

10. Luskick S, Battersby B, Kelty M. Behavioral thermoregulation—orientation toward sun in herring gulls.
Science. 1978; 200(4337):81–3. PMID: 635577

11. Bohorquez-Alonso ML, Font E, Molina-Borja M. Activity and body orientation ofGallotia galloti in differ-
ent habitats and daily times. Amphib Reptil. 2011; 32(1):93–103. doi: 10.1163/017353710x542994

12. Clapperton JL, Joyce JP, Blaxter KL. Estimates of contribution of solar radiation to thermal exchanges
of sheep at a latitude of 55 degrees north Journal of Agricultural Science. 1965; 64:37–49.

13. Lactin DJ, Johnson DL. Environmental, physical, and behavioural determinants of body temperature in
grasshopper nymphs (Orthoptera: Acrididae). Canadian Entomologist. 1998; 130(5):551–77.

14. Muñoz JLP, Finke GR, Camus PA, Bozinovic F. Thermoregulatory behavior, heat gain and thermal tol-
erance in the periwinkle Echinolittorina peruviana in central Chile. Comp Biochem Physiol A-Mol Integr
Physiol. 2005; 142(1):92–8. doi: 10.1016/j.cpba.2005.08.002 PMID: 16137904

15. Rutowski RL, Dickinson JL, Terkanian B. Behavior of male desert hackberry butterflies, Asterocampa
leilia (Nymphalidae) at perching sites used in mate location. J Res Lepidoptera. 1991; 30(1–2):129–39.

16. Coelho JR. Behavioral and physiological thermoregulation in male cicada killers (Sphecius speciosus)
during territorial behavior. J Therm Biol. 2001; 26(2):109–16. doi: 10.1016/s0306-4565(00)00030-9
PMID: 11163926

17. Bartholomew GA. Role of behavior in temperature regulation of masked booby. Condor. 1966; 68
(6):523–35.

18. ChapmanMG. Poor design of behavioural experiments gets poor results: examples from intertidal habi-
tats. J Exp Mar Biol Ecol. 2000; 250(1–2):77–95. PMID: 10969164

19. Martin J, Lopez P, Carrascal LM, Salvador A. Adjustment of basking postures in the high altitude Iberian
rock lizard (Lacerta monticola). Can J Zool-Rev Can Zool. 1995; 73(6):1065–8. doi: 10.1139/z95-126

20. Rutowski RL, Demlong MJ, Leffingwell T. Behavioral thermoregulation at mate encounter sites by male
butterflies (Asterocampa leilia, Nymphalidae). Anim Behav. 1994; 48(4):833–41. doi: 10.1006/anbe.
1994.1307

21. Branch GM. The biology of limpets, physical factors, energy flow and ecological interactions. Oceangr
Mar Biol Rev. 1981; 19:235–379.

22. Williams GA, Morritt D. Habitat partitioning and thermal tolerance in a tropical limpet, Cellana grata. Mar
Ecol Prog Ser. 1995; 124(1–3):89–103. doi: 10.3354/meps124089

23. Williams GA, De Pirro M, Leung KMY, Morritt D. Physiological responses to heat stress on a tropical
shore: the benefits of mushrooming behaviour in the limpet Cellana grata. Mar Ecol Prog Ser. 2005;
292:213–24.

24. Helmuth BST, Hofmann GE. Microhabitats, thermal heterogeneity, and patterns of physiological stress
in the rocky intertidal zone. Biol Bull. 2001; 201(3):374–84. doi: 10.2307/1543615 PMID: 11751249

25. Garrity SD. Some adaptations of gastropods to physical stress on a tropical rocky shore. Ecology.
1984; 65(2):559–74. doi: 10.2307/1941418

Orientation, Desiccation and Thermal Stress

PLOS ONE | DOI:10.1371/journal.pone.0150200 March 9, 2016 14 / 16

http://dx.doi.org/10.1086/284423
http://dx.doi.org/10.1163/156853903763999881
http://dx.doi.org/10.1007/s00359-005-0031-3
http://dx.doi.org/10.1007/s00359-005-0031-3
http://www.ncbi.nlm.nih.gov/pubmed/16075268
http://dx.doi.org/10.1007/s00114-009-0609-7
http://www.ncbi.nlm.nih.gov/pubmed/19789847
http://dx.doi.org/10.1016/0306-4565(92)90041-d
http://www.ncbi.nlm.nih.gov/pubmed/635577
http://dx.doi.org/10.1163/017353710x542994
http://dx.doi.org/10.1016/j.cpba.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16137904
http://dx.doi.org/10.1016/s0306-4565(00)00030-9
http://www.ncbi.nlm.nih.gov/pubmed/11163926
http://www.ncbi.nlm.nih.gov/pubmed/10969164
http://dx.doi.org/10.1139/z95-126
http://dx.doi.org/10.1006/anbe.1994.1307
http://dx.doi.org/10.1006/anbe.1994.1307
http://dx.doi.org/10.3354/meps124089
http://dx.doi.org/10.2307/1543615
http://www.ncbi.nlm.nih.gov/pubmed/11751249
http://dx.doi.org/10.2307/1941418


26. Marshall DJ, Chua T. Boundary layer convective heating and thermoregulatory behaviour during aerial
exposure in the rocky eulittoral fringe snail Echinolittorina malaccana. J Exp Mar Biol Ecol. 2012;
430:25–31. doi: 10.1016/j.jembe.2012.06.011

27. Lang RC, Britton JC, Metz T. What to do when there is nothing to do: the ecology of Jamaican intertidal
Littorinidae (Gastropoda: Prosobranchia) in repose. Hydrobiologia. 1998; 378:161–85. doi: 10.1023/
a:1003258125962

28. ChapmanMG. Assessment of some controls in experimental transplants of intertidal gastropods. J Exp
Mar Biol Ecol. 1986; 103(1–3):181–201. doi: 10.1016/0022-0981(86)90140-1

29. Hawkins SJ, Hartnoll RG, Kain JM, Norton TA. Plant animal interactions on hard substrata in the north-
east Atlantic. In: John DM, Hawkins SJ, Price JH, editors. Plant animal interactions in the marine ben-
thos. Systematics Assoc Spec. 46. Oxford: Clarendon Press; 1992. p. 1–33.

30. Coleman RA, Underwood AJ, Benedetti-Cecchi L, Aberg P, Arenas F, Arrontes J, et al. A continental
scale evaluation of the role of limpet grazing on rocky shores. Oecologia. 2006; 147(3):556–64. doi: 10.
1007/s00442-005-0296-9 PMID: 16450182

31. Underwood AJ. Experimental evaluation of competition of 3 species of intertidal Prosobranch gastro-
pods. Oecologia. 1978; 33(2):185–202. doi: 10.1007/bf00344847

32. Fraser CML, Coleman RA, Klein JC. Up or down? Limpet orientation on steeply sloped substrata.
Aquat Biol. 2010; 11(1):91–8. doi: 10.3354/ab00294

33. Gallien WB. The effects of aggregations on water loss from the limpet Collisella digitalis. Pacific Sci-
ence. 1985; 39(4):383–4.

34. Abbott DP. Water circulation in the mantle cavity of the owl limpet Lottia giganteaGray. Nautilus. 1956;
69(3):79–87.

35. Williams GA, Little C, Morritt D, Stirling P, Teagle L, Miles A, et al. Foraging in the limpet Patella vulgata:
the influence of rock slope on the timing of activity. J Mar Biol Assoc UK. 1999; 79(5):881–9.

36. Underwood AJ, Denley EJ, Moran MJ. Experimental analyses of the structure and dynamics of mid-
shore rocky intertidal communites in New South Wales. Oecologia. 1983; 56(2–3):202–19. doi: 10.
1007/bf00379692

37. Coleman RA. Limpet aggregation does not alter desiccation in the limpet Cellana tramoserica. J Exp
Mar Biol Ecol. 2010; 386(1–2):113–8. doi: 10.1016/j.jembe.2010.02.011

38. Morritt D, Leung KMY, De Pirro M, Yau C, Wai TC, William GA. Responses of the limpet, Cellana grata
(Gould 1859), to hypo-osmotic stress during simulated tropical, monsoon rains. J Exp Mar Biol Ecol.
2007; 352(1):78–88. doi: 10.1016/j.jembe.2007.07.002

39. Fisher NI. Statistical Analysis of Circular Data Cambridge: Cambridge University Press; 1993.

40. Sokal RR, Rohlf FJ. Biometry: the Principles and Practice of Statistics in Biological Research. 3rd ed.
New York: WH Freeman; 1995.

41. Fraser CML. Orientation of a keystone grazer: behavioural mechanisms, physiological consequences
and ecological implications [PhD]. Sydney: University of Sydney; 2014.

42. Maclulich JH. Colonization of bare rock surfaces by microflora in a rocky intertidal habitat. Mar Ecol
Prog Ser. 1986; 32(1):91–6. doi: 10.3354/meps032091

43. Lathlean JA, Ayre DJ, Minchinton TE. Using infrared imagery to test for quadrat-level temperature vari-
ation and effects on the early life history of a rocky-shore barnacle. Limnol Oceanogr. 2012; 57
(5):1279–91. doi: 10.4319/lo.2012.57.5.1279

44. Lathlean JA, Seuront L. Infrared thermography in marine ecology: methods, previous applications and
future challenges. Mar Ecol Prog Ser. 2014; 514:263–77.

45. Denny MW, DowdWW, Bilir L, Mach KJ. Spreading the risk: Small-scale body temperature variation
among intertidal organisms and its implications for species persistence. J Exp Mar Biol Ecol. 2011; 400
(1–2):175–90. doi: 10.1016/j.jembe.2011.02.006

46. Chapperon C, Seuront L. Space-time variability in environmental thermal properties and snail thermo-
regulatory behaviour. Funct Ecol. 2011; 25(5):1040–50. doi: 10.1111/j.1365-2435.2011.01859.x

47. Underwood AJ. Experiments in ecology: their logical design and interpretation using analysis of vari-
ance. Cambridge, UK: Cambridge University Press; 1997.

48. Colman J. The nature of the intertidal zonation of plants and animals. J Mar Biol Assoc UK. 1933; 18
((2)):435–76.

49. Dreisig H. Thermoregulation and flight activity in territorial male graylings, Hipparchia semele (Satyri-
dae), and large skippers,Ochlodes venata (Hesperiidae). Oecologia. 1995; 101(2):169–76. doi: 10.
1007/bf00317280

50. Humphreys WF. Thermal behavior of a small spider (Araneae, Araneidae, Araneinae) on horizontal
webs in sermiarid Western Australia. Behav Ecol Sociobiol. 1991; 28(1):47–54.

Orientation, Desiccation and Thermal Stress

PLOS ONE | DOI:10.1371/journal.pone.0150200 March 9, 2016 15 / 16

http://dx.doi.org/10.1016/j.jembe.2012.06.011
http://dx.doi.org/10.1023/a:1003258125962
http://dx.doi.org/10.1023/a:1003258125962
http://dx.doi.org/10.1016/0022-0981(86)90140-1
http://dx.doi.org/10.1007/s00442-005-0296-9
http://dx.doi.org/10.1007/s00442-005-0296-9
http://www.ncbi.nlm.nih.gov/pubmed/16450182
http://dx.doi.org/10.1007/bf00344847
http://dx.doi.org/10.3354/ab00294
http://dx.doi.org/10.1007/bf00379692
http://dx.doi.org/10.1007/bf00379692
http://dx.doi.org/10.1016/j.jembe.2010.02.011
http://dx.doi.org/10.1016/j.jembe.2007.07.002
http://dx.doi.org/10.3354/meps032091
http://dx.doi.org/10.4319/lo.2012.57.5.1279
http://dx.doi.org/10.1016/j.jembe.2011.02.006
http://dx.doi.org/10.1111/j.1365-2435.2011.01859.x
http://dx.doi.org/10.1007/bf00317280
http://dx.doi.org/10.1007/bf00317280


51. Fraser CML, Coleman RA, Seebacher F. Trying to fit in: Are patterns of orientation of a keystone grazer
set by behavioural responses to ecosystem engineers or wave action? Oecologia. 2014; 174(1):67–75.
doi: 10.1007/s00442-013-2743-3 PMID: 23996227

52. Fraser CML, Coleman RA, Seebacher F. Orientation in a keystone grazer: interactions between habitat
and individual identity drive patterns of resting behaviour. Mar Ecol Prog Ser. 522: 145–156.

53. Kang CK, Moon JY, Lee SI, Jablonski PG. Camouflage through an active choice of a resting spot and
body orientation in moths. J Evol Biol. 2012; 25(9):1695–702. doi: 10.1111/j.1420-9101.2012.02557.x
PMID: 22775528

54. Webster RJ, Callahan A, Godin JGJ, Sherratt TN. Behaviourally mediated crypsis in two nocturnal
moths with contrasting appearance. Philos Trans R Soc B-Biol Sci. 2009; 364(1516):503–10. doi: 10.
1098/rstb.2008.0215

55. Crisp DJ, Stubbings HG. The orientation of barnacles to water currents. J Anim Ecol. 1957; 26(1):179–
96. doi: 10.2307/1788

56. Nakata K, Zschokke S. Upside-down spiders build upside-down orb webs: web asymmetry, spider ori-
entation and running speed in Cyclosa. Proc R Soc B-Biol Sci. 2010; 277(1696):3019–25. doi: 10.1098/
rspb.2010.0729

57. Bortolotti GR, Stoffel MJ, Galvan I. Wintering Snowy Owls Bubo scandiacus integrate plumage colour,
behaviour and their environment to maximize efficacy of visual displays. Ibis. 2011; 153(1):134–42. doi:
10.1111/j.1474-919X.2010.01067.x

58. Miller LP, Denny MW. Importance of behavior and morphological traits for controlling body temperature
in littorinid snails. Biol Bull. 2011; 220(3):209–23. PMID: 21712229

59. Marshall DJ, McQuaid CD, Williams GA. Non-climatic thermal adaptation: implications for species'
responses to climate warming. Biology Letters. 2010; 6(5):669–73. doi: 10.1098/rsbl.2010.0233 PMID:
20375046

60. Denny MW, Miller LP, Harley CDG. Thermal stress on intertidal limpets: long-term hindcasts and lethal
limits. J Exp Biol. 2006; 209(13):2420–31. doi: 10.1242/jeb.02258

61. Fretter V, Graham A. British Prosobranch Molluscs: Their Functional Anatomy and Ecology. London:
Ray Society; 1994.

62. Vermeij GJ. Substratum relationships of some tropical pacific intertidal gastropods. Mar Biol. 1971; 10
(4):315–20. doi: 10.1007/bf00368091

63. Denny MW, Harley CDG. Hot limpets: predicting body temperature in a conductance-mediated thermal
system. J Exp Biol. 2006; 209(13):2409–19. doi: 10.1242/jeb.02257

64. Harley CDG. Tidal dynamics, topographic orientation, and temperature-mediated mass mortalities on
rocky shores. Mar Ecol-Prog Ser. 2008; 371:37–46. doi: 10.3354/meps07711

65. Helmuth B. How do we measure the environment? Linking intertidal thermal physiology and ecology
through biophysics. Integr Comp Biol. 2002; 42(4):837–45. doi: 10.1093/icb/42.4.837 PMID: 21708782

66. Miller LP, Harley CDG, Denny MW. The role of temperature and desiccation stress in limiting the local-
scale distribution of the owl limpet, Lottia gigantea. Funct Ecol. 2009; 23(4):756–67. doi: 10.1111/j.
1365-2435.2009.01567.x

67. Olea PP, Casas F, Redpath S, Vinuela J. Bottoms up: great bustards use the sun to maximise signal
efficacy. Behav Ecol Sociobiol. 2010; 64(6):927–37. doi: 10.1007/s00265-010-0908-1

Orientation, Desiccation and Thermal Stress

PLOS ONE | DOI:10.1371/journal.pone.0150200 March 9, 2016 16 / 16

http://dx.doi.org/10.1007/s00442-013-2743-3
http://www.ncbi.nlm.nih.gov/pubmed/23996227
http://dx.doi.org/10.1111/j.1420-9101.2012.02557.x
http://www.ncbi.nlm.nih.gov/pubmed/22775528
http://dx.doi.org/10.1098/rstb.2008.0215
http://dx.doi.org/10.1098/rstb.2008.0215
http://dx.doi.org/10.2307/1788
http://dx.doi.org/10.1098/rspb.2010.0729
http://dx.doi.org/10.1098/rspb.2010.0729
http://dx.doi.org/10.1111/j.1474-919X.2010.01067.x
http://www.ncbi.nlm.nih.gov/pubmed/21712229
http://dx.doi.org/10.1098/rsbl.2010.0233
http://www.ncbi.nlm.nih.gov/pubmed/20375046
http://dx.doi.org/10.1242/jeb.02258
http://dx.doi.org/10.1007/bf00368091
http://dx.doi.org/10.1242/jeb.02257
http://dx.doi.org/10.3354/meps07711
http://dx.doi.org/10.1093/icb/42.4.837
http://www.ncbi.nlm.nih.gov/pubmed/21708782
http://dx.doi.org/10.1111/j.1365-2435.2009.01567.x
http://dx.doi.org/10.1111/j.1365-2435.2009.01567.x
http://dx.doi.org/10.1007/s00265-010-0908-1

	University of Wollongong
	Research Online
	2016

	Facing the heat: does desiccation and thermal stress explain patterns of orientation in an intertidal invertebrate?
	Clarissa M. L Fraser
	Frank Seebacher
	Justin Adam Lathlean
	Ross A. Coleman
	Publication Details

	Facing the heat: does desiccation and thermal stress explain patterns of orientation in an intertidal invertebrate?
	Abstract
	Publication Details


	Facing the Heat: Does Desiccation and Thermal Stress Explain Patterns of Orientation in an Intertidal Invertebrate?

