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ABSTRACT

MOVING AT A SNAIL’S PACE: THE EFFECT OF TEMPERATURE AND HUMIDITY
CUES ON THE BEHAVIOUR OF LITTORINA SUBROTUNDATA
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University of Guelph, 2012

Advisor:
Professor Elizabeth Grace Boulding

Animals living in intertidal habitats are subjected to extreme variation in abiotic stressors
such as high temperatures and low humidity during emersion at low tide. Rather than rely solely
on physiological responses to these stressors, many intertidal animals use behaviour to respond
to these environmental variables. I investigated three behaviours displayed by the northeastern
Pacific intertidal snail Littorina subrotundata that are altered in response to temperature and/or
humidity in other intertidal snail species. I found that under summer conditions, temperature and
humidity did not appear to be primary environmental cues motivating altered microhabitat
selection or aggregation propensity in L. subrotundata. Despite this, these stressors did appear to
be important cues for altered activity level. This study demonstrates that behaviour typically
assumed to be a response to temperature and humidity may be driven by alternate cues across
different species and/or study systems.
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Chapter One: General Introduction
Rocky Intertidal Habitat
Rocky intertidal habitats are unique in that they display extreme environmental gradients
along a very small spatial scale; this variation means that it is critical that organisms can respond
to major abiotic fluctuations that occur on an hourly scale (Stephenson & Stephenson 1949;
Newell 1979). These habitats are found between the high and low tide marks, and are
characterized by tidal movements (driven by lunar cycles), hard continuous substrate, and strict
zonation of the organisms that reside in them (Stephenson & Stephenson 1949). This habitat is
covered and uncovered by tidal movements of the ocean one to two times per day, and the
organisms that live there are subjected to an impressive array of both biotic and abiotic stressors
(Newell 1979). In order to live in these habitats, organisms must be capable of surviving marked
fluctuations of a variety of different abiotic stressors such as temperature (Tomanek & Helmuth
2002), humidity (Newell 1979), physical force (Denny 1985), solar irradiance (Seabra et al.
2011) and predation pressure (Boulding et al. 2001). Along the leading edge of the North
American tectonic plate (i.e. western Canada and U.S.A.), there is an abundance of rocky
intertidal habitats. In recent years there have been a number of studies (Iacarella & Helmuth
2011; Miller & Denny 2011) focused on abiotic stressors (notably temperature and humidity)
that demonstrate small- and large-scale variation (Helmuth et al. 2006; Jackson 2010).
Abiotic Stressors
Extreme gradients and strict zonation typical of rocky intertidal habitat are driven by a
variety of biotic and abiotic stressors (Stephenson & Stephenson 1949; Newell 1979; Denny &
Wethey 2000). Biotic stressors generally take the form of predation, but competition for
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resources such as space is common as well. The abiotic stressors are largely associated with the
daily movements of the tide. Though not a strict ‘rule’ per se, generally intertidal organism
vertical distribution (zonation) is determined by predation or competition at lower tidal heights,
and abiotic stressors such as temperature at higher tidal heights (Stephenson & Stephenson 1949;
Newell 1979). Though there are many abiotic stressors in rocky intertidal habitats, many of
which are not independent of one another, recent research has focused on the importance of
examining thermal and desiccation stressors (Chapman & Underwood 1996; Tomanek &
Helmuth 2002; Denny et al. 2006; Helmuth et al. 2006; Bertocci et al. 2010; Chapperon &
Seuront 2011a & b; Harley 2011; Iacarella & Helmuth 2011; Miller and Denny 2011).
It is critical to keep in mind that the factors affecting temperature and humidity in
intertidal habitats are not linearly tied to air temperature; these stressors are heavily influenced
by many other environmental factors (Helmuth 2002; Gilman et al. 2006). Furthermore, these
stressors are tightly linked to each other, but they affect organisms in different ways; high
temperatures result in cellular damage (Coleman et al. 1995) whereas low humidity results in
water loss (Grange & Hand 1987). Temperature and humidity are correlated, but as they affect
organisms differently, measuring both of them could better elucidate which stressors organisms
are responding to. Therefore it is important that each stressor be quantified in a manner that is
most accurately reflecting the abiotic conditions that intertidal organisms are actually
experiencing.
The high temperatures that an intertidal organism is subjected to at low tide is influenced
heavily by substrate temperature, which is a function of air temperature, wind speed, wave
height, and incoming solar radiation (Denny et al. 2006; Helmuth et al. 2006; Miller & Denny
2011). Due to their small size and tight association with the substrate, these animals usually
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experience body temperatures that are correlated to the temperature of the underlying substrate
(Stevenson 1985; Gilman et al. 2006; Chapperon & Seuront 2011a & b). As a result, these
organisms usually experience thermal stress much higher than what one would expect simply
from measurements of air temperature, because the underlying rock substrate is often a markedly
higher temperature than the air, especially during typical summer conditions in the northwest
regions of North America (Helmuth et al. 2002; Gilman et al. 2006; Helmuth et al. 2006). Hence
to accurately evaluate the stressors directly faced by intertidal organisms, measures of substrate
temperature are a better proxy than air temperature.
The majority of studies that directly examine the effects of low humidity on animal
behaviours in the field (as opposed to treating it as a by-product of thermal stress) have looked at
very discrete metrics; typically substrate is simply classified as ‘wet’ and/or ‘splashed’ vs. ‘dry’
(Garrity 1984; Chapman & Underwood 1996; Bates & Hicks 2005). Though this work is
valuable, it is missing a broad spectrum of median values that may also be relevant to an
organism’s survival. Research that has incorporated humidity (other than discrete categories)
have made use of relative humidity measurements (Helmuth 1999) but relative humidity is not
necessarily the best metric of the evaporative stress that results from the amount of water in the
air. Vapour pressure deficit (VPD) is a measurement of humidity that more accurately represents
desiccation stress because it is an absolute measurement of the amount of water in the air; it is
the difference between the saturation vapour pressure (usually in kPa) for the air temperature and
the actual water vapour pressure of the air (Grange & Hand 1987). High values of VPD indicate
that there are fewer water molecules in the air, and that water molecules are more prone to
evaporation from wet surfaces.
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Although intertidal organisms are typically not subject to undue thermal and desiccation
stress at high tide, at low tide they may be subject to extreme fluctuations depending on the
season and meteorological conditions. At low tide this habitat is heavily influenced by air
temperature and solar radiation; therefore the highest temperatures occur during periods of low
tide during daylight hours in the summer when there is an increased amount of incoming solar
radiation (Canadian Hydrographic Service http://www.tides.gc.ca ; Helmuth et al. 2002; Helmuth
et al. 2006). In these cases humidity also reaches extreme low values (particularly in the high
intertidal zones) because as well as experiencing high temperatures at this time, wave action and
maximum daily tidal heights tend to be lower, which reduces wetting at higher levels, resulting
in longer periods between immersions.
Intertidal Organisms: Extreme Living
Organisms in intertidal habitats are marine animals that have invaded a partially
terrestrial habitat; they rely upon the ocean to survive but they must also have adaptations that
allow them to survive the numerous stressors associated with daily exposure to air. Animals in
the lower intertidal zones may only need to survive emersion for a few hours, but animals in the
higher zones may need to be able to survive in air for over a day before their next immersion.
Animals in this habitat are generally poikilothermic, and therefore their body temperature is
heavily influenced by the environment (Stevenson 1985; Miller et al. 2009; Chapperon &
Seuront 2011a & b). Though their tolerance for desiccation stress is considered weak by the
standards of terrestrial animals, in comparison to marine animals they are well adapted to daily
exposure to aerial conditions. The demands of this habitat impose many physiological and
behavioural adaptations targeted at minimizing thermal and desiccation stress whilst exposed, as
both of these stressors are extreme at low tide (Newell 1979; Gosselin & Chia 1995; Chapman &
4

Underwood 1996; Behrens Yamada & Boulding 1996; Hull & Mill et al. 1999; Pardo & Johnson
2004; Iacarella & Helmuth 2011), though the magnitude of these stressors will vary depending
on the life history of the animal in question. It is important to bear in mind that these animals
cannot avoid these stressors simply by migrating to habitats that are inundated more often, as
other stressors (such as predation) increase with depth (Johannesson 1986; Behrens-Yamada &
Boulding 1996; Boulding et al. 2001; Kestrel et al. 2009).
One example of a physiological adaptation to thermal stress is the expression of heatshock proteins (Hsp), which has been documented in a wide range of animals, including many
intertidal species (Tomanek & Somero 1999). When activated, these proteins prevent
aggregation of heat-damaged proteins associated with high body temperatures, and then facilitate
renaturation after body temperature decreases (Tomanek & Somero 1999). Though these proteins
are a valuable adaptation to such a thermally stressful environment, research has shown that
sometimes the temperature ranges in which they are effective are exceeded by the actual physical
conditions that intertidal animals are exposed to (Newell 1979; Somero 2002). Also, the
expression of these proteins is genetically determined, and not especially plastic, meaning that in
regions where there may be unpredictable temperature fluctuations it will be difficult for
intertidal animals to adapt to new conditions using physiological adaptations alone.
Animals in the intertidal zone face strict constraints by the environment, but a certain
amount of plasticity can be very beneficial in such a heterogeneous habitat. Rocky intertidal
substrate does not have a uniform temperature; it varies on small spatial scales (meters to
centimeters depending on the shoreline) (Tomanek & Helmuth 2002; Gray & Hodgson 2003;
Helmuth et al. 2006; Jackson 2010). Although some areas of this habitat may be too stressful for
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organisms to inhabit, this heterogeneity means that there may be more favourable habitat patches
only a short distance away.
Despite excellent physiological adaptation to thermal and desiccation stress, at low tide
intertidal organisms may experience thermal and desiccation stress that exceeds their
physiological tolerances; the upper limit of an intertidal organisms’ vertical distribution is
usually determined by these tolerances, which makes abiotic factors (i.e. substrate temperature,
solar radiation, wave exposure) relevant to their distribution (Connell 1972; Newell 1979;
Tomanek & Helmuth 2002; Denny 2006). Although all intertidal organisms are well adapted
physiologically to high temperature and low humidity, many of these organisms also have
behavioural adaptations (i.e. behavioural plasticity) that help them mitigate extreme (but short
term) stress common during low tide. Behavioural response to environmental cues (such as
temperature and VPD) may be overlooked in intertidal organisms, but these responses may be
critical to these animals’ continued survival during periods of emersion during hot weather.
Behavioural change allows for rapid response to changing conditions in situations where
physiological adaptations may not be adequate to ensure survival.
Littorinid snails are an excellent example of an intertidal animal that displays altered
behaviour in the presence of environmental stressors (Vermeij 1971; Garrity 1984; Chapman &
Underwood 1996; McMahon 1990; Jones & Boulding 1999; Muñoz et al. 2005; Judge et al.
2011). These snails also typically live at the upper levels of the intertidal zone, and are therefore
regularly exposed to high temperature and low humidity as a result of regular emersion through
tidal movements (Stephenson & Stephenson 1949; Reid 1996). As they are so high in the
intertidal zone, they will be reliably exposed to air, and therefore must have adaptations to allow
them to persist through low tidal cycles. Furthermore, in many areas of western North
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America’s rocky shores these snails are readily abundant and straightforward to locate. They are
small (many species less than one centimeter in shell width) and have readily quantifiable
behaviours (personal observation) that have been identified in other species as being altered in
response to high temperature and low humidity (Garrity 1984; McMahon 1990; Chapman &
Underwood 1996; Judge et al. 2011; Iacarella & Helmuth 2011).
Question, Hypothesis, Predictions
This study examined the influence of temperature and humidity on plastic
behaviours in the Pacific Northwestern intertidal snail Littorina subrotundata. Three distinct
behaviours typically found in other littorinid species are microhabitat selection (Jones &
Boulding 1999; Judge et al. 2011), activity level (Garrity 1984; McMahon 1990), and the
formation of conspecific aggregations (Chapman & Underwood 1996). Each of these three
behaviours offers potential benefits in terms of increased survival to snails in hot, dry conditions
during exposure to air at low tide. These benefits are a result of decreased physiological stress
placed on the snail by lowering its body temperature and/or reducing its water loss (Chapman &
Underwood 1996; Miller & Denny 2011). This study will address the following question: do L.
subrotundata snails use temperature, humidity, or a combination of the two as their primary cue
for behaviour? I hypothesized that L. subrotundata snails would use temperature and humidity as
the primary cues for behaviours typically associated with thermal and desiccation stress.
Specifically, this hypothesis predicts that temperature and VPD will be better predictors of snail
behaviour than other predictor variables such as site, size, and time since last immersion. There
are three behaviours within this hypothesis that I examined:
H1: Changes in temperature and humidity will result in altered use of complex microhabitats
(such as barnacle shells, crevices, etc.) because these microhabitats function as a refuge
7

from these stressors in intertidal habitats. I predict that snails will increase their use of
microhabitats as temperature and vapour pressure deficit values increase and that site,
size, and time since last immersion will have no effect.
H2: Changes in temperature and humidity will result in altered activity levels because snails can
lower their body temperature and reduce the amount of water lost to the environment by
withdrawing into their shells. I predict that snails will decrease their activity level as
temperature and vapour pressure deficit values increase and that site, size, and time since
last immersion will have no effect.
H3: Changes in temperature and humidity will result in differential propensities to aggregate
because aggregations result in lower body temperatures and improved water retention. I
predict that snails will increase their propensity to aggregate as temperature and vapour
pressure deficit values increase and that site, size, and time since last immersion will have
no effect.
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Chapter Two: Behavioural change in response to environmental cues
Introduction
Behavioural Mitigations
Plastic behaviors in response to heterogeneity in stressors may be favored by selection
and evolve when they allow organisms to generate optimal responses to changing environmental
conditions (Wilson 1998). In particular, intertidal animals are known to alter their behaviour in
response to a broad range of stressors including predation (Rochette & Dill 2000), water
movement (Pardo & Johnson 2006), temperature (Judge et al. 2011), altered water chemistry
(Bibby et al. 2007), and humidity (Chapman & Underwood 1996). Some of these behaviours are
very specific; for example, many gastropods will increase the thickness of their shell in response
to very specific predator cues (Johannesson 1986; Boulding & Harper 1998; Dalziel & Boulding
2005). Behavioural responses can also be incredibly variable; some broad behaviour (such as
shelter use) is exhibited in response to a wide variety of cues (predation risk, high temperature,
increased wave force, etc.; Garrity 1984; Rafaelli & Hughes 1978; Pardo & Johnson 2004; Pardo
& Johnson 2006). In the intertidal zone there is a broad range of possible stressors, though some,
such as high temperature and low humidity, occur more regularly than others.
A wide range of different behaviours are exhibited by poikilotherms in response to
changing temperature and humidity (Garrity 1984; Stevenson 1985; Bates & Hicks 2005;
Pincebourde et al. 2009; Chapperon & Seuront 2011a). In a habitat such as the rocky intertidal
where large swings in temperature and humidity are a regular occurrence it is highly beneficial to
organisms to make condition-dependent changes to their behaviour if it will help them persist
over time. Furthermore, there is well-documented small-scale variation in thermal refuges
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(Helmuth & Hoffman 2001; Helmuth et al. 2006; Jackson 2010; Judge et al. 2011) and a broad
range of intertidal species have been observed to take advantage of this variation through
behavioural changes in a variety of different locations around the world (Garrity 1984; Chapman
& Underwood 1996; Bingham et al. 2011; Chapperon & Seuront 2011b).
Behavioural change in response to abiotic stressors in marine intertidal animals can take
on many different forms; some of the more common of these behaviours involve altered activity
level and shelter use (Gray & Hodgson 2003; Bates & Hicks 2005; Iacarella & Helmuth 2011;
Judge et al. 2011), though the formation of aggregations is also very common (Garrity 1984;
Chapman & Underwood 1996; Muñoz et al. 2008). Many animals will lower their activity levels
as temperature increases and humidity decreases (Garrity 1984; McMahon 1990; Iacarella &
Helmuth 2011). It has been suggested that the timing of daily activity is the most important
factor in the determination of body temperature in poikilotherms (Stevenson 1985). Lowering
activity level via withdrawing into a shell or otherwise sealing its body away from the air can
allow an intertidal animal to reduce its water loss, or even moderate it in such a way as to
regulate evaporative cooling (Iacarella & Helmuth 2011). It has also been shown that reducing
the surface area of the body in contact with the underlying substrate (through withdrawal into the
shell) can reduce body temperature through the reduction of conductive heat exchange (Vermeij
1971; Denny & Harley 2006; Miller & Denny 2011). This lowered activity level can also be
used in conjunction with microhabitat selection; if an animal can locate a preferable location in
its habitat and then remain in this refuge as opposed to actively roaming in its habitat it may
increase the likelihood of surviving until its next inundation.
Rocky intertidal thermal landscapes are very heterogeneous; there are environmental
variations on organism-level spatial scales that result in a wide range of potential refuges from
10

unfavourable temperature and humidity (Helmuth et al. 2006; Jackson 2010). There are a variety
of different shelters available such as crevices and cracks in the rock, as well as a sort of
‘biological crevice’ that can be found between sessile organisms such as barnacles that are
permanently attached to the substrate. These ‘microhabitats’ are typically a slightly different
temperature than the surrounding substratum, and they also tend to retain moisture from the
receding ocean at low tide (Jackson 2010). As a result of this, on hot days these microhabitats
are lower in temperature and higher in humidity (lower VPD) than the surrounding habitat, and
provide refuges for animals that would otherwise be unable to persist due to their physiological
desiccation thresholds (Newell 1979; Jackson 2010). Even though this may ultimately give only
a small reprieve from thermal or desiccation stress (perhaps only one or two degrees) this could
still be highly beneficial. If an animal is already at or near its physiological limits to avoid heavy
predation from the subtidal, behavioural changes such as the above described could make the
difference between survival and mortality until the next tidal inundation (Newell 1979; Miller &
Denny 2011). Many organisms have been shown to utilize these microhabitats, and for some
species, the availability of these microhabitats is the limiting factor in species abundance
(Rafaelli & Hughes 1978).
Along with activity level and microhabitat selection, aggregation behaviours may also
impart benefits to animals at low tide. Some intertidal animals have been shown to form
aggregations at low tide, and in many species this is likely bestowing a benefit in terms of
retained water (Vermeij 1971; McMahon 1990; Muñoz et al. 2008). Chapman and Underwood
(1996) found that the intertidal snail Littorina unifasciata was more likely to be aggregated when
rocks were dry. Evidence from this and other studies is less clear, however, on whether or not
animals use high temperatures as a cue when aggregating (Chapman 1995). Furthermore, these
11

studies only examined the effect of binary metrics of humidity (‘wet’ vs. ‘dry’). However, as
low humidity is often correlated with high temperatures, it is reasonable to predict that
temperature may be a suitable cue for this behaviour as well.
All of these behaviours have been well documented in many different intertidal species,
most notably littorinid snails (Rafaelli & Hughes 1978; Garrity 1984; Chapman & Underwood
1996; Jones & Boulding 1999; Bates & Hicks 2005; Iacarella & Helmuth 2011; Judge et al.
2011). These snails are an excellent organism for studying behavioural response to temperature
and humidity as they typically live very high in the intertidal zone and are regularly emersed.
Littorinid Snails
Littorinid snails (small marine snails in the genus Littorina) are an example of an
intertidal animal subjected to extreme abiotic stressors, and a prime model organism for intertidal
research (Emson & Faller-Fritsch 1976; Rafaelli & Hughes 1978; Chapman & Underwood 1996;
Reid 1996; Pardo & Johnson 2004). They are useful for a number of reasons; they are found
worldwide, they are easily accessible at low tide, and they are numerous (and therefore easy to
locate). These snails typically live very high in the intertidal zone, and are so ubiquitous that the
uppermost part of the intertidal zone is known as the ‘littoral zone’ (Stephenson & Stephenson
1949). Though very small, they are prevalent throughout the world, and are a very ecologically
important species; they have numerous effects on other species in intertidal assemblages through
interspecific interactions (Petraitis 1983, 1987; Trussel et al. 2003; Holmes et al. 2005; Harley
2006). They have a variety of impacts on arthropod species abundance and diversity, filamentous
algal cover, and sessile species recruitment; impacts manifested primarily as a result of the
snails’ feeding habits. Littorinids graze on small algal and biofilm particles that few species in
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this habitat are capable of taking advantage of, and they are in turn an important source of food
for higher trophic levels (Petraitis 1987; Norton et al. 1990; Geller 1991; Reid 1996).
Littorinid snails are physiologically robust, but several of these species change their
behaviour in situations of high temperature and low humidity; they seek out microhabitat
refuges, they alter their activity patterns, and they aggregate together in clumps (Vermeij 1971;
Garrity 1984; Chapman & Underwood 1996; Jones & Boulding 1999; Judge et al. 2011; Seabra
et al. 2011). Studies from tropical littorinid species have shown snails demonstrate a strong
preference for microhabitats that are cooler than surrounding areas (Judge et al. 2011). Recent
modeling work has also shown that littorinid snails can lower their internal body temperature by
up to 4°C simply by lifting their foot off of the substrate; behaviour which is usually classified as
a lowered activity level (Miller & Denny 2011). Other work has demonstrated that aggregated
snails tend to retain more water over the course of a tidal cycle when compared to solitary snails
(Chapman & Underwood 1996).
Most previous research into changes in littorinid behaviour in response to temperature
and humidity focused on snails living in tropical intertidal habitats (Judge et al. 2011) and
studied these behaviours singularly as opposed to together under the same conditions (Iacarella
& Helmuth 2011; Judge et al. 2011). Furthermore, the metrics used to assess humidity were
binary discrete values rather than a continuous metric that captures a range of values (Chapman
& Underwood 1996). This study makes use of Littorina subrotundata (Carpenter 1864); an
intertidal snail commonly found on the exposed western coastline of North America. This is an
excellent species for studying behavioural response to abiotic conditions for a number of
reasons; they are common in this region, display easily quantifiable behaviours, and are regularly
subjected to high temperature and low humidity. Furthermore, there is a large body of previous
13

work on this species in the region this study was conducted in, including data on physiological
temperature tolerances, microhabitat occupation, and substrate temperature (Boulding & Harper
1998; Jones & Boulding 1999; Lee & Boulding 2010). This study built upon this previous work
by attempting to link behavioural change with changes in temperature and vapour pressure
deficit. Vapour pressure deficit (VPD) has not previously been used to quantify humidity in
littorinid behavioural research; it is an absolute measurement of the amount of water in the air
(Grange & Hand 1987) and therefore the level of desiccation stress that snails are being
subjected to.
This study addressed the following question; do L. subrotundata snails use temperature,
humidity, or a combination of the two as their primary cue to alter their behaviour? Three
distinct behaviours were noted (personal observation) in this species that may be altered in
response to temperature and VPD: microhabitat selection, activity level, and formation of
conspecific aggregations. Each of these three behaviours offers potential benefits to snails (such
as lowered body temperature and greater internal water retention) when altered in response to
high temperature and VPD during exposure to air at low tide. I hypothesized that L.
subrotundata snails would use temperature and humidity as the primary cues for behaviours
typically associated with thermal and desiccation stress such as (1) microhabitat selection, (2)
activity level, and (3) aggregation propensity and that site, size, and time since last immersion
will have no effect... Specifically, this hypothesis predicts that temperature and VPD will result
in (1) increased use of complex microhabitats, (2) lowered activity level, and (3) increased
aggregation propensity.
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Methods
Field measurements and behavioural observations took place at two long term study sites
near the Bamfield Marine Sciences Centre on Vancouver Island, British Columbia during May
and August of 2011. Average air temperature recorded at the Cape Beale lighthouse (48.8°N
125.2°W) is 10.8°C in May (min: 7.9°C max: 13.6°C average rainfall: 143 mm), and 14.1°C in
August (min: 11.2° max: 16.9°C average rainfall: 68 mm)
(http://www.theweathernetwork.com/statistics/summary/cl1031316/cabc0020).
Nudibranch Point (48°48’54N, 125°10’33W) and Prasiola Point (48°49’01N, 125°10’10W) are
two sites on the east and west sides of a sandy beach approximately 150 m apart (Fig. 1). The
study sites were rocky, semi-exposed beaches with well-defined intertidal zonation. At each site,
the acorn barnacle zone was composed predominantly of Balanus glandula, Semibalanus
cariosus, and Chthamalus dalli. Barnacle coverage is quite heterogeneous, and there are also
several species of algae found in this zone as well (Fucus spp., Mazzaella spp.). At these sites
there are an abundant number of littorinid snails belonging to four different species; L.
subrotundata, L. sitkana, L. plena, and L. scutulata. The focal species L. subrotundata was
numerically dominant and can be distinguished from the other three Littorina spp. by shell
morphology (Reid 1996). Continuous Hobologger™ (Onset) temperature data going back to
August 2004 suggest that substrate temperatures at these beaches can exceed the estimated upper
thermal tolerance of L. subrotundata, which has been estimated at 34.8 +/- 2.8°C (Lee 2008).
Temperatures exceeding this value can persist for up to three hours when low tide occurs during
daylight hours on hot days in summer months (Boulding unpublished data).
Methods for behavioural observations were the same at each site. At each site, a 10 meter
transect was laid out parallel to the contours of the shoreline from a central location; care was
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taken such that the entire length remained within the barnacle zone, which is where L.
subrotundata snails are found. Using a random number table, a random spot along the transect
was selected (i.e. if a random number of “857” then the quadrat was placed at 8.57 m from the
central location) and at that spot a 10 x 10 cm quadrat was This method ensured a random
collection of snails from within the barnacle zone.
For every snail within the quadrat measurements on the size, substrate temperature,
relative humidity, and dewpoint were recorded.
Temperature was measured using an Omega brand (HH506RA) K-type wire
thermocouple by touching the tip of the thermocouple wire (0.81 mm diameter) to the substrate
within a few millimetres of each snail (Fig. 2a). Care was taken not to physically contact the
snail, as this could induce the snail to retract into its shell prior to assessment of its activity level,
thereby giving a false activity level measurement. It was ensured that the thermocouple was in
contact with the same substrate that each snail’s shell aperture was facing (i.e. if the edge of the
shell was in physical contact with a barnacle but the shell aperture was facing the underlying
rock substrate, the temperature of the rock substrate was measured). Previous work has
demonstrated that littorinid snail body temperature is heavily influenced by the temperature of
the underlying substrate (Denny & Harley 2006; Chapperon & Seuront 2011a & b). The probe
was held to the substrate with care taken to shade the probe to prevent direct insolation from
affecting temperature readings, and temperature was recorded when the reading stabilized.
Relative humidity and dewpoint were measured using a Panther brand (I-999-HSI-HT100) hand
held meter by holding the tip of the probe as close to the focal snail as possible (Fig 2b). The
readings were allowed to stabilize for 20 seconds then the values of relative humidity and
dewpoint were recorded.
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Values for vapour pressure deficit (VPD) were calculated in Microsoft Excel using
equations taken from Lawrence (2005) and rearranged such that VPD could be calculated from
relative humidity (RH; %) and dewpoint (tdp; °C). It was necessary to estimate air temperature
from relative humidity and dewpoint as this variable was not directly measured (T; °C):
T=

Bz
z (1
A(B+tdp)-z

(1)

Where:
z = -Bln(RH/100)-tdpln(RH/100)+Atdp

(2)

The constants A (17.625) and B (243.04°C) are recommended by Alduchov and Eskridge (1996;
found in Lawrence 2005). The calculated air temperature was then used to calculate the
saturation vapour pressure (Teten’s equation; Pa):
es=611e((17.502*T)/(T+240.97))

(3)

Using this value and the measurement of relative humidity, the air vapour pressure was then
calculated:
ea=(RH/100)es

(4)

the difference between the saturation vapour pressure and the air vapour pressure is the vapour
pressure deficit:
VPD= es - ea

(5)

Several of these calculated values of VPD were suspected of being outliers, as many
values were unnaturally high. Calculated temperature values (see equations one and two) were
therefore plotted with air temperature recorded at the Bamfield Marine Sciences Centre
(http://www.islandweather.ca/dataavgs.php?field=temperature&interval=60&id=161&year=201
1&month=5) as a predictor, and points with a residual of greater than ten were excluded from
further analysis.
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The time since a snail was last immersed was calculated so that it could be used for
comparisons to models that made use of temperature and VPD. Time since last immersion was
estimated using a combination of recorded tidal heights (for Bamfield, BC) and wave heights
(from La Perouse Bank buoy 46206; http://www.weatheroffice.gc.ca/marine/weatherConditionscurrentConditions_e.html?mapID=02&siteID=06800&stationID=46206) obtained from the
Canadian Hydrographic Service and temperature data obtained from Hobologger™ (OnSet)
temperature loggers attached to rocky substrate in the barnacle zone using Z-spar marine epoxy
mixed according the manufacturer’s instructions. Temperature was recorded at 15 minute
intervals and, in daylight hours, a notable increase in temperature could usually be observed
when tide receded from the loggers. In situations where the temperature of the logger when
exposed was similar to sea surface temperature (La Perouse Bank buoy 46206) and therefore
inundation could not be easily distinguished based on temperature alone, the time of exposure
was estimated from the combined tidal and wave height; if the combined height was less than
four meters it was assumed that the study site was exposed. In all cases, estimates of the time of
exposure were rounded to the nearest quarter hour. The value for time since last immersion was
estimated by comparing the estimated time of last exposure and comparing it to the time that a
measurement was taken in the field.
The microhabitat occupied by a snail and whether or not it was aggregated was assessed
immediately after temperature, relative humidity, and dewpoint were recorded. After these
observations were recorded, each snail was removed from the quadrat with fine-tipped forceps
and its size and activity level were recorded
Microhabitat was quantified in two different ways; this way the relative importance of
barnacles as a refuge microhabitat can be compared to other features of the intertidal (such as
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microhabitats formed by algae). First, snails were categorized as either associated with a
barnacle(s) or not. A snail was considered to be associated with a barnacle if any part of its body
was in physical contact with a barnacle. For a more in-depth analysis of microhabitat selection,
microhabitat was classified into five distinct categories; ‘bare rock and/or crevice’, ‘bare rock
next to a barnacle’, ‘inside a barnacle test/in a live barnacle shell’, ‘between barnacles’, and
‘other biotic association’. Detailed descriptions of each category can be found in Table 1 and
Figure 3.
Activity level was classified into three categories, as seen in Table 2. Sample size for the
activity analysis was less than that for microhabitat and aggregation analysis because snails had
to be removed completely from the substrate in order to quantify activity, but some snails were
in very small crevices, and the act of removing them from these crevices would have resulted in
the snail retracting its body into its shell before it was possible to observe its true activity level.
For this reason, if it took longer than five seconds to remove a snail from the substrate, the snail
was excluded from the activity level analysis.
Aggregation was a simple binary response variable; if any part of a focal snail’s body
was in physical contact with any other littorinid snails (including the three littorinid species not
included in my study) then the focal snail was considered aggregated.
After a snail’s activity level was assessed, the size of each snail was measured by placing
a snail aperture down on a ruler and measuring the distance between the outermost edge of the
aperture and the opposing edge of the shell at its widest part to the nearest millimetre. If a snail
was between 0.5-1.4 mm its size was recorded as 1 mm, if it was 1.5-2.4 mm it was recorded as
2 mm, and so on. After measurements were taken for each snail, it was removed from the quadrat
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and not replaced until all snails had been quantified in order to prevent accidental doublecounting.
All snails were returned to within 10 cm of their original collection site after all snails in
the quadrat were quantified.
Akaike’s Information Criteria (AIC) was used to analyze observations to determine if
thermal and desiccation stress were influencing any of the aforementioned behaviours. This test
compares multiple working hypotheses (multiple working hypotheses described in Chamberlin
[1890]); a hypothesis (model) is assessed not only on how well it fits the data, but also its
simplicity. The model in a given set that best explains the information in the data (i.e. has the
best fit whilst also minimizing the number of parameters in the model) will be assigned the
lowest value of AIC in the set.
For each behaviour observed in this study (microhabitat use, activity level, and
aggregation) a total of nine working hypotheses were compared, five of which were constructed
with temperature and VPD to examine their effects on an observed behaviour, and four of which
were included post-data collection but pre-analysis to compare the effect of temperature and
VPD to other relevant environmental variables in order to test their relative importance as cues to
the behaviour observed (see Table 3 for detailed description). Each working hypothesis was
represented by a logistic regression model and made use of one or more of the following
independent variables; temperature, VPD, location (i.e. Prasiola or Nudibranch), size, and time
since last immersion. Each model had one of the four previously mentioned behavioural
responses (association with a barnacle, microhabitat, activity level, and aggregation) as the
dependent variable.
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Association with a barnacle was modeled using a binary model; the dependent variable
here is the association with a barnacle (binary categorical response). Complex microhabitat was
represented by a multinomial logistic model; the dependent variable was the microhabitat
selected (one of five categories). In this model the designated reference category was “bare
rock/crevice”. Activity level was also a multinomial model, and the dependent variable was the
categorized (3 levels) activity of a snail. The “withdrawn” category is used as the reference
category, and “foot out” and “moving” as response categories. Lastly, aggregation was modeled
with a binary logistic model; the dependent variable being whether or not a snail was aggregated.
Ultimately, only snails in the 2 and 3 mm size categories were used in the analysis, as it
was likely that not all snails in the 1 mm size category were found in every quadrat, and there
were so few snails that fell into size categories greater than 3 mm that there was the potential for
spurious statistical results (Hosmer and Lemeshow, 2000).
In this study, values of QAICc were used as opposed to AICc, as all data was
overdispersed (Anderson, 2008). QAICc is calculated as follows (Anderson 2008):
QAICc = -[2log(L(θˆ)/ĉ]+2K+[2K(K+1)]/[n-K-1]

(6)

Where log(Lθˆ)=the log-likelihood of the parameters (θˆ) of the given model, K= number of
parameters in the model, and n=sample size. The value ĉ is calculated from the model with the
highest value of K (for this study, model number 5) as follows (Anderson 2005):
ĉ = χ2/df

(7)

Where χ2 is the usual goodness of fit test statistic based on the global model and df is the degrees
of freedom of the model. QAICc was calculated for every model within a given set to describe
each of the behaviours (microhabitat choice, activity level, and aggregation) examined in this
study. The best model in each set was identified using the value of QAICc (with the difference of
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QAICc values [ΔQAICc] representing the magnitude of improvement of the best model
compared to the model of interest); if a model had the lowest value of QAICc in a given set, and
if all other models had a ΔQAICc value of greater than two it was considered the best model in a
given set (Anderson 2008). If a model had a ΔQAICc less than 2.0, and if the only difference
between that model and the model with the lowest value of QAICc was one less predictor
variable, the model with the smallest number of predictors was selected as the ‘best’ model in the
set.
Akaike weight (w) was also used to assess the best model; it is the probability that a
given model is the best in that model set (Anderson 2008). It can be calculated as follows:
wi = e(-ΔiQAICc/2)

(8)

R

Σ e(-ΔrQAICc/2)
r=1

where R is a number of models representing R hypotheses (Anderson 2008).
All models were constructed in SYSTAT (SYSTAT Software Inc. version 13.00.05). In
order to calculate QAICc, log-likelihood values were obtained from each of the eight models and
input into a spreadsheet (Microsoft Office Excel 2007) that was programmed with equations for
QAICc as found in Anderson (2008). Values of ĉ were calculated (in Excel) from model number
five (Table 3), with χ2 and df values calculated in SYSTAT 13.
After completing the QAICc analysis, the most likely candidate model in each set was
identified and then the effect of each parameter in the model was further assessed using
SYSTAT. The effect of variables on probability of category membership was interpreted using
odds ratios, which can be calculated from the slope coefficients of the individual predictor
variables of the model (eβ). The odds ratio is an estimate of the likelihood of category
membership as a result of a difference in the predictor. For example, an odds ratio of two would
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indicate that an outcome is twice as likely to occur when a predictor category has a value of one
instead of zero.
The fit of each of the ‘best’ models within a set was further assessed using the area under
a Receiver Operating Characteristic (ROC) curve and classification success. Though QAICc
values do give an estimate of model fit, ROC curves give an absolute (rather than relative)
estimate of how well a model fits the data. An ROC curve plots the probability of detecting a
true signal (sensitivity) and false signal (1-specificity); the area under this curve is an indicator of
model fit (Hosmer & Lemeshow 2000). As a general rule, ROC values greater than 0.7 indicate
acceptable discrimination (Hosmer & Lemeshow 2000), though alone they are not a suitable
description of model fit; for this reason classification success is also included. Classification
success is a measure of the number of times a model correctly predicts category membership for
a data point. Each model was checked for potential outliers using plots suggested by Hosmer and
Lemeshow (2000) (Δχ2 vs. ˆπ, ΔD vs. ˆπ, Δˆβ vs. ˆπ, and Δχ2 vs. ˆπ with size of plotting symbol
proportionate to Δˆβ); though there was evidence to suggest that each model had potential
outliers, there was inadequate support to exclude any data points, so no additional data points
were excluded from any of the models.

Results
Measured substrate temperature ranged from 9.0°C to 27.0°C in May with an average of
16.3°C, and ranged from 14.3°C to 28.2°C in August with an average of 21.4°C (Fig. 4).
Calculated VPD ranged from 0.03 kPa to 2.42 kPa in May with an average of 0.70 kPa, and
ranged from 0.29 kPa to 3.37 kPa in August with an average of 1.42 kPa (Fig. 5).
After outliers were excluded, 23 quadrats yielded 513 snails in May, and 25 quadrats
yielded 970 snails in August for a final total of 1483 individual observations (Table 4).
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At each site more snails were associated with barnacles than were not (Fig. 6). At
Prasiola 95.2% of all snails were associated with a barnacle, and at Nudibranch 81.2% of all
snails were associated with a barnacle. Location (either Prasiola or Nudibranch) and the size of
the snail observed were the best predictors of whether or not a snail was associated with a
barnacle (Table 5; w=0.751). Snails found at Prasiola Point were more likely to be associated
with barnacles than snails at Nudibranch Point (when size is held constant), and as size
increased, snails were less likely to be associated with barnacles (when location is held constant;
Table 6, Fig. 6). The model that incorporates location and size as predictors also demonstrated
acceptable fit as assessed by the area under the ROC curve and classification success
(ROC=0.714, classification=0.881). Models that incorporated temperature and VPD were not
highly ranked when compared to other models that incorporated alternate predictors (Table 5),
therefore the hypothesis that temperature and VPD are cues that L. subrotundata use to associate
with barnacles is not supported.
The most common microhabitat occupied at both Nudibranch and Prasiola was ‘between
barnacles’ (56.2% of snails at Prasiola, 43.0% at Nudibranch; Fig. 7). Very few snails were
found on bare rock or in crevices at Prasiola (3.4% of all snails observed at this site) but at
Nudibranch 14.7% of the snails observed were in this microhabitat. The substrate temperature
(Fig. 8, Table 7) and VPD (Fig. 9, Table 8) of each microhabitat were shown by a KruskalWallis test to be significantly different (May, temperature: H=17.703, df=4, p<0.001; August,
temperature: H=32.830, df=4, p<0.001; May, VPD: H=13.491, df=4, p=0.009; August, VPD:
13.554, df=4, p=0.009).
Location and size of the snail were also the best predictors of a snail’s complex
microhabitat choice (Table 9; w=0.968). Models that incorporated temperature and/or VPD were
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not highly ranked compared to models that incorporated other variables. When taken into
consideration alongside the results obtained from association with barnacles, this further suggests
that the hypothesis that snails use temperature and VPD as cues for microhabitat selection is not
supported. Snails were always more likely to be found in complex microhabitats at Prasiola as
opposed to Nudibranch, though the magnitude of this effect varied based upon the type of
microhabitat (Table 10). As the size of the snail increased, the likelihood that a snail would be
found in a complex microhabitat decreased; again the magnitude of the effect varied depending
on which microhabitat was being examined (Table 10; Fig. 7). The effect of both location and
size is consistent, but further examination of model fit suggests that the model cannot accurately
predict choice for all of the individual microhabitats (Table 10). Specifically, this model does not
demonstrate an acceptable ability to predict whether a snail will be occupying a barnacle shell or
whether a snail will fall into the ‘other’ category.
The majority of snails observed in this study were withdrawn into their shells (85.3% at
Prasiola, 78.8% at Nudibranch). A greater proportion of snails had their foot extended at
Nudibranch (17.4%) as opposed to Prasiola (11.7%), but each site had nearly the same
proportion of moving snails (3.5% at Prasiola, 3.8% at Nudibranch). Despite the difference in
activity level between the two locations, it was found that temperature, VPD, and the interaction
between the two ranked highest in the QAICc analysis, however there was only a small
difference between this complex model and the simpler (more parsimonious) model that
excluded the interaction term. Therefore temperature and VPD were shown to be the best
predictors of a snail’s activity level (Table 11). Increased temperature resulted in an overall
lowering of a snail’s activity level, and an increase in VPD (i.e. decrease in humidity) resulted in
a snail increasing its activity (Table 12). This result supports the hypothesis that snails use
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temperature and VPD as cues to alter their activity levels, though the effect of VPD was opposite
to that initially predicted.
Finally, location (Prasiola or Nudibranch) and the size of the snail were the two
predictors in the highest ranked model to assess snail aggregation, yet the less complex model
that incorporated only location (Prasiola or Nudibranch) was ranked nearly as high
(ΔQAICc=0.446). Therefore the model that used location to predict whether or not a snail is
aggregated was the best model in this set (Table 13). It was found that snails were less likely to
be aggregated at Prasiola than at Nudibranch. Although this model was highly ranked, it
displayed poor discrimination and classification success, which suggested that it was not an
accurate predictor of the data (ROC=0.591; classification=0.633; Table 14). Consequently
selection of this model does not support the hypothesis that temperature and VPD were cues that
affected aggregation behaviour during this study.

Discussion
These results indicate that microhabitat selection and aggregation propensity, behaviours
in littorinid snails that are often associated with temperature and humidity cues, may be primarily
driven by other variables in this system. Though microhabitat selection and aggregation
propensity did not appear to be related to the environmental cues of substrate temperature and
VPD, this study found evidence that activity level in L. subrotundata was influenced by both of
these cues.
Microhabitat Selection
There are many potential benefits for snails that occupy complex microhabitats (such as
refuge from thermal or desiccation stress) yet there is also the potential for associated costs.
When compared to other factors (environmental and otherwise) suspected to have an influence
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on microhabitat selection it was found that models incorporating temperature and vapour
pressure deficit were not the highest ranked, suggesting that there are alternate cues that snails
are making use of when making microhabitat choices. It has been demonstrated that different
types of microhabitat (such as those examined in this study) are less stressful than others, but
there are potential costs that have not been as extensively examined. Behavioural trade-offs that
maximize benefit whilst minimizing costs are well-known in research on predation; for example,
animals may reduce foraging time in order to reduce the likelihood of mortality due to predation
(Lima & Dill 1990). In the case of microhabitat selection in snails, the benefit of selecting these
complex microhabitats could be offset by several different potential costs.
One possible cost faced by L. subrotundata would be a lack of food availability. Geller
(1991) showed that Littorina plena (a littorinid found in the same habitats as L. subrotundata),
are effective grazers in the presence of barnacle-created microhabitats; if the same holds true for
L. subrotundata, that would suggest a reduction in food availability in heavily-populated
microhabitats. Stafford and Davies (2005) demonstrated that chlorophyll a density (an indirect
measurement of biofilm density) was lower within five centimeters of aggregations of littorinids,
suggesting that areas with large numbers of snails (such as areas with a high number of inhabited
microhabitats) may have reduced food availability.
Another possible cost associated with complex microhabitats are that female snails may
be avoiding densely populated microhabitats to avoid being harassed by male snails looking for
mates. L. subrotundata is a direct fertilizer rather than broadcast spawner (Reid 1996), and in
summer months it is possible that males would be seeking out potential mates (Zahradnik et al.
2008). In densely populated microhabitats males may be better able to locate and harass
females.
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It is possible in this system that the temperature and VPD ‘shelter’ found in microhabitats
simply does not provide enough of a benefit to L. subrotundata to act as a primary driver to alter
their behavioural patterns. Ultimately, if the microhabitats do not ameliorate the stress associated
with high temperature and VPD, then there is no advantage for the animal to use temperature and
VPD as a cue for when to inhabit that space. Based upon a heat budget model developed by
Miller and Denny (2011) for littorinid snails, the main energy inputs affecting a snail’s body
temperature are solar radiation, heat exchange with the air, heat exchange with the substrate, and
long wave radiation. Only by reducing at least one of these inputs will a microhabitat provide a
thermal benefit to the snails. Though a great deal of heterogeneity in substrate temperature was
observed within one 10x10 cm quadrat, observed temperatures did not approach the estimated
lethal limit of L. subrotundata (estimated 34.8 +/- 2.8°C by Lee 2008). It is possible that the
body temperature of the snail itself was higher than the substrate temperature measured as a
result of other energetic inputs, but based upon previous modeling work (Miller & Denny 2011)
it is unlikely that these other inputs would have contributed enough energy to raise the body
temperature of the snail to the critical levels. With respect to VPD, only if these microhabitats
retain water better than the surrounding rock will the snails gain an advantage in withstanding
desiccation stress. It has been demonstrated that complex microhabitats tend to retain more water
than surrounding bare rock (Jackson 2010), but in this study VPD was found to be highly
variable, and there was great difficulty in ensuring that the VPD measured was accurately
reflecting the VPD found in the microhabitat, as the probe used in this study was often larger
than the microhabitat itself. Though overall snails were found more often in complex
microhabitats, the lack of support for any of the multiple working hypotheses that incorporated
temperature and VPD suggests that thermal and desiccation stress are not the primary cues used
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by L. subrotundata during microhabitat selection. That said, this analysis does suggest another
possible explanation for the observed preference of complex microhabitats at these sites.
The best supported model in the set analyzed in this study made use of location and size
to predict microhabitat selection; this suggests that there are one or more factors different
between Prasiola Point and Nudibranch Point that is cueing behavioural change. At each of these
sites it is possible but unlikely that predation is driving habitat selection. The incidence of
predation of littorinids is likely quite low due to the high wave action at each site (Boulding at al.
1999). Small predatory crustaceans such as the purple shore crab Hemigrapsus nudus cannot
inhabit these sites without being swept away unless suitable crevices are present, and predatory
fish such as the pile perch Rhacochilus vacca cannot get close enough to prey upon immersed
snails without risking death by being pounded against the rock (Boulding at al. 1999).
Originally the two locations used in this study were assumed to be largely similar with
respect to wave exposure, but on days with higher wave action it was discovered that although
working conditions were unsuitable at Prasiola Point, they were acceptable at Nudibranch Point.
Furthermore, the highest-ranked model predicted that snails were more likely to be found in
microhabitats that protruded from the substrate at Prasiola Point compared to Nudibranch Point.
Topographically complex microhabitats (i.e. formations that protrude above the substrate) have
been identified as beneficial to intertidal animals in wave-swept environments due to the
formation of a protective boundary layer close to the substrate (Vogel 1981; Thomason et al.
1998; Denny & Wethey 2001). Within this boundary layer the force exerted by waves on snail
shells can be greatly reduced, and allow snails to persist in an environment that would otherwise
be too physically stressful for it to cling to the substrate. Although it has been shown that these
snails can survive being swept off of the rocks (Miller at al 2007) there can be great cost
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associated with dislodgement, as it exposes snails to heavy predation from subtidal species
(Rochette & Dill 2000; Boulding at al. 2001).
Wave force has been noted in other species of littorinid snails as a possible driver of
microhabitat selection and a constraint on body size (Emson and Faller-Fristch 1976; Rafaelli &
Hughes 1978; Boulding & Van Alstyne 1993); body size was also incorporated in the highestranked model in this study. Size is an important factor to consider in wave-swept environments;
as snails get larger it is harder for them to fit into smaller microhabitats, which exposes them to
wave forces outside of the boundary layer. Previous research on other littorinid species has
shown that crevice size is a limiting factor in the size distribution of snails on a beach, and that
on exposed shores this restrictive size distribution is even more noticeable (Emson & FallerFritsch 1976; Rafaelli & Hughes 1978). Another problem for snails in regions of high flow is
related to foot size; it has been demonstrated that larger snails have a proportionally smaller foot
area (Trussel et al. 1993), which adds to the difficulties faced by larger snails in their attempt to
avoid being swept into the lower intertidal. In short, increased body size is likely to add further
stress to littorinid snails in wave-swept environments, such as those found near Bamfield.
In this study, increased size was shown to decrease the likelihood of being associated
with a complex microhabitat, which could mean that larger snails are less able to find suitable
shelter. Furthermore, there were very few snails greater than 3 mm in size found at either site.
This may be indicating that larger snails are being swept from the beaches by wave forces as
they grow too large for the majority of available microhabitats.
The fact that two predictor variables (size and location) that demonstrate different levels
of physical stress due to wave exposure are significant predictors of microhabitat selection lend
further support to the idea that wave force is an important cue for this behaviour.
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These results have lead to a new hypothesis that at these temperate sites; the primary cue
for microhabitat selection is wave force rather than temperature and VPD. Though it is not
possible to determine if wave force is a cue in microhabitat selection with this study, several of
the findings suggest that this may be an important factor. As previously mentioned, location has
an effect on microhabitat selection; snails are more likely to be associated with complex
microhabitat than bare rock at Prasiola compared to Nudibranch. Wave force is a stressor that
has been demonstrated in other systems to have an impact on intertidal organisms (Boulding &
Van Alstyne 1993; Thomason at al. 1998; Denny 1999; Denny & Wethey 2000; Lau & Martinez
2003), and over the course of this study there was a slight difference observed in wave exposure
between the two sites. The action of crashing waves exerts considerable drag force on intertidal
snails (Denny 1985; Denny 1987), but it is not always clear how increased wave force affects
animals in the intertidal. A study by O’Donnell and Denny (2008) opposes the conventional
theory that topographically complex habitats are a shelter from high wave force and
demonstrates that sometimes microhabitats (in this case crevices) experience greater
hydrodynamic forces than bare rock. In short; it is very difficult to know for certain how wave
force will affect individual snails on a given shore, yet results shown here (specifically a model
incorporating location and body size; both factors that are influenced by wave force) do suggest
that it is a likely avenue for future inquiry.
Activity Level
This study demonstrated that L. subrotundata alters its activity level in response to
thermal and desiccation cues, consistent with previous studies (Garrity 1984; Bates & Hicks
2005; Muñoz at al. 2005; Iacarella & Helmuth 2011). However, L. subrotundata responses to
variation in VPD were not in the direction predicted by a desiccation stress hypothesis. Though
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there was a clearly highest ranked model and that model contained temperature and VPD, which
would lend support to the hypothesis that temperature and VPD are primary cues to drive
behavioural change, the predicted direction of the effect of VPD was exactly opposite of that
reported by the model. In this study system, an increase in VPD (i.e. increase in desiccation
stress) resulted in an increase in activity level. This is especially confusing in light of the
response to temperature; the model predicts that as temperature increases activity level will
decrease, yet increased temperature was usually associated with an increase in VPD. The
observed response to VPD in these snails is counterintuitive; why, in a species where water loss
is a daily stressor, would a snail expose more of its tissue (and presumably increase its
evaporative water loss) as desiccation stress increases?
One possibility is that when a snail finds itself in such a stressful environment, it
increases its movement (i.e. activity level) in an attempt to get away from the stressful location
rather than simply retracting in hopes that conditions will improve. Withdrawn snails will expose
less of their body and therefore slow water loss from their tissue, but this measure can only go so
far. The operculum is hardly impermeable, and in a highly desiccating environment a snail could
still lose a critical amount of water even if it is withdrawn. This explanation may be plausible,
but in light of results obtained in a supplementary study (appendix 1) that manipulated
temperature and humidity to observe the effect on microhabitat selection it is an unlikely
explanation. In this supplementary experiment, it was found that snails were significantly less
likely to move on artificial substrate if the substrate was not thoroughly wetted before the
experiment commenced. This would suggest that activity levels should decrease rather than
increase with increasing VPD.
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In light of these conflicting results, caution should be taken when extrapolating the effect
of VPD observed in this study to broader conclusions until more work has been completed.
There are at least two potential sources of error in the measurements made in the observations
taken in this field study: first, the probe used was often larger than the microhabitat inhabited by
a snail, meaning that the probe may not have been measuring the exact conditions that a snail
was subjected to. Second, a concurrent measurement of air temperature was not simultaneously
made and temperature therefore had to be calculated from dewpoint and relative humidity.
Small measurement errors in dewpoint or relative humidity could have resulted in large errors in
calculated air temperature due to the exponential relationship between es and air temperature.
Supplemental work at these sites has shown that the value of VPD calculated from DP and RH
was different than that calculated using measurements of air temperature, however the difference
appears to be consistent, and not a likely cause for some of the more extreme calculated values of
VPD (appendix 2).
The response of snails to temperature was as predicted, and is in agreement with the body
of published literature (Garrity 1984; Bates & Hicks 2005; Muñoz at al. 2005; Iacarella &
Helmuth 2011). When a snail lowers its activity level, it is removing its foot from contact with
the substrate, which in the summer months is much higher than the surrounding sea temperature.
By removing its foot from the substrate, a snail will decrease the amount of surface area of its
body that is in contact with the substrate, which reduces the available surface area available for
energy transfer, thereby reducing heat exchange with the substrate. Previous modeling work has
demonstrated that the simple act of withdrawing into the shell can reduce body temperature by
up to 4°C (Miller & Denny 2011). If this is the case for these snails, then it is perhaps not
surprising that substrate temperature is not the primary cue used in microhabitat selection. If
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these snails can adequately compensate for high thermal stress simply by withdrawing into their
shell, then it would not be necessary for them to seek out thermally beneficial microhabitats, and
there would be no benefit to altered microhabitat in response to increased substrate temperature.
Aggregation
Aggregation has been shown in other species to provide a benefit to snails during times
of high thermal and desiccation stress (Chapman & Underwood 1996), however this study found
no change in aggregation behaviour in response to temperature and VPD. The best candidate
model in this case was the one that incorporated location (either Prasiola or Nudibranch) as a
binary variable, yet despite this supposed improvement over all models (including a constant
only model) this model displays poor discrimination and poor classification success, suggesting
that it is of limited use when actually predicting whether or not a snail is aggregated (Table 14).
Based upon these results, the hypothesis that thermal and desiccation stress are a primary cue in
propensity to aggregate can be rejected; it is unlikely that any of the cues examined in this study
are a driver of aggregation in this species. Considering the microtopography of the sites studied,
this is not entirely surprising. A modeling study by Stafford at al. (2008) found that aggregation
behaviour was selected against at shores that had a high crevice density. Though the shores
examined in this study did not have a high density of crevices in the rock, there was an
exceptionally high density of barnacles, which create a sort of ‘biotic crevice’ between closely
packed conspecifics, and this microhabitat was the most utilized by snails at each location (Fig.
7). Furthermore, it is possible that for this species, aggregation is a simple by-product of mating
activity. These snails are not broadcast spawners; they must come into physical contact to
copulate (Reid 1996). Littorinid snails are capable of following mucous trails left by
conspecifics, so they are capable of locating other snails at the densities found in this study
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(Davies & Blackwell 2007; Johannesson at al. 2008). More work will be needed on this species
in order to elucidate the causal factors behind aggregation.
Future Work
The fact that only activity level was shown to correlate with changes in temperature and
VPD is quite remarkable. The response of L. subrotundata to VPD is contrary to predictions, but
the response to temperature supports the initial hypothesis that thermal stress is a primary cue to
snails to alter behaviour. Intuitively, it can be expected that such a small change in behaviour
would not be an adequate response to such a major stressor. Yet it may be that by withdrawing
their foot from the underlying substrate under high thermal stress, snails are lowering their body
temperature just enough that combined with a robust physiological adaptation, they can
compensate for high thermal stress. This simple behaviour has been demonstrated to be
beneficial to snails in other studies (Vermeij 1971; Garrity 1984; Miller & Denny 2011), and
could impart a large fitness benefit to snails on days when substrate temperatures are
approaching lethal limits. Though none of the days during this study experienced temperature
approaching the lethal limit, there was evidence to suggest that substrate temperatures do
approach hazardous levels for this species, and the observed response to temperature may play a
critical role in survival until an individual’s next inundation.
Most notably, the new hypothesis that wave force is a determining factor in microhabitat
selection would be a very interesting avenue of exploration, and if supported it would
demonstrate an instance where behaviour typically associated with the mediation of thermal and
desiccation stress in other habitats is a response to a different abiotic stressor.
Conclusions
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This study examined three behaviours (microhabitat use, activity level, and aggregation
propensity) that have been shown in other species to change with temperature and humidity, but
it appears in the system studied that the only behavioural response to these variables was activity
level. This study did not find support for the hypotheses that temperature and humidity cues were
responsible for differential microhabitat selection and aggregation propensity, but it did reveal
some interesting trends that should be examined further.
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Chapter Three: General Conclusions.
Implications
The most notable implications from this work can be drawn from the finding that
microhabitat selection was not primarily cued by thermal and desiccation stress. The analysis
demonstrated that compared to predictors such as location and size, temperature and VPD were
not suitable predictors of microhabitat choice. In future, when assessing microhabitat selection
the experiment or analysis should be structured in such a way that multiple causal factors can be
compared; other studies have demonstrated that microhabitat selection is cued by thermal and
desiccation stress in some systems, and in others is cued by wave force, but there has yet to be a
study that directly compared to two cues in terms of their relative effect on the observed
behaviour. In systems where microhabitat selection has already been studied, it would be
beneficial to re-examine the findings to determine if the correct cue has been used, or if it would
be beneficial to test if wave force or thermal and desiccation stress are actually the primary cue
for microhabitat selection in that system.
Another possible implication that can be drawn from this study is that in light of
predicted global temperature increases (IPCC 2007), the amount of active time available for
snails during emersion may be reduced in the near future. As global temperatures change, it is
possible that these snails will have to lower their activity levels sooner after emersion by the
falling tide on hot summer days when low tide occurs in the middle of the day. This is
concerning because intertidal assemblages are tightly knit; each organism has the potential to
influence the abundance of several different species through direct or indirect interactions
(Petraitis 1983, 1987 1990; Anderson 1999; Buschbaum 2000; Holmes et al. 2005; Harley 2006;
Szathmary et al. 2009). If a species such as littorinid snails has to markedly change their periods
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of active behaviours such as grazing this could have an impact on the surrounding community
potentially leading to changes in the entire community structure (Paine 1966, 1974; Moline et al.
2004).
Future Work
There is a great deal of future work suggested by this study: there is the contradictory
result pertaining to the influence of VPD on activity level that needs to be further examined, the
new hypothesis suggesting that difference in wave force drive microhabitat selection, and the
lack of evidence as to the cues behind aggregation behaviour in L. subrotundata. With respect to
the influence of VPD on activity level, it is suggested that this be the focus of tightly controlled
laboratory experiments where VPD is experimentally manipulated. Though field measurements
of this parameter are useful, without highly sensitive equipment with fine-tipped probes it is very
difficult to accurately measure the humidity environment being experienced by the snail.
Attempts will be made to refine the measurements of VPD in the field during upcoming work in
July and August 2012, but in order to truly assess the direction of behavioural change in response
to VPD a tightly controlled experimental design will likely be required. As for the new
hypothesis regarding wave force as a driving factor of microhabitat selection, testing this will
require further field studies (likely comparing beaches along a gradient of wave force)
supplemented by lab work that will examine the force required to dislodge snails from the
substrate, and how that force can be changed in the presence of beneficial microhabitats. Finally,
to assess the possible cues leading to aggregation behaviour, it is suggested that further field
observations be carried out throughout the calendar year in order to identify when peaks of this
behaviour occur. From this, the possible cues can be narrowed down into a smaller subset, and
tested experimentally once identified.
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Behavioural change in the intertidal
Although the magnitude of behavioural change identified by this study was less than
expected (i.e. only activity level was altered as opposed to all three behaviours observed), the
observed change in activity level indicates that L. subrotundata will change its behaviour in
response to environmental cues indicative of thermal and desiccation stress. The lack of support
for the hypotheses that microhabitat selection and aggregation propensity would also change in
response to these cues is surprising in light of evidence in similar systems that these behaviours
are influenced by the same cues as activity (Garrity 1984; Chapman & Underwood 1996; Jones
& Boulding 1999; Judge et al. 2011). The severity of these stressors would suggest that
littorinids would be making use of multiple mechanisms to alleviate thermal and desiccation
stress, though it is possible that a lowered activity level combined with robust physiology is
suitable for maintaining survival under these conditions. Yet the concept that such a minor
behavioural change can serve such a useful purpose to these animals is very interesting; intertidal
organisms are subjected to extreme thermal and desiccation stress daily, yet evidence suggests
that this supposedly minor behavioural change can have an impact on survival.
In the rapidly shifting environment experienced by animals inhabiting rocky intertidal
habitats, the ability to behaviourally respond to environmental cues to reduce relevant stressors is
invaluable. Behavioural changes such as those examined in this study can occur within minutes
of the detection of environmental cues, and intertidal habitats being able to respond to stressors
on the same time scale in which they are occurring is critical. Correctly identifying which
environmental cues animals are using for certain behaviours is an important first step in
understanding how observed behaviours benefit the animals studied.
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Tables
Table 1: Definitions of the five microhabitat categories used in this study.
Microhabitat
bare rock/crevice

Description
snail is not in physical contact with any biotic structure; may be in
small crevice in the rock

bare rock next to barnacle

snail is in physical contact with a barnacle test, and shell aperture
is facing/in contact with underlying rock substrate

live barnacle/barnacle test

snail is either on top of a live barnacle within the 'crevice' formed
by shell plates, or else fully within the test of a deceased barnacle

between barnacles

snail is in physical contact with at least two barnacles; it is not in
contact with the underlying rock substrate

other

snail is in physical contact with a structural element of the habitat
that is not rock or barnacle; in almost all cases algae or a limpet
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Table 2: Definitions of the three levels of activity used in this study.
Activity Level Category
withdrawn

Description
snail is completely withdrawn into its shell; operculum sealed over tissue
and no part of the body is visible

foot out

a portion of the snail's body (the foot) is visible at the shell aperture;
operculum is not sealed

moving

a large portion of the snail's body is visible, and the snail is displaying
noticeable movement across the substrate
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Table 3: Description of each of the nine multiple working hypotheses used to test the hypothesis
that temperature and VPD affect snail behaviour, as well as the independent variables used in the
logistic regression model that represents each of the multiple working hypotheses.
Model

Independent Variables used in Model

1

Hypothesis
None of the variables examined influence
behaviour

2

Temperature is a cue for behaviour

Temperature

3

Vapour Pressure Deficit

4

VPD is a cue for behaviour
Temperature and VPD are cues for
behaviour

5

Temperature and VPD interact as a cue for
behaviour

Temperature, Vapour Pressure Deficit, and
Interaction

6

Location influences behaviour

Location

7

Size influences behaviour

Size

8

Location and size both influence behaviour
Time since last immersion influences
behaviour

Location and Size

9

Constant only

Temperature and Vapour Pressure Deficit
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Immersion Time

Table 4: Summary of all snails whose behaviour was quantified for this study. A total of 1483
individual snails were observed from 48 different quadrats placed at Nudibranch Point (23
quadrats) and Prasiola Point (25 quadrats) in 2011.

May
August

Nudibranch
Prasiola
Nudibranch
Prasiola
Total

Quadrats
12
11
11
14
48

Total # of snails
294
219
460
510
1483
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Average # snails/quadrat
(SD)
24.5 (15.3)
19.9 (6.7)
41.8 (20.9)
36.4 (23.2)

max/min
62/9
30/8
72/7
88/8

Table 5: Rankings for the nine models representing multiple working hypotheses used to assess
association with a barnacle(s). n=1483 and ĉ=8.413.
rank
1
2
3
4
5
6
7
8
9

model
Location+Size (mm)
Location
Size (mm)
Temperature (°C) + VPD (kPa) + Temperature*VPD
Immersion Time (hh:mm)
Temperature (°C)+ VPD (kPa)
Temperature (°C)
VPD (kPa)
Constant Only

QAICc*

ΔQAICc+

w§

117.336
120.102
124.453
125.939
126.054
126.924
127.012
127.527
128.907

0.000
2.767
7.117
8.604
8.719
9.588
9.676
10.192
11.571

0.751
0.188
0.021
0.010
0.010
0.006
0.006
0.005
0.002

*QAICc = corrected values for AICc (Anderson 2008)
+
ΔQAICc = difference between the QAICc of model and smallest QAICc values within model
set (i.e. the highest ranked model ΔQAICc = 0) (Anderson 2008)
§
w=Akaike weight, ĉ=overdispersion parameter (Anderson 2008)
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Table 6: Summary of the accepted best model that uses location and size as independent
variables to predict association with a barnacle(s) from the set of nine evaluating association with
barnacle(s).
model components
parameter
constant
location
size

fit

Coefficient
Odds Ratio*
3.462
1.408
4.086
-0.805
0.447

ROC+
0.714

Classification
Success
0.881

*Odds ratio for ‘location’ reference=Nudibranch Point, response=Prasiola Point. Odds ratio for
size indicates differences between the 2 and 3 mm size classes
+
ROC=area under ROC curve for given model

53

Table 7: Average temperature values for each microhabitat category classified by site and
month. All values are in °C.
Prasiola

May

August

Nudibranch

May

August

bare
bare rock next to barnacle
barnacle shell
between barnacles
other
bare
bare rock next to barnacle
barnacle shell
between barnacles
other
bare
bare rock next to barnacle
barnacle shell
between barnacles
other
bare
bare rock next to barnacle
barnacle shell
between barnacles
other
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n
11
33
24
145
6
14
131
48
265
52
66
40
41
129
18
45
105
44
195
71

mean
12.27
16.12
13.64
14.06
14.93
19.52
19.73
20.25
21.11
20.21
15.99
16.76
15.25
16.05
15.89
19.05
20.41
20.30
20.61
19.51

SD
2.78
3.57
4.12
3.38
3.07
1.99
2.55
3.05
3.48
2.57
3.39
3.22
1.66
2.28
2.20
2.10
2.93
2.69
2.51
2.27

max/min
17.6/9.9
20.7/9.7
20.8/9.7
23.5/10.0
17.9/10.9
22.5/16.9
25.5/14.3
26.3/14.9
28.2/14.8
26.8/16.2
23.9/9.0
21.6/9.2
20.8/11.5
21.3/9.4
19.4/12.0
24.0/15.9
25.9/15.4
25.9/15.8
26.3/14.7
25.6/15.5

Table 8: Average VPD values for each microhabitat category classified by site and month. All
values are in kPa.
Prasiola

May

August

Nudibranch

May

August

bare
bare rock next to barnacle
barnacle shell
between barnacles
other
bare
bare rock next to barnacle
barnacle shell
between barnacles
other
bare
bare rock next to barnacle
barnacle shell
between barnacles
other
bare
bare rock next to barnacle
barnacle shell
between barnacles
other
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n
11
33
24
145
6
14
131
48
265
52
66
40
41
129
18
45
105
44
195
71

mean
0.44
0.75
0.40
0.54
0.68
1.21
1.11
1.13
1.26
1.43
0.73
0.85
0.73
0.94
1.04
1.23
1.63
1.76
1.81
1.37

SD
0.43
0.44
0.32
0.35
0.35
0.58
0.57
0.62
0.57
0.70
0.41
0.48
0.27
0.44
0.42
0.62
0.83
0.76
0.80
0.73

max/min
1.19/0.03
1.62/0.03
1.12/0.04
1.62/0.04
1.12/0.21
2.25/0.37
2.49/0.29
2.51/0.37
2.79/0.30
3.00/0.42
1.77/0.16
1.86/0.20
1.71/0.37
2.19/0.20
1.77/0.26
2.39/0.46
3.03/0.46
2.92/0.46
3.37/0.46
3.03/0.48

Table 9: Rankings for the nine logistic regression models representing multiple working
hypotheses used to assess “Complex Microhabitat Selection”. n=1483, ĉ=5.461.
rank
1
2
3
4
5
6
7
8
9

Model
Location+Size (mm)
Location
Temperature (°C) + VPD (kPa) + Temperature*VPD
Size (mm)
Temperature (°C)+ VPD (kPa)
Temperature (°C)
Immersion Time (hh:mm)
VPD (kPa)
Constant Only

QAICc*
717.087
724.951
727.131
727.958
730.935
732.420
732.835
733.626
739.099

ΔQAICc+
0.000
7.864
10.045
10.872
13.848
15.333
15.748
16.540
22.012

w§
0.968
0.019
0.006
0.004
0.001
0.000
0.000
0.000
0.000

*QAICc = corrected values for AICc (Anderson 2008)
+

ΔQAICc = difference between the QAICc of model and smallest QAICc values within model
set (i.e. the highest ranked model ΔQAICc = 0) (Anderson 2008)
§
w=Akaike weight, ĉ=overdispersion parameter (Anderson 2008)
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Table 10: Summary of the accepted best model from the set of nine evaluating “Complex
Microhabitat Selection”.
model components
parameter
constant
location
Size
constant
location
Size
constant
location
Size
constant
location
Size

fit

Coefficient
Odds Ratio*
Next to Barnacle
3.453
1.438
4.210
-1.268
0.281
Barnacle Shell
2.399
1.176
3.241
-1.050
0.350
Between Barnacles
4.174
1.554
4.731
-1.232
0.292
Other
2.138
0.931
2.536
-0.923
0.397

ROC+
0.748

Classification
Success
0.755

0.701

0.672

0.756

0.844

0.665

0.650

*Odds ratio for ‘location’ reference=Nudibranch Point, response=Prasiola Point. Odds ratio for
size is in response to one millimeter increase
+
ROC = area under ROC curve for given model
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Table 11: Rankings for the nine logistic regression models representing multiple working
hypotheses used to assess “Activity Level”. n=1368, ĉ=34.282.
Rank
1
2
3
4
5
6
7
8
9

model
Temperature (°C) + VPD (kPa) + Temperature*VPD
Temperature (°C)+ VPD (kPa)
Immersion Time (hh:mm)
Temperature (°C)
Location+Size (mm)
Size (mm)
Location
VPD (kPa)
Constant Only

QAICc*
38.992
39.346
41.558
41.750
43.979
44.153
44.639
44.921
44.957

ΔQAICc+
0.000
0.354
2.566
2.758
4.987
5.161
5.647
5.929
5.965

w§
0.372
0.312
0.103
0.094
0.031
0.028
0.022
0.019
0.019

*QAICc = corrected values for AICc (Anderson 2008)
+

ΔQAICc = difference between the QAICc of model and smallest QAICc values within model
set (i.e. the highest ranked model ΔQAICc = 0) (Anderson 2008)
§
w=Akaike weight, ĉ=overdispersion parameter (Anderson 2008)
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Table 12: Summary of the accepted best model (incorporating temperature and VPD as
independent variables) from the set of nine evaluating “Activity Level”.
model
fit

model components
parameter

Coefficient Odds Ratio*
Foot
Out

Constant
Temperature (°C)
Vapour Pressure Deficit (kPa)

3.651
-0.395
1.269
2.921
-0.447
1.548

Classification
Success

0.761

0.860

0.795

0.957

0.674
3.931

Moving
Constant
Temperature (°C)
Vapour Pressure Deficit (kPa)

ROC+

0.640
4.704

*Odds ratio for ‘temperature’ is for a 10°C increase, odds ratio for VPD is for 1.0 kPa increase
+
ROC = area under ROC curve for given model
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Table 13: Rankings for the nine logistic regression models representing multiple working
hypotheses used to assess “Aggregation Propensity”. n=1483, ĉ=5.121.
rank
1
2
3
4
5
6
7
8
9

model
Location+Size (mm)
Location
Immersion Time (hh:mm)
Temperature (°C) + VPD (kPa) + Temperature*VPD
Temperature (°C)+ VPD (kPa)
Temperature (°C)
VPD (kPa)
Size (mm)
Constant Only

QAICc*
371.320
371.767
377.600
377.705
378.126
378.165
379.177
379.319
380.673

ΔQAICc+
0.000
0.446
6.279
6.385
6.806
6.845
7.856
7.999
9.353

w§
0.501
0.400
0.022
0.021
0.017
0.016
0.010
0.009
0.005

*QAICc = corrected values for AICc (Anderson 2008)
+
ΔQAICc = difference between the QAICc of model and smallest QAICc values within model
set (i.e. the highest ranked model ΔQAICc = 0) (Anderson 2008)
§
w=Akaike weight, ĉ=overdispersion parameter (Anderson 2008)
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Table 14: Summary of the accepted best model (incorporating location as the only independent
variable) from the set of nine evaluating “Aggregation Propensity”.
model components
parameter
constant
Location

model fit

Coefficient
Odds Ratio*
-0.202
-0.736
0.479

ROC+
0.591

Classification
Success
0.633

* Odds ratio for ‘location’ reference=Nudibranch Point, response=Prasiola Point
+
ROC = area under ROC curve for given model
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Figures

Figure 1: top; Bamfield Marine Sciences centre, located on Vancouver Island, British Columbia.
Below; the two field sites in relation to Bamfield Marine Sciences Centre. Prasiola Point
(48°49’01N, 125°10’10W) and Nudibranch Point (48°48’54N, 125°10’33W) are both rocky
points approximately 150 m apart on either side of a bay with sand substrate. Image credit;
Google Earth; https://maps.google.com/maps?ll=48.822478,-125.15077&z=14&t=h&hl=en June
24 2012.
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Figure 2: top; measuring substrate temperature of a littorinid snail found in the microhabitat
‘bare rock next to barnacle(s)’. Bottom; measuring relative humidity and dewpoint of the same
snail.
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Figure 3: Snails exhibiting four of the five microhabitats described in this study (see also table
1). The snail described by the circle is in the ‘bare rock next to barnacle’ category, the snail in
the square is in the ‘live barnacle/barnacle test’ category, the snails in the triangle are aggregated
and are in the ‘between barnacles’ category, and finally the snail in the pentagram is in the
‘other’ category, as it is associated with the red algae Maziella spp. The fifth category is ‘bare
rock/crevice’, and is not represented in this photo.
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Temperature (°C)
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Figure 4: Substrate temperature at each site classified by month; the temperature displayed is
collected from all microhabitats. Horizontal line denotes median of the sample, length of box
denotes range within which central 50% of the values fall. Whiskers show range of values within
1.5x interquartile range. Asterisks are data points that fall within 3x interquartile range.
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Vapour Pressure Deficit (kPa)
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Figure 5: Vapour pressure deficit at each site classified by month; values are averaged over all
microhabitats. Horizontal line denotes median of the sample, length of box denotes range within
which central 50% of the values fall. Whiskers show range of values within 1.5x interquartile
range. Asterisks are data points that fall within 3x interquartile range
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Figure 6: Frequency distribution of snails that were associated with barnacle(s) in this study
(ntotal=1483; n2mm, Prasiola=539, n3mm, Prasiola=190, n2mm, Nudibranch=435, n3mm, Nudibranch=319). Each bar
represents a portion of the sum of all snails that fell within that specific category.
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Figure 7: Frequency distribution of snails found in the five microhabitat categories in this study
(ntotal=1483; n2mm, Prasiola=539, n3mm, Prasiola=190, n2mm, Nudibranch=435, n3mm, Nudibranch=319). Each bar
represents a portion of the sum of all snails that fell within that specific category (i.e. sum of all
five red bars would equal 100% of all 2mm snails found at Prasiola point).
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Figure 8: Data on substrate temperature from May (top) and August (bottom) 2011; data is
divided by site and grouped by microhabitat. Horizontal line denotes median of the sample,
length of box denotes range within which central 50% of the values fall. Whiskers show range of
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values within 1.5x interquartile range. Asterisks are data points that fall within 3x interquartile
range
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Figure 9: Data on VPD from May (top) and August (bottom) 2011; data is separated by site and
grouped by complex microhabitat category. Horizontal line denotes median of the sample, length
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of box denotes range within which central 50% of the values fall. Whiskers show range of values
within 1.5x interquartile range. Asterisks are data points that fall within 3x interquartile range
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Appendices
Appendix 1: Habitat Selection on Artificial Substrate

Introduction
L. subrotundata snails placed onto an artificial substrate did not change their habitat
choice in response to two different temperature regimes (20 or 25°C), though humidity (wet or
dry) was found to influence a snail’s activity level. These snails are typically found in barnacle
beds (typically composed of B. glandula, S. cariosus, and C. dalli) and display a preference for
topographically complex microhabitats.
Methods
To determine if microhabitat preference changed in response to temperature and humidity
cues, snails were placed on artificial habitat plates in an incubator at the Bamfield Marine
Sciences Centre. Snails of the two millimeter size class (1.5 – 2.4 mm shell length) were
collected from both Prasiola Point (48°49’01N, 125°10’10W) and Nudibranch Point
(48°48’54N, 125°10’33W), transported to the lab, and immediately painted with a dot of bright
yellow MartecTM paint at the apex of their shell spire to facilitate easy location during laboratory
trials. Snails were held in TupperwareTM sandwich containers that had holes approximately 2 x
10 cm cut into each of the four sides and covered with 1x1 mm mesh anchored with hot glue to
facilitate water flow-through. Snails were kept at standard temperature and pressure in a freeflowing sea table for a minimum of 24 hours post-collection before being used in a trial.
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Artificial habitat plates were constructed by dividing ten 15x15 cm ceramic tiles into
quadrants; on each tile two sections were left bare, and two had empty barnacle tests (B.
glandula, collected from an outcrop 100 m away from Nudibranch Point) hot-glued to the tile to
simulate barnacle densities found in the field (Fig. A1). A space of one centimetre by one
centimetre was left at the centre of each tile as a starting point for the snails. Tiles were then
wrapped with 1x1mm mesh around the outer edges to a height of 9 cm to prevent snails from
drawling off the tile during trials. During a trial, all tiles were placed on a sheet of aluminium foil
with the edges folded upwards to prevent water from dripping onto anything on a rack below in
the incubator.
There were four possible treatments that a snail could be assigned to for a given trial;
there were two different temperature treatments (20 or 25°C) and two different substrate states
(tile was soaked in salt water prior to the treatment or tile was left dry with a single drop of salt
water at the very centre to induce snails to begin moving). Combined, the four different
treatments were: 20°C dry, 20°C wet, 25°C dry, and 25°C wet. Each snail was put through a trial
only once and was then not used again. Trials were run for one hour in an incubator (VWRTM
BOD Low Temp Incubator) that had a large bucket of water at the bottom to increase the
humidity of the air inside. At the beginning of a trial, one snail was placed at the centre of a tile
with its aperture facing the substrate. The tile was then placed in the incubator (set at either 20 or
25°C) for one hour. At the end of the trial the straight line distance (from starting point to end
point) that a snail had travelled was measured; if it had moved less than five millimetres it was
considered to have not moved (this distance was selected because it was just more than twice the
body length of the largest snails in the trials). If it had travelled five millimetres or more, it was
considered to have ‘chosen’ the habitat type that it was found in. If a snail was in physical
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contact with a barnacle test it was classified as choosing ‘barnacle’ habitat, if it was not it was
classified as choosing a ‘bare’ habitat. A total of 353 snails were used in these trials.
Data was analyzed using hierarchical log-linear models. The most complex model
(saturated) was the one containing a three-way interaction term:
lnYi,j,k = θ + A + B + C + AB + AC + BC + ABC
where A=temperature (two levels), B=tile state (two levels) and C=habitat choice (three levels
[‘no movement’ snails included; or two levels in analyses where ‘no movement’ snails were
excluded]), and df=11 (df=7 when ‘no movement’ snails excluded).
Nested models were compared to the saturated model; significant interactions between
temperature and habitat choice (AC) and tile state and habitat choice (BC) would indicate that
the treatment in question (i.e. temperature or tile state) had a significant effect on a snail’s habitat
choice. An interaction was determined to be significant if the removal of the term had a
statistically significant effect on the model (χ2 and degrees of freedom are given as the difference
between the saturated model and the nested models [AC and BC]).
Habitat choice was analyzed using hierarchical log-linear analysis in SYSTAT (SYSTAT
Software Inc. version 13.00.05). Preliminary analysis (conducted with R statistical software)
indicated that the location a snail was collected from had no influence on behaviour, and so
snails from the two locations were grouped together.
Results
The interaction between temperature (20 or 25°C), tile state (wet or dry), and habitat
choice (no movement, barnacle, bare) was non-significant and was therefore removed from the
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following models. The effect of temperature on habitat choice (interaction between temperature
and habitat) was non-significant (Table A1: χ2=4.006, df=4, p=0.405). The effect of humidity on
habitat choice (interaction between humidity and habitat) was significant (Table A1: χ2=27.081,
df=4, p<0.001). The proportion of snails found in each habitat type in each trial can be found in
Figure A2.
When snails that did not move were removed from the analysis (n=272), neither
temperature (interaction between temperature and habitat; Table A2, χ2=0.657, df=2, p=0.720)
or humidity (interaction between humidity and habitat; Table A2, χ2=0.289, df=2, p=0.865) were
found to have a significant effect on habitat choice (barnacle or bare).
Discussion
Based upon these results, a temperature difference of 5°C in this range does not have an
effect on habitat choice or activity level (moved or not moved) in L. subrotundata. However,
this study has shown that snail activity level is significantly reduced when the underlying
substrate is dry. This could be because it is much more energetically costly for snails to move
over a dry substrate; as littorinid snails crawl, they lay down a mucous trail (Davies & Blackwell
2007). When the substrate is dry, it may require more mucous to move, and therefore be too
energetically costly to move. This result is also in line with previous research indicating that
littorinid snails are less likely to be active under low humidity conditions (Garrity 1984;
McMahon 1990).
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Table A1: Summary of tests of hierarchical terms removed from saturated (3-way interaction
between temperature, tile state, and habitat choice) model. All snails (including snails that did
not move during the trial) are included in this analysis.
model
tile state * habitat choice
temperature * habitat choice
tile state * temperature

χ2
27.081
4.006
0.654

df
4
4
3
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p-value
<0.001
0.405
0.884

Table A2: Summary of tests of hierarchical terms removed from saturated (3-way interaction
between temperature, tile state, and habitat choice) model. For this test snails in the ‘no
movement’ category were excluded.
model
tile state * habitat choice
temperature * habitat choice
tile state * temperature

χ2
0.289
0.657
0.641

df
2
2
2

p-value
0.865
0.72
0.726
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Figures

Figure A1: experimental habitat plate. These plates were approximately 15x15 cm, divided into
quadrats with two sections left bare and two with empty barnacle shells glued to them to simulate
natural microhabitats favoured by L. subrotundata.
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Figure A2: the proportion of snails in each treatment that selected each habitat (n=353).
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Appendix 2: Comparison of vapour pressure deficit calculated using relative
humidity and dewpoint to vapour pressure deficit calculated using air temperature
and relative humidity
Introduction
The increase in activity level of L. subrotundata in response to increased desiccation
stress (represented by vapour pressure deficit [VPD]) was counter to a large body of previous
studies on other species, as well as to results discussed in appendix 1. There was concern that
this discrepancy was due to the back-calculation method used to calculate VPD. Unfortunately I
did not record air temperature during field observations; however relative humidity and dewpoint
were recorded, and air temperature can be back-calculated from these two values. Using this
back-calculated temperature, VPD can then be calculated using relative humidity and air
temperature.
Due to the concern that this method of VPD calculation may contribute to erroneous
results, additional measurements have been taken in order to confirm that results obtained in this
study were not confounded by improper calculation of VPD. It was found that values of VPD
calculated using relative humidity and dewpoint as described in this study were very similar to
VPD values calculated using a more common method that utilizes values of air temperature and
relative humidity. These results suggest that the response of activity level in L. subrotundata to
VPD is not being influenced by the method used to calculate VPD.
Methods
Measurements of relative humidity, dewpoint, and air temperature were taken between
July 23, 2012 and August 13, 2012 at Nudibranch Point (48°48’54N, 125°10’33W), Prasiola Point
(48°49’01N, 125°10’10W), and Cape Beale (48°47’12N, 125°13’02W); these study sites are all in
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the vicinity of Bamfield, British Columbia. Measurements of relative humidity (RH) and dewpoint

(DP) were taken using a Panther brand (I-999-HSI-HT100) hand held meter as described
previously. At the same time and using the same probe, measurements of air temperature were also
recorded.
RH, DP, and air temperature were input into a spreadsheet (Microsoft Office Excel 2007) to
calculate VPD. The method of calculating VPD using back-calculated temperature (referred to as
VPDb) was identical to methods described previously. These values were compared to a more
standard method of calculating VPD (referred to as VPDs) that makes use of air temperature and RH.
First, saturation vapour pressure (es) was calculated using air temperature input into Teten’s equation
as follows:
es = 611e((17.502T)/(T240.97))
where T=air temperature in degrees Celsius. This equation gives e s in Pascals. Second, the vapour
pressure of the air (ea) is calculated using relative humidity as follows:
ea = (RH/100)es
VPDs is then calculated in the same manner as VPDb:
VPD = es - ea
After VPDs and VPDb were calculated, an ordinary least squares regression was performed in
SYSTAT (SYSTAT Software Inc. Version 13.00.05) using VPDb as the predictor variable and VPDs
as the response variable.
Results
VPDs was found to be highly correlated with VPDb (r=0.998, p<0.001; Fig. A3). Values of
VPDs were found to be higher than values of VPDb (β=1.096).
Discussion
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The high correlation between VPDs and VPDb suggest that the back-calculation method used
to calculate VPD in this study did not influence the analysis of L. subrotundata behaviour in response
to this environmental variable. Abnormally high values of VPDb in this study cannot be attributed to
the calculations used to obtain these values.
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Figure A3: Scatterplot of VPDb against VPDs. These two values were found to be significantly
highly correlated (r=0.998, p<0.001).
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Appendix 3
Please see attached Microsoft Excel© spreadsheet for full data set used in this study.
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