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Mobile intertidal animals exhibit various strategies during emersion to mediate the impact of heat
and desiccation, including behavioural adaptations such as moving to lower tidal levels and seeking
thermal refuges which can result in spatial partitioning between species within the intertidal
environment. We tested whether the limpets, Siphonaria guamensis (Heterobranchia) and
Patelloida saccharina (Patellogastropoda), exhibited differential habitat use during tidal emersion
by quantifying their abundance and size distribution in various habitats on two rocky shores on the
west coast of Thailand. S. guamensis inhabited higher shore levels with hotter average rock
temperatures when emersed as compared to P. saccharina. On one of the shores, large S. guamensis
lived at higher tidal levels than smaller individuals, whereas large P. saccharina showed the reverse
pattern, being found lower on the shore than smaller individuals. The abundance of S. guamensis
was positively related to the shore slope, with more individuals found on vertical than horizontal
rocks, while P. saccharina showed a negative relationship between abundance and algal cover. At
the heights where they were most abundant, both species were more often found in bare rock
habitats as opposed to crevices and areas dominated by oyster shells, despite the fact that bare rock
was as hot as, or even hotter than other microhabitats. The exact resting locations of the two species
were, however, cooler than the mean temperature of the bare rock. In general, limpets did not
exhibit a strong preference for any particular rock orientation but S. guamensis on one shore was
more abundant on east-facing rocks as compared to other aspects. As a result, although thermal
stress appears to be a driver for habitat partitioning between species (occupying different tidal

heights), temperature alone is unable to explain distribution patterns within species as limpets were
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not adopting to thermal refuges during tidal emersion. Variations in the physical environments
adopted may be mediated by species-specific morphological and/or physiological adaptations which

determine the distribution of different limpet species on western Thailand rocky shores.
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BACKGROUND

Studies from temperate shores reveal that intertidal organisms are strongly influenced by
environmental factors that change throughout the tidal cycle, particularly temperature during
daytime low tides which can often approach species’ physiological tolerances (Chapman and
Underwood 1996; Mislan et al. 2009; Hayford et al. 2015). Such high environmental temperatures
can induce excessive water loss, change haemolymph concentrations, and perturb cellular enzymes
and protein stability (Davies 1969; Marshall and McQuaid 1992; Hochachka and Somero 2014). As
a result, physical stress, primarily temperature, has traditionally been proposed to be a major
determinant of the upper limits of species’ vertical distribution on temperate rocky shores (e.g.,
barnacles, Connell 1961a b 1972 and algae, Schonbeck and Norton 1978). Several studies have, for
example, demonstrated that species occupying different tidal levels on the shore exhibit dissimilar
thermal tolerances, with tolerances generally increasing with shore height at both the intra- and
interspecific levels (Broekhuysen 1940; Evans 1948; Gowenlock and Hayes 1926; Stillman and
Somero, 1996). Many species also exhibit size gradients along the shore vertically (Vermeij 1972),
often in relation to variation in shell morphology between small and large individuals (Harley et al.
2009), which can cause ontogenetic changes in distribution patterns (Marshall and Keough 1994).

Within shores the thermal environment experienced by species is highly heterogenous and
affected by the aspect and topography of the shore (Williams and Morritt 1995; Helmuth and
Hofmann 2001; Harley 2008). For example, in northern latitudes, south-facing surfaces are
generally warmer than those facing north (Harley and Helmuth 2003; Denny and Gaines 2007; Firth
et al. 2016), and on most shores vertical rock surfaces are typically cooler than horizontal ones
(Williams and Morritt 1995; Lathlean et al. 2014). On the other hand, surface roughness or
complexity (such as cracks and crevices) can protect intertidal species from direct sunlight (Leviten
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and Kohn 1980; Garrity 1984; McAfee et al. 2022), leading to a mosaic of thermal environments on
rocky shores even at the same tidal heights (Helmuth et al. 2006), which are often reflected by the
patchy distribution of species as they utilize these habitats as refuges from thermal stress (Williams
and Morritt 1995; Meager et al. 2011).

Although not as extensively studied as in temperate regions, temperatures on some tropical
shores are extreme and can regularly exceed 50°C, reaching the lethal limits for many species
(Lewis 1963; Williams 1993; Hui et al. 2020). As a consequence, mass mortalities frequently occur
when animals are exposed to such extreme thermal stress in air during low tides (Levings and
Garrity 1983; Tsuchiya 1983; Williams 1993; Liu and Morton 1994; Chan et al. 2006), posing a
very strong selection pressure on the tidal heights and habitats these species occupy. Accordingly,
many mobile species reside in cooler habitats within these mosaic thermal environments to help
ameliorate thermal stress (Garrity 1984; Williams and Morritt 1995; reviewed by Ng et al. 2017).
The chiton, Liolophura (Acanthopleura) japonica, for example, takes refuge in cracks and crevices
to mitigate heat and desiccation stresses during low tides (Harper and Williams 2001) and littorinid
snails, Echinolittorina malaccana, and E. vidua, actively shelter in patches of empty barnacle tests
during summer (Cartwright and Williams 2012). Apart from habitat use, some coiled gastropods can
exhibit other thermoregulatory behaviours such as isolating themselves by retracting their foot into
the shell (Ng et al. 2017). Constrained by their body plan, limpets cannot retract their foot and
always remain attached to the rock substrate (Vermeij 1973; Hodgson 1999), which gives them a
limited ability to exhibit these thermoregulatory behaviours. Consequently, limpets are susceptible
to thermal and desiccation stress during prolonged emersion and, as such, habitat selection such as
residing in specific tidal levels and habitats is a key behavioural strategy for their survival in hot
environments (Lewis 1954; Williams and Morritt 1995; Virgin and Schiel 2023).

Both true- (patellogastropods) and false- (pulmonates) limpets are common on tropical
rocky shores where they often co-exist (Morton and Morton 1983; Hodgson 1999). While some
studies note that the difference in respiratory modes (primarily using the gill and mantle cavity for
gaseous exchange in true- and false-limpets respectively) affects the thermal tolerance of these two
groups of limpets (Marshall and McQuaid 1989 1992), others suggest that differences in thermal
tolerances are probably species-specific (Kankondi et al. 2018). Observations on rocky shores along
the coast of the Andaman Sea, Thailand reveal that the pulmonate limpet Siphonaria guamensis
Quoy and Gaimard, 1833, and the patellogastropod Patelloida saccharina Linnaeus, 1758 are
abundant, co-occurring grazers (Wangkulangkul and Promdam 2018). S. guamensis occupies higher
levels on shore, below the littorinid snails, while P. saccharina is found lower, above the algal band.
Unlike other tropical limpets (e.g., Cellana grata, Williams and Morritt 1995; Hutchinson and

Williams 2001), S. guamensis and P. saccharina do not display substantial movements up and down
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the shore to forage when awash by the tides but feed at similar tidal levels that they occupy during
low tides (Sangphueak S., personal observations) and both exhibit “homing” behaviour (returning to
the same exact location after feeding, Wangkulangkul K., unpublished data). In this study, we
hypothesized that the distribution of these two species would exhibit both inter- and intraspecific
variations in association with the thermal regime they experience on tropical Thailand shores.
Firstly, we tested for interspecific differences in within-shore vertical distribution patterns between
the two species in relation to the physical and biological conditions they experience. Given their
body plan and limited behavioural capacity for thermal regulation, we further hypothesized that
both species would exhibit intraspecific habitat selection to minimize thermal stress within the tidal

levels they inhabit.

MATERIALS AND METHODS

Study sites and location

The abundance and distribution of Siphonaria guamensis and Patelloida saccharina were
quantified at low tides on two rocky shores (Phra-ae: 7°35'24.0"N, 99°01'51.1"E; Sunset beach:
7°35'06.2"N, 99°01'51.1"E, separated by approx. 400 m) on Lanta Island (Fig. 1) on the west coast
of Thailand, in January 2021. January is among the year’s hottest months, with maximum rock
temperatures over 50°C recorded on the high shore (~2.5-3 m above C.D., unpublished data). Tides
are semidiurnal with a tidal range of ~2.5 m and low tide occurs in the early morning and late
afternoon. Both shores are wave-exposed and characterized by large boulders and rock platforms
with similar inclinations. On both shores, the two limpet species are found to co-exist with other
sessile species such as barnacles (Chthamalus malayensis and Amphibalanus amphitrite), oysters
(Saccostrea cuccullata), algae (Sargassum sp., Padina sp., Turbinaria sp.), and mobile species such
as limpets (Cellana sp.) and snails (Echinolittorina sp., Nerita sp.; Coppejans et al. 2017;
Wangkulangkul and Promdam 2018).
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Fig. 1. Map of the study sites. (A) map of Thailand; (B) Lanta Island which is located on the west
coast of Thailand; (C). The two shores at Phra-ae and Sunset beach (Google Maps, 2016).

Vertical distribution patterns of the limpets

Abundance and size distribution of the limpets were assessed along the tidal gradient and
related to the physical (slope, rock aspect, surface roughness and rock temperature) and biological

(mobile and sessile species) conditions of the shores. Each shore was divided into six sections of 30

cm vertical heights (1.0-1.3 m, 1.3-1.6 m, 1.6—-1.9 m, 1.9-2.2 m, 2.2-2.5 m, and 2.5-2.8 m above
C.D. from low to high shore) covering the tidal range where the two limpets were present. In each
section, ten random quadrats (30 x 30 cm) were placed along a 21 m horizontal transect to measure
the abundance and size (maximum length using vernier callipers, + 0.1 mm) of the two limpet
species. Within each quadrat, to assess comparative spatial variations between habitats at different
tidal levels, a snapshot measure of rock temperature was recorded from the quadrat centre using a
GS LCD laser digital infrared thermometer. Slope was measured in the middle of the quadrat using
a clinometer (+ 1°) while aspect was measured by a mobile phone compass application (ColorOS
Compass 7.2.1, OPPO F7). Surface roughness was quantified using the chain method (Beck 1998;
Aguilera et al. 2014). Specifically, the chain (link size = 7 mm) was placed following the
topography of the rock across the 30 cm quadrat length in the middle of the quadrat, and the actual
length of the chain was measured (where longer length indicates greater roughness). A photo
(Coolpix W300, Nikon) of each quadrat was taken to quantify percentage covers of sessile

organisms and numbers of other mobile species.
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Difference in the abundances of S. guamensis and P. saccharina between shores and tidal
levels was tested using a generalized linear model (GzLM) fitted with a negative binomial
distribution in the MASS package in R (Venables and Ripley 2002). The model was fitted using
shore (fixed, two levels), tidal height (fixed, six levels) and their interaction as explanatory
variables. To test for variations in limpets’ size between shores and tidal heights, a general linear
model (GLM) was used with natural log transformed size as the response variable and shore (fixed,
two levels), tidal level (fixed, two levels for S. guamensis and three levels for P. saccharina, as tidal
levels with less than 5 individuals were excluded from the analyses) and their interaction as the
explanatory variables. Both models were followed by an analysis of deviance (for the
GzLM)/variance (for the GLM) and post-hoc comparisons for significant explanatory variables
(using the car and emmeans packages in R).

A stepwise regression was further constructed to identify physical (shore, temperature,
aspect, slope, and roughness) and biological factors (the percentage covers of oysters, barnacles,
crustose algae, and thalli algae) which best explained the distribution pattern of each limpet species.
Rock aspect was firstly converted into linear measures of ‘eastness’ and ‘northness’ by sine and
cosine transformations (to obtain projections along the east-west and north-south directions
respectively), hereafter denoted as aspect E-W and aspect N-S (Olaya 2009; Barbosa et al. 2021). A
generalized linear model with negative binomial distribution was used with forward selection to
identify explanatory variables that best explain the number of limpets. All analyses were performed

in R version 4.2.0 (R Core Team 2022).

Thermal environment at the limpets’ most abundant shore heights

To determine long term variation in rock temperatures experienced by the two species, the
thermal environments of the shore heights where both S. guamensis and P. saccharina were most
abundant were monitored at Phra-ae from November 2021 to February 2022 (89 days),
encompassing the hottest time of the year. Three temperature loggers (27 mm Envlogger v2.4,
ElectricBlue) were deployed using Z-Spar epoxy resin (A-788 Splash Zone Compound, Kop-Coat
Inc.) at 2.5 m (for S. guamensis) and 1.6 m (for P. saccharina) above C.D. respectively to record
rock surface temperatures at hourly intervals (sampling resolution: 0.1°C, after Lima and Wethey
2009).

The temperature time series recorded were firstly aligned with predicted tidal heights from a
nearby tidal station (8°02'38"N, 98°54'32"E, Hydrographic Department, Thailand 2021).
Temperatures of the hottest days of spring (between 15%"-21% January 2022) and neap tides (22"

28™ January 2022) were extracted to estimate the maximum thermal stress animals experienced.
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Spring and neap tides were classified into morning and afternoon low tides with night time
temperatures between 7 pm—6 am excluded to determine the emersion period when the loggers were
exposed to air during the day (following Hui et al. 2020). Mean duration of emersion during
daytime, daily mean, maximum, minimum, range and coefficient of variation of rock temperature

(see Table S1) were calculated for all loggers (n = 3 at each tidal height).

Habitats available and occupied by the limpets

On the two shores, potential habitats for limpets could be broadly categorized into three
types: bare rock, crevices and oyster-modified habitat. To quantify the availability of these three
major habitat types, fifty random quadrats (10 x 10 cm) were placed along a 21 m horizontal
transect within the 30 cm band where each limpet species was most abundant at each of the shores
(1.6—1.9 m at both sites for P. saccharina; 2.2-2.5 m at Phra-ae and 1.9-2.2 m at Sunset beach for
S. guamensis). Each quadrat was assigned into one of the three habitat types as: bare rock = areas
with > 50% bare rock surface without cracks or oysters; crevices = areas where > 50% of the
surface was composed of cracks or crevices (2.5 to <5 cm at the widest opening) and oyster-
modified habitats = areas where > 50% of the surface was occupied by the oysters, Saccostrea spp.

To examine the overall physical characteristics of available habitats on the two shores, one
hundred random quadrats (10 x 10 cm) were placed at the same tidal levels. Habitat type, slope,
temperature, and aspect were measured for each quadrat (using the same methods as described
above). To assess whether the limpets occupied different habitats, one hundred individuals (at 2.5 m
and 1.6 m above C.D. for S. guamensis and P. saccharina, respectively) were haphazardly chosen
and a 10 x 10 cm quadrat was placed over the chosen limpets, and the habitat type, slope,
temperature, and aspect of the limpets’ resting locations were measured as above.

To test whether the two limpets exhibited a bias in their habitat occupation, the frequency
count of habitat availability between the three habitat types was tested against the frequency count
of habitats the limpets occupied using Fisher’s exact test in the stats package in R version 4.2.0.
based on data from fifty quadrats placed in each species’ band. Principal Component Analysis
(PCA) in Past (Paleontological Statistics) 4.06 (Hammer et al. 2001) was performed to elucidate the
key physical characteristics (rock temperature, rock slope, and rock aspect) explaining the variation
in the limpets’ resting location. Temperature and aspect, two key physical factors as identified by
the PCA (see Results), were further analysed. A GLM was performed to examine whether
temperatures varied between sites (fixed, two levels), zones (S. guamensis and P. saccharina zones,
fixed, two levels), and habitats (bare rock, crevice, oyster-modified habitat and limpet resting

locations; fixed, four levels). Post-hoc multiple comparisons for significant factors were then
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investigated using the emmeans package in R version 4.2.0. Rayleigh’s tests (Zar 2010) were used
to determine whether aspects of the rock surface where limpets were found, and the aspects of the
rock surface that were available on the shores, differed from a random orientation. When both
aspects were non-randomly distributed, Watson-Williams tests were used to determine the
difference between the mean aspects of the limpets’ resting location and the mean angle of the rock

aspect available on the shores (Zar 2010).

RESULTS

Vertical distribution patterns of the limpets

Siphonaria guamensis was found higher on the shore at both sites (1.9-2.8 m above C.D.)
than Patelloida saccharina (1.0-2.2 m at Phra-ae and 1.0-1.9 m above C.D. at Sunset, Fig. 1). At
Phra-ae, the highest density of S. guamensis was observed at 2.2-2.8 m above C.D., and at 1.6—1.9
m above C.D. for P. saccharina. At Sunset beach, however, both limpet species were distributed
evenly across the tidal heights (Fig. 1, Table 1). In terms of size, large individuals of S. guamensis
inhabited higher levels than small ones at Phra-ae while this difference was not found at Sunset
beach where they were less abundant (Fig. 2, Table 2). Large individuals of P. saccharina inhabited
lower levels than small individuals at Phra-ae, but the reverse pattern was observed at Sunset beach
(Fig. 3, Table 2). The environmental factors which best explained the distribution pattern of S.
guamensis were shore and slope, while the presence of both thalliose and crustose algae best
explained distributions of P. saccharina (Table 3). S. guamensis were more abundant at Phra-ae as
compared to Sunset beach and in areas with greater slope; whereas P. saccharina had higher

abundance in areas with low cover of algae.

Table 1. Analysis of deviance on the negative binomial generalized linear models to investigate the
effects of tidal level, shore and their interaction on the abundances of Siphonaria guamensis and
Patelloida saccharina. Asterisks indicate significant effects (P < 0.05). Post-hoc comparisons of
significant factors are shown in figure 2

Source of variation b af P
Siphonaria guamensis
Shore 4.11 1 <0.05%*
Tidal level 191.10 5 <0.001*
Shore x Tidal level 32.63 5 <0.001*
Patelloida saccharina
Shore 2.35 1 0.13
Tidal level 77.45 5 <0.001*
Shore x Tidal level 17.80 5 <0.01*
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Fig. 2. The abundances of Patelloida saccharina and Siphonaria guamensis (mean + S.D., n = 10)
measured during low tide along the vertical gradient (divided into six sections of 30 cm of vertical
height) in Phra-ae and Sunset beach. Different letters indicate significant variation in abundance

across tidal heights (uppercase for P. saccharina and lowercase for S. guamensis). Results were
retrieved from post-hoc comparisons (P < 0.05).

Table 2. Analysis of variance on the general linear models to investigate the effects of shore, tidal
level and their interaction on size (shell lengths) of Siphonaria guamensis and Patelloida

saccharina. Asterisks indicate significant effects (P < 0.05). Post-hoc comparisons of significant
factors are shown in figure 3

Source of variation Sum of Square df. F P

Siphonaria guamensis
Shore 2.95 1 14.24 <0.001*
Tidal level 28.56 1 137.83 <0.001*
Shore x Tidal level 1.86 1 8.99 <0.01*
Residuals 63.82 308

Patelloida saccharina
Shore 0.44 1 0.67 0.41
Tidal level 12.97 2 9.97 <0.001*
Shore x Tidal level 28.46 2 21.87 <0.001*
Residuals 95.64 147
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Fig. 3. Shell lengths of Patelloida saccharina and Siphonaria guamensis (mean + S.D.) measured
during low tide along the tidal gradient in Phra-ae and Sunset beach. Sample sizes at each tidal
height are shown in the x-axis. Different letters indicate significant variation in shell length between
tidal levels (uppercase for P. saccharina and lowercase for S. guamensis). Results were retrieved
from post-hoc comparisons (P < 0.05).

Table 3. Stepwise regression to determine the environmental factors (including shore, temperature,
aspect, slope, roughness, the percentage covers of oysters, barnacles, crustose algae, and thalli
algae) best explaining limpet abundances via forward selection procedures. Only explanatory
variables retained in the final model are shown. Asterisks indicate significant effects

Estimate Standard Error z value P
Siphonaria guamensis
Shore -1.76 0.35 -5.09 <0.001*
Slope 0.01 0.01 2.20 <0.05*
Patelloida saccharina
Thalli algae -0.02 0.01 -2.80 <0.01*
Crustose algae -0.03 0.01 -2.50 <(.05*

Thermal environment at the limpets’ most abundant shore heights

On spring tides, emersion periods were longer in the afternoon than in the morning, with the
reverse pattern for neap tides (Table 4, Figs. S1, S2). The longest emersion duration at 2.5 m (S.
guamensis’s most abundant shore height) was ~7 hours in the afternoon on spring tides, whereas at
1.6 m (P. saccharina’s most abundant shore height), it was ~4 hours in the afternoon on spring tides
and in the morning on neap tides (Table 4). The average daily maximum rock temperatures on the
afternoon low tide were greater than in the morning low tide for both spring and neap tides and also

at 2.5 m (max. 47.8°C) than 1.6 m (max. 42.5°C, on afternoon neap tides, Table 4).
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Table 4. Summary metrics of emersion durations (hour) and daily maximum rock temperature (°C,
n =3, Envloggers) during spring (151-21% January 2022) and neap tides (22"-28"™ January 2022)
recorded at 1.6 and 2.5 m above C.D. for Patelloida saccharina and Siphonaria guamensis
respectively at Phra-ae

Tide  Parameters 2.5 m above C.D. 1.6 m above C.D.
Average SD  Max. Min. Average SD  Max. Min.
Morning low tide
Duration of emersion 3.0 0.8 4.0 2.0 2.0 0.8 3.0 1.0
Daily maximum temperature 31.9 4.0 39.8 24.9 25.8 1.7 29.6 23.5
o  Afternoon low tide
g Duration of emersion 53 1.5 7.0 3.0 3.0 0.8 4.0 2.0
A Daily maximum temperature 38.6 3.2 44.2 30.3 324 2.0 38.9 28.4
Morning low tide
Duration of emersion 5.0 0.0 5.0 5.0 33 0.8 4.0 2.0
Daily maximum temperature 37.8 2.4 43.8 29.8 31.0 1.9 38.4 26.9
Afternoon low tide
= Duration of emersion 3.3 1.4 6.0 2.0 1.7 1.2 3.0 1.0
- Daily maximum temperature 39.4 6.3 47.8 29.5 33.5 54 425 27.6

Habitats available and occupied by the limpets

Both limpet species were mostly found on bare rock rather than crevice or oyster-modified
habitats at both sites (Fig. 4; Fisher’s exact test, p <0.001). PCA analysis indicated that 56.72 % of
the total variance of S. guamensis resting locations at the two sites could be explained by the first
two principal components, whereas for P. saccharina the two principal components explained
54.35%. Temperature and aspect showed relatively strong loading values for both species (Fig. 5).
Mean temperature of S. guamensis’ resting locations were lower than bare rock and crevice habitats
at Phra-ae and lower than the bare rock at Sunset beach (Fig. 6, Table 5). The temperatures of P,
saccharina resting locations at Phra-ae were also lower than bare rock whereas there was no
difference among habitats at Sunset beach (Fig. 6, Table 5). In most cases, temperatures of crevices
and oyster-modified habitat did not differ from bare rock (Fig. 6). Aspects of available rock surfaces
at the most abundant heights occupied by S. guamensis at Phra-ae and P. saccharina at Sunset beach
were non-random (Rayleigh’s tests, mean angles = 295° and 58° from the north, respectively, Fig.
7A) as were the aspects of limpets’ resting locations of S. guamensis at both sites (mean angles =
317° in and 98° from the north in Phrae-ae and Sunset beach, respectively, Fig. 7B). The aspect of
resting locations of P. saccharina were, however, random at both sites (Fig. 7B). The mean aspects
of the rock surface that were available on the shores and the resting locations of S. guamensis at

Phra-ae were similar (Watson-William’s test, /' = 2.526, n =100, P > 0.05).
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Fig. 4. Relative percentage availability of the three habitat types (bare rock, crevice and oyster) and
resting habitat locations of the limpets at levels where they were most abundant at each shore (n =
58 individuals for S. guamensis at Sunset beach and n = 100 individuals in all others).

Table 5. Analysis of variance on the general linear model to investigate temperature variation
between shores (Phra-ae and Sunset beach), tidal levels where the two limpets were most abundant
(denoted as limpet zone, two levels), habitat types (bare rock, crevice and oyster habitat) and their
interaction. Asterisks indicate significant effects (P < 0.05). Post-hoc comparisons of significant
factors are shown in figure 6

Source Sum of Square df. F P
Shore 171.80 1 21.89 <0.001*
Limpet zone 3535.80 1 450.39 <0.001*
Habitat type 524.70 2 22.28 <0.001*
Shore x Limpet zone 44.70 1 5.70 <0.05%
Shore x Habitat type 103.80 3 4.41 <0.01*
Limpet zone x Habitat type 71.50 3 3.04 <0.05*
Shore x Limpet zone x Habitat type 201.80 3 8.57 <0.001*
Residuals 5825.00 742
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Fig. 5. Ordinations from Principal Component Analysis (PCA) on physical factors measured at
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Fig. 6. Comparative measurements of rock temperatures measured using an infrared thermometer
(mean £ S.D., n values given in brackets)) during a low spring tide at limpets’ resting locations and
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limpets’ resting location). Results were retrieved from post-hoc comparisons (P < 0.05).
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DISCUSSION

Vertical distribution patterns of the limpets

Siphonaria guamensis and Patelloida saccharina showed clear interspecific differences in
their vertical distribution ranges on the two shores on the west coast of Thailand. S. guamensis
inhabited higher tidal levels than P. saccharina and so experienced longer emersion periods and
higher average maximum temperatures. These patterns appear to match literature records for the
genera, as limpets in the genus Siphonaria are known to have a diverse vertical distribution range
from the lower to upper littoral zone (see review by Hodgson 1999), and some species can be found
in tide pools (Branch and Cherry 1985; Lombardo et al. 2013). S. guamensis has been recorded on
seawalls in Singapore with a wide vertical tidal range (0.5-2.8 m above C.D. with the highest
density in the mid-littoral zone at 1.2—2.2 m above C.D., Chim and Tan 2009). Marshall and
McQuaid (1992) noted that Siphonaria oculus maintained a higher vertical distribution than the
patellid Scutellastra (= Patella) granularis on South African shores as a result of its ability to
withstand water loss and longer periods of aerial exposure. Previous studies have shown that P,
saccharina occupies low and mid-levels (1.25-1.75 m above C.D.) in Hong Kong (Liu and Morton
1998; Lam et al. 2009) and low shore levels in the Philippines (0.25-0.50 m above C.D., Villarta et
al. 2017). Villarta et al. (2017) suggested that these levels are suitable resting areas for P,
saccharina because limpets are exposed to short durations of sunlight and experience reduced levels
of desiccation. On both shores in the present study, S. guamensis appears to be more tolerant of
aerial exposure as compared to P. saccharina as it was exposed in air for approximately twice as
long as P. saccharina and experienced higher rock temperatures, particularly during afternoon low
tides when the shore experiences it maximum temperature.

At Phra-ae, large individuals of S. guamensis were mainly found at higher levels than small
ones, but this pattern was reversed for P. saccharina. This observation conforms to Vermeij's (1972)
model of intraspecific size distribution of gastropods across tidal levels. In this model Vermeij
proposed a difference in size gradients between high shore and lower shore species with physical
stress and biological factors as the dominant driving forces respectively. Vermeij suggested that the
size of high shore species tends to increase up the shore, as large individuals with reduced surface
area:volume ratios will be less susceptible to physical stress; whereas in contrast, the size of species
inhabiting lower levels often increase down shore as large individuals can better withstand
predation and competition. These interpretations seem logical and have been supported by evidence
from a number of rocky shore species (Connell 1972; Wolcott 1973; Miller et al. 2009; Stickle et al.
2017) including other siphonariid species exhibiting larger sizes higher on the shore (Vermeij 1972;
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Olivier and Penchaszadeh 1968; Marcus and Marcus 1960). Large individuals of S. guamensis in
the present study probably have a higher tolerance to prolonged aerial exposure as compared to
small individuals, consequently enabling them to occupy higher shore levels. As for the lower shore
P. saccharina, whilst there were no further records found for Patelloida species, a similar pattern of
mean size increasing down shore has been noted in other limpet species living at similar shore
levels (4. pelta in Oregon, Shotwell 1950; A. testudinalis testudinalis in Nova Scotia, Stephenson
and Stephenson 1954; A. scutum in Oregon, Shotwell 1950 and A. noronhensis in Brazil, Vermeij
1972 and P. argenvillei in west South Africa, Stephenson et al. 1940 and P. intermedia in Senegal,
Vermeij 1972).

Across the tidal gradient, variation in slope and abundance of algae on the shores also
contributed to the distribution patterns of S. guamensis and P. saccharina, respectively. The
abundance of S. guamensis was positively related to the slope of rock with more individuals found
on vertical than horizontal bare rocks over the tidal gradient, which may be a consequence of the
limpets seeking cooler areas to occupy during low tides as rock temperatures on vertical surfaces
are usually lower than on horizontal surfaces (e.g., Garrity 1984; Williams and Morritt 1995; Chan
et al. 2006; Harley 2008). Amnuaypon and Wangkulangkul (2018) found that S. guamensis on bare
rock was more abundant and had larger shells than those found on oyster shells. The limpets may
avoid areas covered by oysters but whether this drives them to reside on bare rock has yet to be
tested. As compared to S. guamensis, P. saccharina were more abundant low on the shore where
crustose and thalliose algae were present, although their abundance was negatively associated with
coverage of these algae. In the areas covered by dense algae, P. saccharina was sparse or absent
which may be a result of the macroalgae fragmenting the habitat available for the limpets to feed
on, as limpets tend to avoid moving over irregular surfaces (Erlandsson et al. 1999). Cellana
tramoserica, for example, does not move or feed effectively over dense beds of foliose algae and
was constrained from moving downwards by the algae lower down the shore (Underwood and

Jernakoff 1981).

Habitat selection of the limpet species

Both species were found more frequently on bare rock as compared to crevices or oyster-
modified areas, which contradicts previous studies showing species residing in shaded
microhabitats such as cracks, crevices, or biogenically modified habitats during low tides,
especially in the tropics (e.g., limpets in Branch 1976; Williams and Morritt 1995; Gray and
Hodgson 2004, littorinid snails in Cartwright and Williams 2012, chitons in Harper and Williams
2001; Aguilera and Navarrete 2007, and nerites in Hui et al. 2022). In the present study, the overall
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rock surface temperatures between habitat types (bare rock, crevices and oyster-modified habitat)
were similar, which might explain why the limpets did not actively take refuge in shaded areas. The
temperatures of the limpets’ resting positions were, however, generally lower than the average
temperature of any available habitat types on the shores, including bare rock. Limpets appear,
therefore, to be adopting resting locations on cool bare rock surfaces. This is supported by the fact
that on one shore (Sunset beach), the aspect of the rock surface where most S. guamensis was
found, was east-facing. On both shores, the thermally stressful low tides occur in the afternoon,
when west-facing rock surfaces heat up more than east-facing surfaces. Such selection with regard
to aspect was not, however, evident at Phra-ae or for P. saccharina, suggesting that whilst species-
specific physiological adaptations of S. guamensis and P. saccharina to cope with thermal stress
may determine their overall patterns of distribution (occupying different tidal heights), local
environmental heterogeneity is another key component modifying distribution patterns within

species and shores.

CONCLUSIONS

S. guamensis and P. saccharina show species-specific vertical partitioning along the tidal
gradient on the west coast of Thailand both in terms of abundance and size distribution, which can
be associated with species-specific responses (such as morphology and physiology) to thermal
stress higher on the shore, as noted for many temperate rocky shore mobile molluscs. Within the
heights occupied by the two species, their resting locations were found on bare rock surfaces which
were, in general, cooler than any unoccupied habitats of various types, and provide the limpets with
areas free from algae or oyster habitats to feed on. The patterns of distribution and habitat use in
these tropical species highlight the importance of species-specific responses and local scale
variations in determining larger scale patterns (in terms of vertical distribution) and habitat selection

by the limpets.
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Supplementary materials

Fig. S1. Hourly temperatures recorded of Envloggers (n = 3) deployed at Phra-ae during the spring
tide (15"-21% January 2022) were plotted against the predicted tide. Red lines indicate loggers’
height, which is either the most abundant level of S. guamensis (A, at 2.5 m above C.D.) or P.
saccharina (B, at 1.6 m above C.D.). The yellow highlighted blocks indicate daytime periods.
(download)

Fig. S2. Hourly temperatures recorded of Envloggers (n = 3) deployed at Phra-ae during the neap
tide (22"428™ January 2022) were plotted against the predicted tide. Red lines indicate loggers’
height, which is either the most abundant level of S. guamensis (A, at 2.5 m above C.D.) or P,
saccharina (B, at 1.6 m above C.D.). The yellow highlighted blocks indicate daytime periods.
(download)

Table S1. Summary daily metrics of rock temperature (°C) averaged across three Envloggers
which were deployed at 2.5 m and 1.6 m above C.D., during spring and neap tides at Phra-ae

between 15"-28" January 2022. (download)
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