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Abstract

In terrestrial snails, thermal selection acts on shell coloration. However, the biological
relevance of small differences in the intensity of shell pigmentation and the associ-
ated thermodynamic, physiological, and evolutionary consequences for snail diversity
within the course of environmental warming are still insufficiently understood. To
relate temperature-driven internal heating, protein and membrane integrity impair-
ment, escape behavior, place of residence selection, water loss, and mortality, we
used experimentally warmed open-top chambers and field observations with a total
of >11,000 naturally or experimentally colored individuals of the highly polymorphic
species Theba pisana (O.F. MULLER, 1774). We show that solar radiation in their natu-
ral Mediterranean habitat in Southern France poses intensifying thermal stress on in-
creasingly pigmented snails that cannot be compensated for by behavioral responses.
Individuals of all morphs acted neither jointly nor actively competed in climbing behav-
ior, but acted similarly regardless of neighbor pigmentation intensity. Consequently,
dark morphs progressively suffered from high internal temperatures, oxidative stress,
and a breakdown of the chaperone system. Concomitant with increasing water loss,
mortality increased with more intense pigmentation under simulated global warm-
ing conditions. In parallel with an increase in mean ambient temperature of 1.34°C
over the past 30 years, the mortality rate of pigmented individuals in the field is,
currently, about 50% higher than that of white morphs. A further increase of 1.12°C,
as experimentally simulated in our study, would elevate this rate by another 26%. For
34 T. pisana populations from locations that are up to 2.7°C warmer than our experi-
mental site, we show that both the frequency of pigmented morphs and overall pig-

mentation intensity decrease with an increase in average summer temperatures. We
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1 | INTRODUCTION

To better understand and predict the impact of climate warming on
organisms requires multitrait approaches (Debecker & Stoks, 2019).
Recognizing the potential impacts of global warming, the physiolog-
ical mechanisms that limit heat tolerance in ectotherms regained
interest around the turn of the millennium (P&rtner, 2002). More
recently, the entirety of phenotypic traits including behavior, physi-
ology, and life cycle parameters that correlate in concert with envi-
ronmental variation, has been identified and studied as syndromes
(Boyle et al., 2015; Killen et al., 2013), helping to gain further under-
standing into the mechanisms behind the selection pressures gen-
erated by climate change (Brook et al., 2008; Stevens et al., 2013).
Among the best-studied examples for phenotypic variation in re-
sponse to climate and habitat are shell pigmentation polymorphisms
of helicoid land snails, which have been investigated in detail for
more than 50 years (reviewed in Ozgo, 2014; Schilthuizen, 2012;
Schweizer et al., 2019). Numerous studies on these animals have
addressed single morphological features, physiological traits, or bio-
chemical parameters that are modified by thermal stress. However,
the concurrent syndromic responses to thermal stress have rarely
been addressed, but are of crucial importance for a mechanistic un-
derstanding of stress responses across biological levels of increasing
complexity (Schweizer et al., 2019).

The evolutionary consequences of fluctuating climate for the
frequency of differently pigmented morphs of land snails have
been investigated in a number of extensive studies. Despite in-
terannual frequency changes, a high variation in shell pigmenta-
tion was found to be maintained over decades (Cain, 1983; Cain
et al., 1990; Cameron, 1992, 2001; Cameron & Pokryszko, 2008;
Cook et al., 1999; Cook & Pettitt, 1998; Cowie, 1992; Cowie &
Jones, 1998; Johnson, 2011; Murray & Clarke, 1978; Ozgo &
Kinnison, 2008; Silvertown et al., 2011; Wall et al., 1980). Changes
in pigmentation intensity were interpreted to result from tem-
poral and spatial variation in the strength and direction of se-
lection (Cook, 2005; Johnson, 2011, 2012) or from epigenetic

therefore predict a continuing strong decline in the frequency of pigmented morphs
and a decrease in overall pigmentation intensity with ongoing global change in areas

with strong solar radiation.

global change, oxidative stress, radiation, shell color, stress proteins, thermal selection

nondirectional changes within the limits of phenotypic plasticity
(Kohler et al., 2009, 2013). Despite their unquestionable importance,
none of these studies comprised experimentally modified field con-
ditions or measured physiological or biochemical parameters that
could have helped to mechanistically understand thermal stress-ex-
erted selection pressure. Nevertheless, other studies that correlated
habitat characteristics with morph frequencies found shells with a
high albedo to be advantageous under high solar radiation, for ex-
ample, in open habitats (Cowie, 1990; Cowie & Jones, 1985; Currey
& Cain, 1968; Jones et al., 1977; Ozgo, 2011; Ozgo & Bogucki, 2011;
Ozgo & Kinnison, 2008; Ozgo & Komorowska, 2009; Richards &
Murray, 1975; Schilthuizen, 2013). These results were supported
by heating experiments with naturally or artificially pigmented
shells (Cook & Freeman, 1986; Dieterich et al., 2015; Hazel &
Johnson, 1990; Heath, 1975; Jones, 1973; Moreno-Rueda, 2008)
and a field study that involved physiological and behavioral param-
eters (Staikou, 1999).

In addition, two resurvey studies in England and the Netherlands
revealed an increase in individuals with high-albedo shells at the cost
of darker ones after 43 years in the garden snail, Cepaea nemoralis
(Cameron et al., 2013; Ozgo & Schilthuizen, 2011), which was inter-
preted to be adaptive to environmental temperature increase. Stine
(1989) reported the same effect for C. nemoralis after several de-
cades for Virginia, USA, Johnson (2011) for Theba pisana in Western
Australia. Another large study that specifically addressed the effects
of climate change-induced temperature increases in Europe revealed
an increase in yellow individuals in sand dunes, the most exposed
habitat type, but did not find general support for selective advan-
tages of high shell albedo across habitats in C. nemoralis (Silvertown
et al., 2011). Although land surface temperatures in Europe have
increased by an average 1.3°C during the 20th century until 2009
(European Environment Agency, 2018), data obtained in this study
made evident that garden snails did not show any increase in the
frequency of the lightest (yellow) morphs over time but rather an
unexpected decrease in the frequency of unbanded shells (indepen-

dent of the basic coloration, which can be yellow, pink, or brown)
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and an increase in the “mid-banded” morph. Although precise
shell pigmentation intensity had not been quantified, Silvertown
et al. (2011) and Cameron and Cook (2012) concluded that banding
was probably not the most important trait that selection had acted
upon. They suggested that factors other than climate change-in-
duced temperature increases, such as changing predation pressure
or habitat changes affecting microclimatic conditions, might have
asserted stronger selection pressure. Indeed, many other studies
have suggested alternative explanations to thermal selection for
variation in the banding frequency of land snails. For example, the
selection on visual crypsis through predation by birds or rodents
has often been hypothesized as a key component limiting morph
frequencies (Allen, 2004; Bond, 2007; Cain & Currey, 1963; Cain
& Sheppard, 1954; Clarke, 1969; Cook, 2005; Endler, 1978; Heller
& Gadot, 1984; Moreno-Rueda, 2009; Punzalan et al., 2005; Rosin
et al., 2011). Furthermore, while a recent study on C. nemoralis from
urban “heat island” areas in the Netherlands found a higher fre-
quency of the palest morph (yellow), these yellow snails were also
more likely to carry bands on the umbilical side of the shell. As a
result, the authors proposed a possible role of such pigmentation in
a yet unknown way (Kerstes et al., 2019), adding further complexity
to the theory of selection due to thermal stress.

The manifold results and conclusions of these studies suggest
that the role of thermal selection in the evolutionary ecology of land
snails in response to global change, and its relevance for differently
pigmented morphs, remains only partly understood. This is espe-
cially true in snails with extremely variable shell coloration such as
the Mediterranean species T. pisana. In this species, shell color and
banding patterns are primarily determined by alleles of at least three
loci (Cain, 1984; Cowie, 1984), but the interplay of genetic varia-
tion and phenotypic plasticity results in a situation in which almost
every individual displays a unique pigmentation pattern and inten-
sity (Cain, 1984; Cowie, 1984; Johnson, 2012; Kaéhler et al., 2013).
Furthermore, physical integrity and survival over the hot season are
of particular evolutionary relevance in T. pisana because this species
reproduces at the end of its lifetime. In this context, combining field
observations with common garden experiments, the analysis of trait
syndromes can shed light on the causal effects of thermal selection.
The Mediterranean basin is globally among the regions which are
most vulnerable to climate change, with annual mean surface air
temperature increasing from 0.19 to 0.25°C per decade between
1960 and 2005 (Mariotti et al., 2015) and 1.1°C from 1985 to 2015
(Cramer et al., 2018). Depending on the climate scenario and the sea-
son, a rise in temperature versus pre-industrial time from 2 to 6°C
by 2100 is expected in the Mediterranean (Giorgi & Lionelli, 2008;
Jacob et al., 2014). Using T. pisana, we here experimentally simulated
warming in the expected range under global climate change and
artificially altered shell pigmentation in a Mediterranean field plot.
In a multitrait approach, we combined our experiments with field
measurements of thermodynamics, behavioral studies on snail com-
petition, biochemical markers for protein and lipid destruction, and
measurements of transpiration and survival. The goal of this study

thus was to identify a mechanistically plausible interplay between
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thermodynamics, biochemistry, physiology, and anticipated popula-
tion changes in the course of global warming at a given site in one
of the prospectively most threatened regions on earth. Connecting
field measurements with passive open-top chambers (OTCs) to ma-
nipulate air and soil surface temperatures (Henry & Molau, 1997,
Marion et al., 1997; Welshofer et al., 2018; Yan et al., 2015), we
aimed to test the following hypotheses:

e [H1] Even faint differences in shell pigmentation intensity result in
different warming of morphs.

e [H2] Simulation of global warming causes increasing protein deg-
radation and oxidative stress in increasingly pigmented snails.

e [H3] As T. pisana often forms clusters at resting sites, morphs of
different pigmentation intensity interact (i.e., actively compete or
act jointly) in their behavior when escaping the hot soil surface in
a morph-specific way.

e [H4] Water loss due to environmental warming differs among dif-
ferent morphs.

e [H5] Survival rates of morphs decrease with increasing pigmenta-
tion intensity under simulated global warming conditions.

The use of OTCs enabled us to change the expression of fluctu-
ations in environmental temperature rather than just to increase a
constant mean temperature. This approach thus allowed close to na-
ture acclimation independent of the basal thermotolerance (Gerken
et al., 2015) and avoided shifts in the animals' performance optima
that may occur under constant conditions (Dowd et al., 2015). Using
our OTC-derived data, we also aimed to predict future morph fre-
quencies and average shell pigmentation intensity in our experimen-
tal field site with ongoing global warming. We tested our predictions
by field observations on morph frequencies in other Mediterranean
sites that already are subject to such thermal conditions that are ex-

pected for the experimental site.

2 | MATERIALS AND METHODS
2.1 | Field site and population abundance

For the main part of the experiments, we selected a site close to
Montfavet (43°54.984'N, 4°53.772'E) in the Avignon area of
Southern France with a high abundance of T. pisana (O.F. MULLER,
1774) (Figure 1). The site is in the vicinity of Avignon climate sta-
tion from which we obtained climate data (global solar irradiation, air
temperature in the shade at 1 m above the ground, and precipitation)
for the time of our experiments (9 August-6 September 2017; tem-
poral resolution 15 min). Furthermore, we obtained long-term tem-
perature data (monthly maximum, monthly mean) for this site over a
30-year period (January 1988-December 2017, resolution 1 month).
Individuals of T. pisana from the field site were classified according to
the pigmentation of their shells in two categories, “naturally white”
(W) and “naturally pigmented” (P), the latter comprising individu-

als with one or more (even faint or dotted) bands. To quantify the
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FIGURE 1 Theba pisana in its natural habitat at Montfavet,
Southern France

frequency of both morphs at the field site, 24 samples of randomly
collected snails with a total number of 3,339 individuals were taken
from the vegetation and the snails allocated to the categories W and
P. The scarcity of vegetation at this site prevented potential camou-
flage of snails and thus bias in sampling, as all individuals were easily
visible. We refrained from sampling empty shells from the ground to
circumvent uncertainty in respect to postmortem shell bleaching. To
quantify the mortality of the different morphs in the field under nat-
ural conditions, we randomly collected 2,160 individuals that were
attached to the vegetation by dried mucus surrounding the aperture,
allocated them to the categories W and P, and checked whether indi-

viduals were dead or alive.

2.2 | Manipulation of snail pigmentation

The purpose of shell color manipulation was to provide a series of
morphs with gradually increasing pigmentation intensity from white
to black. As most individuals at the Montfavet site were naturally
white, we exclusively applied black ink on them and refrained from
painting pigmented ones white. All experiments were thus con-
ducted with four morphs of T. pisana. Apart from the two natural
morph classes (“naturally white,” W; and “naturally pigmented,”
P), we experimentally colored white individuals either by adding a
rather thick band to the apical side of the shell (“artificially striped,”
S) or by painting both sides of the shell entirely black (“artificially
blackened,” B) using a carbon-based tattoo ink on water basis with-
out solvents and free from heavy metals, phenol, and polycyclic aro-

matic hydrocarbons (Deep Colours! Black, DC-TP Europe LLC). Using

scanning electron microscopy (SEM), we found that the artificial
black color only added a very thin layer of pigment to the exterior of
the shell. The fine structure of the shell's surface was smoothened
in the painted areas. This smoothening, however, rather resembles
the natural surface of pigmented shell parts (bands) in T. pisana, as
bands exhibit a smoother surface than pale shell parts in SEM pic-
tures (Schweizer et al., 2019).

2.3 | Escape behavior and snail temperature

For the studies on escape behavior, we alternately placed five indi-
viduals of two morphs per run (six possible morph combinations) in a
row on the soil surface in front of a 20-cm high wall of an open-top
transparent polyethylene frame with a ground area of 30 x 20 cm,
a so-called “open-top chamber.” Thirty individuals per morph, that
is, 120 individuals, were tested on three different days each, result-
ing in 360 behavioral recordings. All morph combinations were run
in an equal number under the same conditions, following a random
sequence. During the experiments, the soil surface temperature was
55.3 + 3.7°C, insolation was 84.6 + 3.3 klx, and the air temperature
at 1 m above ground level was 33.6 + 3.1°C. In each run, individu-
als were ranked according to the time they needed to (a) move on
the hot soil surface, (b) start climbing the open-top chamber's wall,
and (c) reach 20 cm height to the wall's top (rank 1 quickest, rank 10
slowest). Rank sums were calculated for each morph and each be-
havioral criterion (a-c). Subsequently, for each morph pair, a A rank
sum was calculated (the rank sum of the darker morph minus the
rank sum of the lighter morph), which was related to the difference in
pigmentation intensity calculated for the corresponding pair of snails
(for pigmentation measurements see below). We recorded randomly
selected runs with a high-resolution thermocamera (Micro-Epsilon
Thermo Imager 400, equipped with a macrolens) and measured shell
and soft body temperature of the snails on the ground (n = 31 for
each morph) and at heights of 6.5 cm (n = 18-25), 10 cm (nh = 17-
21), and 20 cm (n = 14-17) above ground level for every individual
possible.

2.4 | Morph-specific body and shell temperatures

Individuals from all four morphs were kept in the laboratory at 22°C
in a box, which was transported outside right before measuring
body and shell temperatures. Two individuals from different morphs
were randomly placed within 30 s on two needle thermometers that
had been calibrated against one another at a height of 50 cm above
ground in the full sunlight (90-100 klux). After piercing the body at
the aperture, next to the parietal wall with the needle, the internal
temperatures of the two individuals were measured at 30- to 60-s
intervals in the sun. At the same time, the shell temperature (apical
side) was measured using high-resolution thermography. We calcu-
lated AT (T of the darker morph minus T of the lighter morph) for

both the internal and shell temperatures, and for each pair of snails.
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In total, 44 individuals were measured. All snails survived the pierc-
ing of their skin.

2.5 | Open-top chamber experiments on climbing
ability, water loss, and mortality

Passive open-top chambers were constructed for the purpose
of locally raising the temperature in the snails’ habitat, simulat-
ing the conditions of environmental warming (Marion et al., 1997;
Welshofer et al., 2018). Fifty-four open-top transparent polyeth-
ylene chambers (OTCs) with a ground area of 30 x 20 cm and a
height of 20 cm were arranged in a 9 x 6 block design. OTCs were
positioned on the ground of a freshly mowed area of natural grass-
land on the INRA Avignon territory, 50 m away from Avignon cli-
mate station, and fixed with wire and spikes on the outside. The
experimental area was 12 m x 12 m, level, and shadeless. Prior to
the experiment, all abundant land snails (predominantly T. pisana
and Xeropicta derbentina) were removed from the experimental
area. To offer climbing facilities for snails, in every OTC two rows
of each five wooden skewers (10 in total) were vertically inserted
into the ground, leaving a length of 25 cm above the ground sur-
face. To avoid the escape of snails, the upper rim of each OTC was
lubricated with a lemon extract-containing paste (IRKA Meitingen)
which repelled snails, but had previously been shown not to cause
mortality or elevated weight loss (own unpublished data, not
shown).

The experiment was designed to investigate (a) the survival
strategies of individual snails and (b) potential competition or joint
action between them. To do so, in each of the nine blocks, all six
possible binary combinations of the four morphs were tested in one
OTC. Always 20 individuals from two morphs—that is, 40 snails per
OTC—were introduced into the OTCs on 9 August 2017. The ex-
periment lasted until 4 September 2017. Climate data for this time
span were obtained from Avignon climate station (global solar irra-
diation [J/cm?, air temperature at 1 m height [°C], rainfall [nm]) and
from two data loggers inside and outside a reference OTC from 18
August to 6 September 2017 (air temperature at 5 cm above ground),
showing that this experiment simulated environmental warming of
1.12 + 0.94°C above ambient temperatures. Control snails were kept
in the laboratory at a constant temperature of 25°C and a natural
day/night regime.

Climbing behavior and mortality were recorded in each OTC
ondays 1, 2,3,5,7, 9,12, 14, 16, 19, 21, 23, and 26. For climbing,
we counted the number of morphs that had climbed 210 cm on a
skewer, as well as the number and identity of the morph that had
climbed highest, but at least 10 cm (“top” position). After counting,
all individuals were placed on the ground again to avoid inactivity
(and thus double counting) at an elevated position for more than one
day. Mortality (i.e., the number of dead snails relative to the start-
ing number) was recorded on the same days for each OTC and each
morph. All snails were weighed at day O (prior to the introduction

into the OTCs) and at day 8. As it was impossible to mark the snails
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individually, we concentrated on the average fresh weight of surviv-
ing snails for every morph and OTC.

Climbing, mortality, and weight measurements were statis-
tically analyzed using generalized liner mixed models in R ver-
sion 3.4.2 (R Development Core Team, 2014) using package
“Ime4” (Bates et al., 2015). Statistical significance was calculated
by model simplification, with multicomparison tests and esti-
mates performed using least-square means (emmeans package,
Lenth, 2018). Intercepts of OTC identity were used as random
variables in all models.

Climbing had three response variables: (a) “number of a morph
higher than 10 cm” per OTC—modeled as a either a Poisson distri-
bution (log-link function) with the number of individuals per morph
that climbed higher than 10 cm, or modeled as (b) a binomial distri-
bution (logit link function) with the ratio of individuals per time point
per OTC above 10 cm out of the number of living individuals per
morph per time point and (c) “number of top positions occupied” per
OTC—modeled as a binominal distribution (logit link function) with
the ratio of individuals taking up top positions out of the number of
skewers (10) or number of living individuals per morph if < 10.

We also used two response variables for mortality: “Death
rate"—modeled as a binomial distribution (logit link function), with
the number of living individuals out of the total starting number
(20)—and “time to D50"—modeled as a gamma distribution (log-link
function) as the time (days) it took for 50% (10 individuals per morph)
to die (note that if 10 deaths were reached between observational
recordings, fractional days were calculated on a linear scale).

For both climbing and mortality, models were constructed to
investigate OTCs that only contained the individual pairwise com-
parisons of morph type (i.e., B vs. W or B vs. S) “single-competition”
OTCs. Models were also constructed to investigate overall compar-
isons of morph type acting as either the “competitive response” of
an individual morph (the value of the response variable being de-
pendent on the morph of its neighbor) or “competitive effect” of an
individual morph (the value of the neighboring morph in response to
any impact a morph may have). Tests were made for each morph to
test for differences in the effect or response with all three alterna-
tive morph combinations. General patterns were also calculated for
competitive response and effect using like-for-like comparisons, for
example, in a comparison of the competitive responses of B versus
W morphs, we also included B versus S and B versus P comparisons
to W versus S and W versus P, in order to remove bias from W versus
B OTCs and B versus W OTCs.

To test for differences in morph response and effect on climbing,
solely early observational time points at 2, 3, and 5 days were used
with a categorical explanatory variable “time” included in the model,
to exclude impact of death at later time points from the model.
Death rate also included time as a continuous variable from points
1 to 9, as later time points included too many zeros for a reliable
analysis. Here, the slope and therefore interaction of morph identity
x time were the important factor of analysis. Finally, weight at time O
and time point 8 were analyzed separately to determine differences

in weight dependent on morph type. Weights were log-transformed
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(Continued)

TABLE 1

Whites % Average pigmentation + SD

GPS longitude AT [°C] versus Mf n

GPS latitude

Site

Province

Country

122.48 +12.41
136.28 + 17.08

100 44.00

0.67
0.57
0.11
0.10
0.20

3.8602
4.1866
-1.1126
-1.0970
-1.1120

40.0044
39.8722

Montefi

Menorca

Spain

80.26 3
145.86 + 14.86

152
237

Binixica

Menorca

Spain

164.92 + 15.86

82.35

41.7682
41.7430
41.7415

Alagon—La Ciudad

Zaragoza

Spain

158.71 + 16.15

88.19

126
127

Pinseque—La Ciudad

Zaragoza

Spain

78.29

Pinseque—El Calvario

Zaragoza

Spain

Note: AT versus Mf: difference in the mean annual temperature versus the test site at Montfavet; n: number of sampled individuals; whites: percentage of unpigmented individuals in the population;

average pigmentation of the shell on a scale between O (black) and 255 (white).
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to satisfy model assumptions, with OTC identity included as a ran-
dom variable.

2.6 | OTC experiments on snail temperature,
oxidative stress, and proteotoxicity

Sixteen open-top transparent polyethylene chambers (OTCs) with a
ground area of 30 x 20 cm and a height of 20 cm were arranged in
a 4 x 4 block design on the field ground mentioned before (INRA
Avignon territory, 3 blocks) and in the laboratory (control at 25°C,
1 block). The OTCs were equipped as described above. In each of
the four blocks, the four OTCs housed a single morph (W, P, S, or
B) with 20 individuals. Animals were exposed to ambient conditions
from 4 September 2017 to 6 September 2017, and mortality was re-
corded. At the end of the exposure, we measured shell temperature
by thermography and, after freezing, levels of oxidative stress and
proteotoxicity of the surviving individuals as follows. At the same
afternoon of 6 September, we sampled 40 individuals of each W and
P abundant at the Montfavet field site and froze them in liquid nitro-
gen for oxidative stress (n = 20) and proteotoxicity analysis (n = 20).

Thermography: Thermographic pictures of the three field-in-
stalled blocks of OTCs were taken by a Micro-Epsilon Thermo
Imager 400, and the shell temperature of those individuals that have
been climbing up the wooden skewers was morph-specifically quan-
tified for every individual possible (W: n = 40, P: n = 51, S: n = 41,
B: n=30).

Oxidative stress: Lipid peroxidation was quantified according
to the method of Troschinski et al. (2014), which is a modification
of the original method (“FOX assay”) of Hermes-Lima et al. (1995).
Individuals were weighed and homogenized in ice-cold HPLC grade
methanol (dilution 1:5; the required amount of methanol is calcu-
lated by the division of wet mass of the individual by density of
methanol: 0.791 g/cm?®), and centrifuged at 15,000 g and 4°C for 5'.
Supernatants were stored at -80°C until further analysis. The assay
was conducted in 96-well plates. In each well (except for the blank),
50 pl of each reagent was added in the following order: 0.25 mM
FeSO,, 25 mM H2504, and 0.1 mM xylenol orange. Then, 40 pl of
sample supernatant was added and the final sample volume ad-
justed to 200 pl with aqua bidest. For each sample, three replicate
wells were measured and the mean was calculated. Master blanks
contained 200 pl of aqua bidest. Samples were incubated at room
temperature for 180 min, and absorbance was then read at 580 nm
(Asg) using an automated microplate photospectrometer (EIx8006;
Bio Tek Instruments). Then, 1 pl of 1 mM CHP solution was added to
the samples, incubated for 30 min at room temperature, and again
read at 580 nm (Agg,,cp)- The content of lipid hydroperoxides in
the samples is expressed as CHP equivalents per gram wet mass
(CHPE/g wet mass) and was calculated according to the equation
(Hermes-Lima et al., 1995).

CHPE/g = (Asgo/Asgoschp) * 1 ul CHPy g %200/ V5
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in which 200 is the total sample volume, V is the added sample super-
natant volume (15 pl), and 2 is the dilution factor with methanol (1:5).

2.6.1 | Proteotoxicity

As a proxy for proteotoxicity, the level of the stress protein 70
family (Hsp70) relative to the control was used. Frozen snails were
homogenized individually on ice in extraction buffer (80 mM po-
tassium acetate, 5 mM magnesium acetate, 20 mM HEPES, and
2% protease inhibitor at pH 7.5) according to their body mass
(2 pl buffer/mg snail) and centrifuged for 10 min at 20,000 g and
4°C. To determine the total protein content of each sample, the
protein-dye binding assay of Bradford (1976) was used. Constant
protein weights (40 pg per sample) were separated by minigel
SDS-PAGE (12% acrylamide, 0.12% bisacrylamide, 30" at 80 V
and 75" at 120 V) and transferred to nitrocellulose membranes by
semi-dry blotting. The membranes were blocked in a 1:2 mixture
of horse serum and TBS (50 mM Tris pH 5.7, 150 mM NaCl) for
2 hr. Subsequently, the membranes were incubated in the first
antibody solution containing a monoclonal «-Hsp70 antibody
(mouse anti-human Hsp70, Dianova, Hamburg, Germany; dilu-
tion 1:5,000 in 10% horse serum in TBS) on a laboratory shaker
at room temperature overnight. Membranes were washed for
5 min in TBS and subsequently incubated in the second antibody
solution (goat anti-mouse IgG conjugated to peroxidase; Jackson
ImmunoResearch; dilution 1:1,000 in 10% horse serum/TBS) on
a laboratory shaker for 2 hr at room temperature. Following an-
other washing step in TBS, the developed antibody complex was
detected by staining with a solution of 1 mM 4-chloro(1)naphthol,
0.015% H,0,, 30 mmol/L Tris pH 8.5, and 6% methanol. The opti-
cal volume [area of the bands (number of pixels) x average gray-
scale value after background subtraction] of the Western blot
protein bands was quantified using a densitometric image analysis
system (Image Studio Lite, LI-COR Biosciences). For each sample,
data were related to an internal Hsp70 standard (extracted from
a pool of additional T. pisana unmanipulated individuals) to ensure
comparability.

2.7 | Morph frequencies and shell pigmentation
intensity in 35 Mediterranean sites

To compare the morph communities in large populations of
T. pisana to the population at the experimental site at Montfavet,
a total of 35 Mediterranean sites with T. pisana populations (in-
cluding the one at Montfavet) were randomly selected, covering
the Mediterranean from west to east. In view of realistic global
warming simulations for the next decades, we limited our selec-
tion to sites with an average temperature of the warmest quarter
of the year that was maximum 2.7°C warmer than the Montfavet
site (Table 1). At these sites, an average of 114 (36-237) living indi-

viduals were randomly sampled in summer and autumn 2018, and

the frequency of morphs and the average pigmentation intensity
in the population were recorded.

To determine morph frequencies, the “naturally white” (W) and
the “naturally pigmented” (P) morphs were separated and counted
for every population. Pigmentation analysis, which provides more
detailed information on the shell's pigmentation intensity, was con-
ducted as follows. Animals were killed in 70% ethanol, the shell
cleaned from soil and plant matter, and indirectly illuminated in a
standardized way on a photographic reproduction apparatus by
four illumination sources with a natural light spectrum, avoiding any
shadow. Photographs of both sides (apical and umbilical) of every
shell were taken and converted into b/w by GIMP. Every shell pic-
ture was manually circumscribed on a graphical pad (the shell open-
ing was excluded from analysis), and these image sections analyzed
planimetrically and densitometrically (after background correction)
using ImagelJ 1.52a on Java 1.8.0. For every individual, the pigmenta-
tion of the shell was calculated considering the different shell areas
and colorations of both sides. Pigmentation is given on a scale from
0 (black) to 255 (white).

To extrapolate from the current morph-specific mortality at the
Montfavet field site to future morph composition under the condi-
tions simulated in the OTC experiments (temperature increase by
1.12°C), the surplus mortality rate in the naturally pigmented morph
compared with the white morph was calculated for the current field
conditions at Montfavet (f,,) and the OTCs (f4;.). The factor by
which the mortality of naturally pigmented individuals will increase

at + 1.12°C warming at Montfavet was calculated by,
fwarming = fOTC /fﬁeld

This factor was subsequently used to calculate the future morph
frequencies and the average pigmentation intensity of the T. pisana

population at Montfavet, assuming a 1.12°C warming.

3 | RESULTS

In summary, climate data revealed that the magnitude of global
warming was simulated realistically in the OTCs. All biological data
obtained for the different morphs showed that gradually more in-
tense pigmentation poses increasingly strong physiological disad-
vantages under the tested conditions in the Mediterranean climate,
particularly under conditions of simulated warming.

3.1 | Climate data, exposure conditions, and snail
characteristics

Climate data during exposure in the OTCs are displayed in Figure 2.
The experimental period was dominated by constantly sunny days
with almost zero precipitation. The mean temperature inside the
open-top chambers (OTC) at 5 cm above ground level was on av-
erage 1.12°C higher than outside. During the day (09-21 hr), the
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Experiment 1: Aug 9 — Sept 4, 2017
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Sept4-6,2017

FIGURE 2 Climate data for the experimental site (Montfavet, Southern France, 43.916857 N, 4.877207E) during the time of the

global warming simulation experiments (9 August-6 September 2017). Top graph: global solar irradiation [J/cm?] (orange). Middle graph:
temperature [°C] at site 5 cm above ground: inside open-top chambers (simulation of global warming, red) and outside open-top chambers
(blue). Mean T outside the chambers during daytime (9-21 hr): 30.98 + 5.76°C, max T: 44.50°C, and mean T outside the chambers at night
(21-9 hr): 19.52 + 3.19°C. Mean T inside chambers during daytime: 32.68 + 6.39°C, max T: 47.20°C, and mean T inside chambers during
the night: 20.06 + 3.21°C. The delta between inside and outside the chambers is depicted in black: mean AT: 1.12 + 0.94°C and max AT:
5.20°C. Bottom graph: air temperature [°C] in the shadow at 1 m above ground as recorded in Avignon climate station 50 m away from the

experimental site (red), precipitation [mm] at this site (blue)

difference was +1.69°C, and during the night (21-09 hr), it was
+0.54°C. The maximum difference was +5.20°C, and the maxi-
mum temperature inside the OTC was 47.20°C. Linear regression
analysis of the long-term climate data obtained from Avignon
station (30 years from January 1988-December 2017) revealed
an average increase in the monthly maximum of +0.0033658°C/
month resulting in +1.21°C within these 30 years. In parallel, the
monthly means increased by +0.0037265°C/month to a warming
of +1.34°C within 30 years. Therefore, the magnitude of tem-
perature differences in our experiment can be regarded a realistic
simulation of global warming.

The initial weight of the snails introduced into the OTC did not
differ among the four morphs. None of the multicomparisons were
significant (Tukey-corrected). In contrast, the pigmentation inten-
sity of all four morphs (Figure 3a) differed significantly at p <.0001
(Bonferroni-corrected; W: 223.32 + 9.82, P: 199.04 + 18.46, S:
156.89 + 9.34, B: 58.11 + 10.79).

3.2 | Warming of snails

Data on the warming of snails obtained in all three experiments (es-
cape behavior, OTCs, and exposure experiments at 50 cm above the

ground) all showed that darker shells heat up more than paler ones.

In the escape behavior experiments, darker shells became sig-
nificantly warmer than paler ones, prior to moving and on their way
upwards (Figure 3b, left panel). Even in contact with the hot ground,
at least parts of the shell of all (naturally and artificially) pigmented
morphs became significantly warmer than those of the white ones.
When moving upwards, shells of darker snails reached higher tem-
peratures at all heights. At 20 cm above ground level (occasionally
also at 6.5 cm), the soft body of artificially painted morphs (S, B) was
also warmer than that of natural ones (W, P).

In addition, thermography of snails that escaped from the soil
surface in OTCs at identical conditions revealed significant differ-
ences in external shell temperatures between the morphs. Shell
temperature decreased in the order W < P < S < B (all significant,
Welch's test, Bonferroni-corrected; Figure 3b, right panel). Because
shell temperatures of climbers were higher on the side directed
to the ground (Figure 3c), and thus most likely depend on thermal
emission from the hot soil, we also assessed shell temperature of
the different morphs in relation to the maximum soil temperature
in each OTC. We found that shell temperatures decreased in the
order W < (P = S) < B (all significant except for P vs. S, Welch's test,
Bonferroni-corrected, data not shown).

These results were confirmed by thermography and nee-
dle thermometer measurements at 50 cm above ground level

(Figure 3b, right panel). With increasing difference in the
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FIGURE 3 Theba pisana morphs and corresponding internal/shell temperatures in different situations in the field or the global warming
experiment. a: Representative individuals of the morphs “naturally white” (W), “naturally pigmented” (P), “artificially striped” (S), and
“artificially blackened” (B). b: Significant differences in temperature of the four morphs exposed to different situations, either at the bottom
or top of the shell, at the shell surface or at/inside of the soft body. Red wedges depict differences at p < .05 with the wedges’ bigger

part symbolizing the, respectively, higher temperature. Left panel: situation at different heights in open-top chambers, on the ground or

at different heights when moving up the chambers’ walls. Right panel: Situation in an inactive state on vertically arranged wooden sticks
inside the open-top chambers or at 50 cm above ground on a needle thermometer in the field. Curved wedges are based on significances
obtained by pairwise comparisons, and straight wedges are based on ANOVAs. When lying on hot ground thermal conduction heated up the
shell (bottom) independent of its coloration. When snails flee, the heat by moving upward the chambers’ walls darker shells tend to become
warmer than white ones, which also correspond to the respective body surface temperatures when the snails reach positions more distant
to the soil. This phenomenon was corroborated by data obtained for individuals, which deliberately climbed wooden sticks inside the open-
top chambers or which were measured under field situations at a constant 50 cm distance from soil. c: Two individuals of morphs W and P of
the same size and origin in direct vicinity to one another at identical distance from the soil (top), and thermographic images when exposed to
solar radiation around noon (12.30 hr at 27°C air temperature, middle) or in the evening (22.15 hr at 22°C, bottom). The shell surface of the
pigmented morph displayed higher temperatures at all parts, compared with the white one, both in the middle of the day and in the evening.
As well, in both morphs, the side directed to the ground was warmer than the top side indicating the importance of indirect thermal radiation
reflected by the ground. Increasing temperatures are depicted in the order blue < purple < orange < dark yellow < bright yellow

pigmentation of two neighboring snails, the temperature differ-
ence increased accordingly. This held true for the external tem-
perature of the shell (p = .0211, F = 10.9851, max. effect size
2.73°C [W vs. B]) and for the internal temperature in the soft body
(p = .0486, F = 6.7265, max. effect size 1.92°C [W vs. B] both
linear regression, ANOVA).

3.3 | Behavior

The escape behavior experiments with field-collected, non-OTC-
exposed animals showed that the ability of snails to escape from a
hot soil surface did not differ consistently among the four morphs.

»n o«

The rank sum analyzes for the parameters “start to move,” “start to
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climb,” and “reaching 20 cm in height” revealed just a slight but in-
significant trend to darker individuals moving (p = .1778, F = 2.4570,
linear regression, ANOVA), climbing (p = .1940, F = 2.2484), and
reaching 20 cm in height (p = .2538, F = 1.6618) earlier than paler
ones (data not shown).

Within the OTC experiment, where snails had the opportunity
to climb skewers and escape the surface heat, behavior of the snails
rarely altered as a result of morph coloration. Numbers of snails
taking positions “>10 cm” only differed in later time points (Poisson
GLMM p < .05), with B < (P and W) from day 5, B < S from day 7,
and S < (P and W) from day 9. However, numbers did not vary sig-
nificantly (p > .05) with morph color when a binomial model was
used, an analysis that took into account the number of individuals
alive in the OTCs, indicating that morph-specific basic mortality was
crucially impacting on the total number of climbing snails.

For top positions reached between time points 2 and 5, in sin-
gle-competition OTC comparisons, we found two significant differ-
ences out of the possible six combinations (binomial GLMM p < .05).
W morphs took up more top positions than B, and P took up more
top positions than S. In terms of like-for-like “competitive response,”
P took up more top positions than S. Also, comparing all individ-
ual combinations for effects of morph type, neighbor identity only
played a significant role for S. Here, S took up more top positions
when neighboring B individuals, but not when neighboring P or W.
We did not find significant differences of overall competitive effect
of morph coloration on the snails for either “>10 cm” or “top position
occupancy.” Thus, morph color did not alter the climbing behavior

of neighbors.

3.4 | Stress physiology and biochemistry

After a 3-day exposure in the OTCs, the Hsp70 level of the snails
was significantly linearly correlated with the shell pigmentation in-
tensity of the morphs and Hsp70 content (Figure 4a). The more in-
tense the shell pigmentation, the higher was the destruction of the
capacity of the Hsp70 system (linear regression, ANOVA). This cor-
relation held true for datasets either including moribund individuals
with zero Hsp70 levels (p < .0001, F = 40.1127) or excluding them
(p =.0003, F = 13.2879). The Hsp70 level of laboratory controls and
field-collected individuals did not differ much from OTC-exposed
morphs W, P, and S, but B morphs showed a comparatively (though
insignificantly) lower level of stress protein.

Concomitant with the breakdown of the Hsp70 chaperoning sys-
tem, black morphs showed significantly increased lipid peroxidation
after 3 days in the OTCs (Figure 4b). This effect was evident with re-
spect to the other OTC-exposed morphs (B > [W = P = S], p between
.0001 and .0039) and vs. blacks of the laboratory control (p <.0001,
F = 5.6172, ANOVA and Tukey-Kramer). Also for this parameter,
the laboratory controls and field-collected individuals did not dif-
fer much from OTC-exposed morphs W, P, and S, but B morphs
showed a significantly elevated lipid peroxidation level (p < .0001,
F =5.6172, ANOVA and Tukey-Kramer).
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FIGURE 4 Levels of the protein-stabilizing Hsp70 stress
protein family (a: optical volume relative to standard) and of lipid
peroxidation (b: cumol hydroperoxide (CHP) equivalents per mg wet
wt., y-axis truncated) after 3 days, and weight loss (c: % of initial
wet weight) after 7 days of exposure to simulated global warming
conditions in open-top chambers in the two natural and the two
artificial morphs of Theba pisana (means + SD, respectively).
Average shell pigmentation intensity (+SD) of the morphs was
quantified on a grayscale from O [black] to 255 [white]. Data
obtained for laboratory controls (without exposure to direct sun at
a constant 26°C) or field specimens in their natural environment at
Montfavet are displayed at the right margin of the graphs (each bar
represents a sample, and shaded area indicates the range between
min and max). Linear regression analysis and 95% confidence
intervals. Data showed a significant decrease in the chaperoning
system (ANOVA, p =.0158) and a significant increase in weight
(presumably water) loss (ANOVA, p = .0149) with increasing shell
pigmentation. *The lipid peroxidation level in artificially blackened
individuals was significantly increased (0.0001 < p < .0039 vs. the
other morphs in the open-top chambers and p < .0001 vs. the
laboratory control)
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Inthe OTC experiment, morphs differed significantly with respect
to their weight loss at day 8 (Figure 4c). ANOVA/Tukey-Kramer anal-
ysis showed S and B morphs to lose more weight than W and P. Black
morphs lost significantly more weight than S morphs ((W =P] <S < B,
p between <.0001 and .0113, F = 46.7770, Figure 4). In the mixed
models, all pairwise comparisons involving black-shelled snails were
highly significant, that is, B individuals on day 8 weighed far less
than snails of any other color (p < .001 for all comparisons). Pairwise
comparisons between other shell colors were nonsignificant (P vs. S:
p =.344; W vs. P: p = .977; W vs. S: p = .535). Generally, all OTC-
exposed snails had lost significantly more weight than the laboratory
controls (p <.0001, F = 46.7770, ANOVA and Tukey-Kramer).

3.5 | Mortality

In the OTCs, the four morphs differed a lot in rates of mortality
(Figure 5). Already at days 3 and 5, the survival rate of white morphs
was significantly higher than that of all other morphs (p < .001, Fday
3 = 19.8396, F ., 5 = 24.0851, max. factor 1.37 (W vs. B), ANOVA
and Tukey-Kramer). In addition, at the same time, the mortality was
higher in B than in the naturally pigmented morph P (p > .0076, Fday
5 =19.839%6, Fday s = 24.0851, max. factor 1.71, ANOVA and Tukey-
Kramer). Regression analysis revealed increasing mortality in both
artificially colored morphs B and S relative to whites with proceed-
ing time, starting right at the beginning of exposure in the OTCs.
Mortality in naturally pigmented P individuals was also higher than in
W when exposed to the OTCs for a week (fOTC: on the average 1.87
times the W mortality with a very slight incline, Figure 5). At the field
site Montfavet, the mortality of individuals, indicated by the per-
centage of dead snails detached from plants (not on the soil surface),
was higher in the P morph (5.93% dead snails on plants, n = 540)
than in W (4.01%, n = 1,620), leading to a factor f,, of 1.48 times

the mortality in P versus W under current climate conditions in 2017.

The time to 50% mortality was significantly different in all mul-
ticomparisons for the competitive response of individuals of morph
colors (gamma GLMM p < .0001 to p =.012). In like-for-like compar-
isons of black versus white competitive responses, black individuals
reached 50% mortality in only 4.91 days, compared with 10.08 days
for white individuals. Overall, black individuals died quickest, subse-
quently followed by S (which was similar to B but significantly differ-
ent), P (very different to S by 2 days), and W (2.5 days more than P).

Mixed models also revealed significant differences in the lethal
competitive “response” of morph over the first nine days in the
OTCs (“mortality rate,” binomial GLMMs): The slopes of the models
showed that B snails died quickest, followed by S (which was sig-
nificantly different to B: z = -5.58; p < .0001), then W and P were
the slowest, both significantly slower than S (W vs. S z = -4.422,
p < .0001; Pvs. S z=-4.276, p < .0001). In the mixed models, the
death rate response of the P morph was a little quicker (like in the re-
gression analyzes) but not significantly different from W (p = .269).

In terms of competitive effects, snail color hardly played a role in
the mortality of neighboring snails. Most pairwise comparisons were
nonsignificant. There were no significant differences for time to 50%
mortality, and only one significant result for mortality rate (B had
more effect than P, p = .0315). Therefore, the impact on a neighbors’
mortality was generally independent of morph pigmentation.

In respect to the relevance of size for survival, we did not find
early mortality of particularly small or large individuals in any morph
(Welch's test, Bonferroni-corrected).

3.6 | Morph frequencies and pigmentation intensity
in Mediterranean populations

In the 35 investigated T. pisana populations (sampling locations
shown in Figure 6a), morph frequencies and average pigmentation

intensity varied considerably, with frequencies of whites between
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Death rate relative to white morphs
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FIGURE 5 Mortality of naturally and artificially pigmented T. pisana morphs in the field population and the global warming-simulating
experiment at Montfavet, Southern France, relative to the white morph (green, set to 1.0). The mortality of naturally pigmented (P)
individuals in the natural situation is 148% of that of whites (blue dashed linear regression line). In case of experimental warming in open-
top chambers of 1.12°C on the average, the mortality rate of P morphs increases by a factor of 1.26%-187% of the whites, on the average
(yellow-green, linear regression with 95% confidence intervals). The mortality rates in artificially striped (S, orange line) and blackened (B, red
line) individuals increased with time of exposure to simulated global warming and showed that these morphs would not persist under these

conditions
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2.78% and 100%, and pigmentation intensity values between 110.06
and 200.73 (Table 1). Both parameters showed a significant correla-
tion with the mean temperature of the hottest quarter of the year
(Figure 6b,c). The frequency of the white morph increased with
increasing AT and followed a saturation curve approaching almost
100% whites (p = .0015, W = 7.9873, ANOVA\). In addition, T. pisana
from sites warmer than Montfavet were found to be on average
paler with increasing AT (p <.0001, W = 35.1335, ANOVA).

Based on the observed mortality rates in the two natural morphs,
W and P, in the OTCs and the field site at Montfavet, we extrapo-
lated the morph frequencies and the mean pigmentation intensity
at this site assuming an additional temperature increase of 1.12°C.
According to the calculated values for fo;c and fg 4 the average
mortality of the P morph (vs. W) will further increase by the factor of
1.264 (fwarming
1.12°C will result in a shift in the frequency of naturally pigmented
individuals from today's 20.58 + 2.74% to 16.28 + 2.17% and for
the white morph from 79.42 + 2.74% to 83.72 + 2.17%. Thus, with

). Therefore, anincrease in the average temperature by
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1.12°C warming we predict a loss of 20.9% of pigmented individuals
at this site and a slight increase in the average pigmentation value by

0.48% toward “white” (arrows in Figure éb,c).

4 | DISCUSSION

The role of shell pigmentation in the physiology and evolution of
land snails is among the best-studied and most discussed topics in
animal evolutionary ecology. Whereas numerous publications have
addressed aspects of the impact of thermal stress, they mainly fo-
cused on hv absorption and heat transfer or on the distribution of
morphs in particular habitats (reviewed by Schweizer et al., 2019).
In our current study, we highlight three innovative aspects that have

not been previously addressed:

e The joint analysis of multiple parameters, collated in a syndrome

across different levels of biological organization (thermodynamics,

(@

(b)

100 — .e '_’-‘.:-'-".
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AT vs Montfavet
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Pigmentation [average greyscale value]
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FIGURE 6 Field locations, morph frequency, and pigmentation intensity in abundant T. pisana populations. (a) Locations of the test site

in Montfavet (green) and of 34 other Mediterranean locations that host T. pisana populations and are already up to 2.7°C warmer than
Montfavet in respect to the average temperature of the hottest quarter of the year (black-red). (b) Current percentages of white individuals
in the T. pisana population at Montfavet (green dot) and the other 34 Mediterranean locations (black dots) versus the mean AT the hottest
quarter of the year is warmer than Montfavet. (c) Average shell pigmentation intensity in the T. pisana population at Montfavet (green

dot) and the other 34 Mediterranean locations (black dots) versus the mean AT the hottest quarter of the year is warmer than Montfavet.
Temperature data for (b) and (c) were obtained from WorldClim.org. Nonlinear or linear regression curves and 95% confidence intervals (red)
display a strong trend toward a dominance of paler/white individuals at sites with increasing summer temperatures. The green circle displays
the shift of the population at Montfavet as calculated from the mortality results obtained in this study for the simulated warming of 1.12°C.
The rather exceptional current position of the Montfavet data point (which will shift to the average trend with ongoing global change) is in
accordance with the exceptionally high degree of thermal pressure change this population has been facing during the last 30 years: +1.34°C,
in comparison with an average of +1.1°C in the entire Mediterranean
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biochemistry, physiology, behavior, survival rates, and the popu-
lation frequencies of shell banding morphs), allowing us to trace
thermal effects from the molecular to the population level.

e An experimental approach to mechanistically show the effects of
environmental warming on land snails, which has not been con-
ducted before in such complexity.

e The extrapolation of our results to predict the consequences of
environmental warming for future morph frequencies in a field

population in the Mediterranean.

Our results, obtained in experiments tailored to suit our specific
research questions, consistently suggest that T. pisana individuals
with pigmented shells, in both the current Mediterranean climate
and under simulated environmental warming, become warmer
than white ones, thus experiencing additional thermal stress. This
warming effect was most pronounced in the artificially painted in-
dividuals, but even the shell and body of the naturally pigmented
morph were significantly warmer than those of nonpigmented indi-
viduals. Previous studies investigating heat stress on Theba, Cepaea,
and Littoraria (Cook & Freeman, 1986; Hazel & Johnson, 1990;
Heath, 1975; Jones, 1973; Knigge et al., 2017) generally compared
fully banded with unbanded morphs. Our results not only confirm
the findings from those studies, but also elaborate on them to include
strong experimental manipulations of color that define the mecha-
nism of the warming. Another recent study has found the same trend
for faintly pigmented T. pisana individuals versus white ones, even
under moderate illumination in the laboratory (Tull et al., 2020). At
least under Mediterranean climate conditions, at present and in the
future, there is no doubt that dark individuals will heat up more in-
tensely than pale ones.

Evidence is thus mounting that differently pigmented morphs
experience different shell and body temperature in a given situa-
tion: Darker morphs warm up more quickly and more intensely. It
has long been known that snails respond to elevated body tempera-
ture by selecting preferred substrate temperatures (Chapperon &
Seuront, 2011; Riddle, 1990), or by climbing tall objects to escape
from substrates with extreme temperatures (Cowie, 1985; Di Lellis
et al., 2012; McQuaid et al., 1979). These responses may to a cer-
tain degree buffer the physiological impacts of heat (Ng et al., 2017).
Climbing objects often results in aggregates of multiple individ-
uals. Depending on the climate, the aggregate centers are either
warmer (in cold climate, Chapperon & Seuront, 2012) or cooler (in
hot climate, McQuaid et al., 1979) than the aggregate surfaces. An
alteration in temperature due to climbing or within aggregates im-
plies that there may be intraspecific competition to find the “best
place” for temperature regulation. However, Chapperon and Seuront
(2012) reported that all snails of a cluster benefit from the aggregate.
The question thus arises whether either fighting for an optimal rest-
ing place or joint action (i.e., “co-operation”) between individuals has
been evolutionary favored, or whether any trade-offs in other traits
exist. Particularly in the Mediterranean region, differently colored
snails may need to possess different abilities to escape the soil sur-

face. However, we did not find any morph-specific behavior. While

darker morphs heated up more quickly, they did not flee the hot sur-
face any quicker than pale morphs, nor did they climb more quickly,
either during observed “racing” experiments, or as determined from
the number of top positions occupied on the skewers in the OTCs.
Yet, by analyzing the earlier time points—which takes into account
mortality—we found minor evidence in the opposite direction to the
“fleeing heat” hypothesis. In general, while very few results were
significant, the evidence suggested that paler individuals generally
reached higher positions on the skewers than darker individuals, but
with little effect on overall mortality. There was even less evidence
to suggest that morph coloration had any consistent competitive ef-
fect (in terms of neither climbing nor mortality). Based on our results,
we thus conclude that competition among morphs is at most indirect
and may just be a consequence of limited space, supporting no par-
ticular morph.

Among the main biochemical effects of elevated body tem-
perature is the impaired integrity of intracellular proteins and cell
membranes. As protein integrity is mandatory for a cell's survival,
a biochemical chaperoning machinery that assists in protein (re)
folding has been established early in the evolution of life. A central
component of this machinery is the Hsp70 protein family, whose
induction by heat and drought has been well characterized in land
snails (Arad et al., 2010; Di Lellis et al., 2014; Dieterich et al., 2013,
2015; Gaitan-Espitia et al., 2013; Kohler et al., 2009; Kotsakiozi
et al., 2015; Mizrahi et al., 2010, 2011, 2012a, 2012b, 2015, 2016;
Scheil et al., 2011; Troschinski, et al., 2014). As long as an induc-
tion of Hsp70 may compensate for the proteotoxic impact of body
temperature elevation, organisms can limit pathologies and ensure
survival. A breakdown of the Hsp70-based refolding machinery re-
flected by declining levels of this chaperone, however, is indicative
for oxygen limitations in the body fluids at high temperatures, result-
ing in oxidative stress (Pértner, 2002) and subsequent destructive
processes in tissues that, on the long run, lead to elevated morbid-
ity (Eckwert et al., 1997). In our OTC experiment, we found that
simulated environmental warming gradually decreased the Hsp70
level in morphs with increasing pigmentation intensity, symboliz-
ing a collapsing chaperoning system, particularly in the blackened
snails but also, tentatively, in the other morphs. Concomitant with
this temperature effect on proteins, the lipid peroxidation level in-
creased with increasing pigmentation intensity of the morphs as a
consequence of elevated respiration and thus oxygen consumption
in snails with elevated body temperature (Pértner, 2002). The dis-
ruption of redox homeostasis, however, generally is a key phenotype
of pathological conditions in many organisms and cell types, as ex-
cessive lipid peroxidation alters the physical properties of cellular
membranes and can result in covalent modification of proteins and
nucleic acids (Gaschler & Stockwell, 2017). The association between
high temperatures and lipid peroxidation in land snails has exper-
imentally been shown before in Xeropicta derbentina individuals
that have been exposed to 38-48°C for 8 hr (Dieterich et al., 2015;
Troschinski, et al., 2014), but it is noteworthy that, in our study, even
a rather moderate increase in elevated temperatures induced lipid

peroxidation in a morph-specific manner.
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In addition to the biochemical stress posed by elevated body
temperature, all animals exposed to simulated environmental
warming lost more weight than the controls. Weight loss in this
context is almost exclusively due to the loss of water, and the im-
pact of catabolic processes is neglectable within a rather short
time frame (Reuner et al., 2008). Particularly, the artificially colored
morphs B and S suffered from water loss >30% (wet wt.) within
a few days, confirming the results of Moreno-Rueda (2008) who
has painted Sphincterochila candidissima black. Highly effective
water retention, however, seems to be essential for land snails liv-
ing in arid and semi-arid environments, which makes for instance
the desert snail Sphincterochila boissieri to lose only 0.45 mg water
per day, allowing survival of up to 4 years in the drought (Schmidt-
Nielsen et al., 1971). Kotsakiozi et al. (2015) showed that only one
of six Codringtonia species lose water during summer estivation, and
Cantareus apertus, which estivated for 6 months had only 14% less
water than active individuals (Reuner et al., 2008). Plausibly, the
higher internal temperature in the intensely (and artificially) colored
morphs of our study caused a higher need for evaporative cooling,
which considerably decreased the water content of the snails' soft
bodies.

The syndrome of thermal stress, which comprises higher inter-
nal temperature, weakening of the protein chaperoning system, en-
hanced peroxidation of membranes, and increased loss of water in
the pigmented morphs, feasibly resulted in differences in the sur-
vival rate among morphs. This was particularly obvious under condi-
tions of environmental warming in the OTCs, but was already visible
in the field. Even though, in our experiments, inactivity of climbed
snails was disturbed once a day for a few minutes—an additional
stress factor which is potentially relevant also in the natural habi-
tat—the relative difference in water loss and mortality among the
morphs was striking: The OTC experiments revealed that, in a situa-
tion that simulated the global warming effect, the brighter the shell
of an individual the higher is the chance for its survival. This was
independent of its size or neighboring morph, provided that there
was enough space to climb up and escape the hot soil. Thus, the ca-
pacity of a morph to occupy top positions on a vertical object did not
determine survival but was rather a consequence of it. The experi-
mental design using artificial painting helped to reveal the general
association between darker pigmentation and higher mortality, but
this effect was not restricted to the artificially colored snails, but
also visible in the naturally pigmented morph P, which had a 1.87
times higher mortality rate (and reached 50% mortality 2.5 days ear-
lier) than the unpigmented morph W under simulated environmental
warming conditions.

Even in Montfavet's climate of 2017, which was a snapshot in the
ongoing process of global warming, the naturally pigmented morphs
displayed a 1.48 times higher mortality than their white conspecif-
ics. As T. pisana reproduces at the end of its lifetime in autumn and
early dying individuals do not reproduce at all, such a difference in
survival is of crucial relevance for the population structure. Hence,
in their entirety, our results imply that the association between shell

pigmentation intensity and thermal effects reflects causality for
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thermal selection pressure on pigmentation. To establish evidence
for cause-consequence relationships between these parameters
and across the different levels of biological organization (Triebskorn
et al., 2003), we applied Hill's criteria of causation (Hill, 1965). The

following criteria strengthened our interpretation.

e Strength of association: Pigmentation and a high number of ther-
mal effects were significantly correlated at p-values as low as
<.0001.

e Coherence: Thermal effects all pointed toward the same direc-
tion: The darker the shell, the higher the internal and surface tem-
peratures, the physiological challenge on protein and membrane
integrity, the water supply, and the survival. For some of these
parameters, also different methods of data analysis resulted in the
same findings. Furthermore, results from OTC experiments and
field observations were coherent.

e Consistency: Our findings are consistent with other studies re-
porting on increased thermal effects in dark phenotypes of snails
(Cain & Currey, 1963; Cook & Freeman, 1986; Cowie, 1990; Cowie
& Jones, 1985; Currey & Cain, 1968; Dieterich et al., 2013; Hazel
& Johnson, 1990; Heath, 1975; Heller, 1981; Johnson, 1980, 2011,
2012; Jones, 1973; Jones et al., 1977; Moreno-Rueda, 2008; Ozgo
& Komorowska, 2009; Schilthuizen, 2013; Staikou, 1999).

e Specificity: Significant differences between the different morphs
were only recorded in field and OTC studies with particularly high
temperatures. There were no differences between the morphs
in the laboratory controls, which had been kept at moderate
temperatures.

e Plausibility: Connections between thermal effects at different
levels of biological organization are thermodynamically, biochem-
ically, and biologically plausible. Due to physical principles of light
absorption, both the surface of darker shells and the interior of
individuals with darker shells become significantly warmer than
those of brighter ones. Elevated temperature is known to increase
oxidative stress and protein degradation, thus elevated lipid per-
oxidation levels and the pronounced breakdown of the Hsp70-
based protein chaperoning system with increasing pigmentation
can plausibly by explained. Furthermore, increasing body tem-
peratures evidently demand intensified evaporative cooling ef-
forts, thus result in a higher loss of body mass due to the loss
of body water. In the next step of argumentation, unhampered
membrane integrity, an intact intracellular stress response system
counteracting protein breakdown, and sufficient water supply are
prerequisites of survival of an individual. Therefore, impairment
of these basic requirements for life could clearly explain elevated
mortality rates in morphs with stronger pigmentation. Plausibility
thus links thermodynamics, biochemical and physiological stress,
and—via early mortality, which prevents reproduction—selection
pressure on shell pigmentation intensity.

The consequences of this selection pressure are already re-
flected in the large field population at Montfavet that shows a higher

mortality rate in naturally pigmented individuals than in white ones,
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even though the pigmentation intensity in the P morph was not very
intense, compared with other Mediterranean populations.

Evolutionary aspects of thermal selection on shell coloration in
land pulmonates have been addressed in the past, however, with-
out investigating the thermodynamic, biochemical, and physiological
fundamentals. There is consensus that snail populations in shaded
habitats, less dominated by solar radiation, evolve toward darker
shells than those in open habitats, and this effect has been reported
for a number of species (Cain & Sheppard, 1954; Heller, 1981; Ozgo
& Komorowska, 2009; Schilthuizen, 2013), despite remaining un-
certainties about the (local) role of shell banding in, for example,
thermoregulation (Cameron & Cook, 2012; Kerstes et al., 2019;
Silvertown et al., 2011). The debate on the underlying mechanism for
this phenomenon—thermal selection versus visual predation pres-
sure by birds and rodents—is still ongoing (reviewed in Schweizer
et al., 2019), but known geographic clines of particular phenotypes
of land snails (Cowie, 1990; Jones et al., 1977) signify the relevance
of climate parameters in this respect.

What will be the consequences for T. pisana and their different
morphs at Montfavet and, eventually, the entire Mediterranean? It
is highly unlikely that this species will go extinct in Southern France
provided that environmental warming will be limited to about
2.5°C. This geographical area is not located at the edge of the en-
vironmental limits of T. pisana, and it has recently been shown (for
10,000 Arabidopsis thaliana genome-wide SNPs) that the strongest
climate-driven selection is currently experienced by populations liv-
ing at such edges (Exposito-Alonso et al., 2019). Furthermore, in 136
case studies of possible climate change-related extinctions, none of
the proximate causes of global change have shown a relationship be-
tween local extinction and limited tolerance to high temperatures
(Cahill et al., 2013), possibly because life history, behavior, and physi-
ology can be altered by microevolution in response to environmental
warming (Debecker & Stoks, 2019). The only proposed extinction of
a snail, Rhachistia aldabrae, as a result of climate change had to be
revised because this species was later rediscovered (Gerlach, 2007).

The variation in T. pisana's shell pigmentation will probably per-
sist in the future, either as a result of year-to-year change in the
intensity of physiological pressure (Johnson, 2011, 2012) or as a
result of buffering mechanisms within the limits of phenotypic
plasticity (Kéhler et al., 2013). However, we expect a decrease in
the frequency of pigmented individuals in the Montfavet popula-
tion with increasing temperatures. This prediction is based upon
our results on the higher physiological pressure on the pigmented
morph and the higher frequency of white individuals, concomitant
with an average decrease in pigmentation intensity in 34 other
T. pisana populations in the Mediterranean, which is related to
increasing temperatures in the hottest quarter of the year. In our
model, we solely used the selection against darker morphs to pre-
dict the future average pigmentation intensity of this population,
even though phenotypic plasticity will most likely modify morpho-
logical variation also in a future population at this site. In this con-
text, the broadness of heritable ranges of phenotypic plasticity in

different genotypes will determine the number of genotypes that

will go extinct in a warming environment and thus possibly limits
the ability of the population to restore the full spectrum of pheno-
typic variation (Kohler et al., 2013). Quantitative information on the
broadness of morphological reaction norms of given phenotypes,
unfortunately, is completely lacking for T. pisana, which prevents
inclusion of this aspect in a mathematical model. However, the close
fit of the selection-based prediction for the Montfavet population
to the pigmentation data for already warmer sites indicates that
the selection of phenotypes very probably outweighs phenotypic
plasticity in a warming Mediterranean. Even in the colder climate
of Wales, two thirds of the variation in the pigmentation pattern
of T. pisana, documented by Cowie (1992), could be explained by
the genetic basis and only about one third by environmental factors
(Kohler et al., 2013).

We also propose that the selection against pigmented individuals
at Montfavet has already been ongoing in the last years, because
the pigmentation intensity in this population is comparably low
and current differences in the morphs’ mortality rates are evident.
In addition, the Avignon region has experienced exceptionally high
warming during the last three centuries compared with the average
in the Mediterranean, which already is a hot spot of global warming.
Consequently, further temperature increases will probably not lead
to the extinction of T. pisana in this area but will predictably reduce

intraspecific diversity.
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