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Evolutionary change in Cepaea nemoralis shell colour
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Abstract

We compared shell colour forms in the land snail Cepaea nemoralis at 16 sites in a 7 x 8 km section of the Province of
Groningen, the Netherlands, between 1967 and 2010. To do so, we used stored samples in a natural history collection
and resampled the exact collection localities. We found that almost all populations had experienced considerable evo-
lutionary change in various phenotypes, possibly due to population bottlenecks and habitat change after repeated
land consolidation schemes in the area. More importantly, we found a consistent increase in yellow effectively un-
banded snails at the expense of brown snails. This is one of the expected adaptations to climate change (this area of
the Netherlands has warmed by 1.5-2.0 °C over the time period spanned by the two sampling years), and the first

clear demonstration of this in C. nemoralis.

Keywords: climate change, habitat change, Land snail, microevolution, natural history collections, polymorphism

Received 10 May 2011 and accepted 19 June 2011

Introduction

It is increasingly realized that natural history collec-
tions have the potential to provide unique data for
investigating biogeographical and ecological trends
over long time periods and thus play an important role
in monitoring anthropogenic biodiversity change (Shaf-
fer et al., 1998; Godfray, 2002; Smith et al., 2003). Less
appreciated is the fact that they also may reveal evolu-
tionary trends in traits that can be measured in pre-
served specimens. Species with short generation times,
such as many invertebrates, may display rapid evolu-
tionary responses to changing selection pressures
(Parmesan, 2006, Harmon ef al., 2009). As many con-
temporary changes in selection are directly or indirectly
human-induced, charting evolutionary trajectories of
species in museum collections may provide means for
monitoring and forecasting the evolutionary impacts of
human actions. Carroll et al. (2005), for example,
showed that proboscis length in preserved specimens
of the bug Leptocoris tagalicus began to increase in speci-
mens collected after 1965 — corresponding with the
introduction of an invasive, large-seeded host plant.
However, the heritability and genetic basis for many
morphological traits are unknown. This makes it harder
to interpret which part of the morphological change
is due to evolutionary change (Wandeler et al., 2007).
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Colour polymorphisms are an exception: many colour
polymorphisms have a simple genetic basis, allowing
Mendelian genotypes to be assessed unambiguously
and allele frequency changes charted (Majerus, 1998;
Hoekstra, 2006; Galeotti et al., 2009; Karell et al., 2011).
The species with probably the best-studied geneti-
cally based colour polymorphism is the snail, Cepaea
nemoralis (L.). This common and widespread European
helicid land snail (introduced into North America)
shows a complex range of colour variants that are
determined by allelic variation in genes for shell
ground colour (which ranges from pale yellow to deep
brown), number of dark brown, spiral bands (zero to
five) and band fusion (the merging of adjacent bands).
Classical genetic studies have elucidated the inheri-
tance and dominance relationships of all of the major
genes and their alleles (Murray, 1975). Shell colour and
banding pattern in Cepaea jointly affect the snails’ ther-
moregulation, with lighter shells at an advantage under
hot and exposed conditions (Heath, 1975; Steigen,
1979), presumably the cause for the latitudinal cline in
shell colour found across Europe (Jones et al., 1977;
Silvertown et al., 2011). On a smaller spatial scale, shell
colour patterns also reveal the action of strong natural
selection. Cain & Sheppard (1954) found that popula-
tions tended to be yellow and banded in open habitats,
and darker (pink or brown) and effectively unbanded
(shells with at least the top two bands missing) in
shaded habitats. Based on data from shells broken by
birds, they attributed this to visual predation by the
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song thrush (Turdus philomelos Brehm). These small-
scale habitat associations have since been confirmed
repeatedly (Jones et al., 1977, Cook, 2008; Ozgo, 2008;
Silvertown et al., 2011) although studies of bird preda-
tion as the chief selective agent have obtained mixed
results (Cook, 2008). [It should be mentioned that much
of the above also applies to C. nemoralis’s sister species
C. hortensis, which is generally rarer and less wide-
spread (Cook, 1998)].

C. nemoralis has a generation time of 2-3 years, a
modal neighbourhood size of 6000 and rates of dis-
persal in the order of 5-10 m per year (Cook, 1998).
High selection coefficients of up to 0.5 have been mea-
sured in Cepaea populations under directional or dis-
ruptive selection on colour morph alleles in the field
(Cameron, 1992; Cameron & Pokryszko, 2008; Ozgo &
Kinnison, 2008). Given such potentially strong response
to environmental selection and the sessile nature of the
species, we may expect measurable human-induced
changes in habitat and climate to leave their mark in
the genetic make-up of C. nemoralis over periods of tens
of snail generations. In this study, we aimed to investi-
gate such changes by resampling sites in a small area in
the Netherlands, where a set of museum samples was
collected in the 1960s.

Methods

We checked the dry shell collection of the National Museum
of Natural History Naturalis in Leiden, the Netherlands, for
sets of C. nemoralis samples that were suitable as a basis for
resampling. This meant that samples needed to meet the fol-
lowing criteria: (i) collected in a relatively small geographical
area (100 x 100 m or less), to limit confounding phylogeo-
graphical variation; (ii) labels that allowed unambiguous loca-
tion of the collection site with an accuracy of 100 m or better;
(iii) collection year known; (iv) good condition (unfaded shells
that could be scored for colour unambiguously). Using these
criteria, we found a set of 73 samples (ranging in size from six
to 154 individuals, in total 3180) collected between 4 and 25
July 1967 within an 8 x 7 km area directly northwest of the
town of Winsum, Groningen province, the Netherlands (53°
20'N; 6°31'E). All were labelled with the three-digit ‘Amer-
sfoort” topographical coordinate system, which, using as a ref-
erence the same maps that probably would have been used in
1967 (i.e. sheets 7A and B, published 1961, and 3C and D, pub-
lished 1962, of the 1:25 000 Topographic Service maps),
allowed all sample sites to be identified with 10 m precision.
In addition, many of the labels included sketches or notes on
the habitat or details (e.g. ‘trees north side of the road” or ‘in
dry ditch west of the road’) that allowed even more exact rep-
lication of the collection conditions. The samples were col-
lected by Dr. Henrik Wolda and co-workers as part of a long-
term (1958-1971) research project on Cepaea at the University
of Groningen (e.g. Wolda, 1969a, b; Wolda et al., 1971). As far
as we are aware, details of this set of samples have not been
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published. All Wolda’s samples were given additional perma-
nent ‘Ozgo & Schilthuizen’ labels (for this particular set, no.
20-66, 68-83 and 85-94).

We then scored shell colour phenotypes for all shells. The
genetic basis of shell colour polymorphism in C. nemoralis is as
follows (Murray, 1975). Shell ground colour is genetically con-
trolled by a single locus, C, with multiple alleles coding for a
range of colours from pale yellow via pink, to deep brown (in
increasing dominance). Superimposed on the ground colour,
the shell normally carries up to five spiral dark brown bands,
which may or may not be fused. The B locus, linked with C,
controls banding, with one dominant allele (for unbanded)
suppressing a recessive allele (for banding). The dominant
allele at the T locus (unlinked with B and C) acts epistatically
to the B locus by suppressing bands 1 and 2, leaving only the
three bands on the bottom of the shell. Similarly, the dominant
allele at the U locus changes all banded morphs to mid-
banded (removing bands 1, 2, 4 and 5). Shells with at least the
top two bands missing appear unbanded in most views and
are referred to as ‘effectively unbanded’. The genetic control
of fusion of adjacent bands, finally, is polygenic and not yet
resolved. Shell phenotypes are normally scored with a coding
system consisting of one letter (Y, P or B for the major colour
morphs yellow, pink and brown), followed, to indicate band-
ing, by a series of five digits (1-5), each replaced by a zero if
the respective band is missing. Fusions of bands are indicated
with parentheses around the band digits that are joined. The
most common effectively unbanded yellow morphs, for
example, have the phenotypes Y00000, Y00300 and Y00345,
of which the latter may be Y00345, Y00(345), Y003(45) or
Y00(34)5. We applied this phenotype scoring system to all
3180 shells of the ‘1967” samples.

For resampling, we chose the largest ‘1967’ samples (i.e.
comprising at least 30 shells). Some samples came from the
same 10 x 10 m square or from adjoining squares, and were
pooled together. In the field, we collected samples from 16 of
those localities [listed in Table 1, S1 (Supporting information)].
For ease of reference, we have given these 16 sites topographic
names (see Table 1). The exact locations were determined by
comparison of the Amersfoort coordinates, the 1961/1962
1:25,000 maps and satellite photographs in Google Earth
(date taken: 1 January 2005). Samples were taken by the
authors on 6, 7 and 10 September, 2010. We collected all score-
able (i.e. adult and subadult) live snails as well as scoreable
empty shells, either broken or unbroken, and kept these three
groups separate. If there were two distinct habitats present at
the site, we also kept those samples separate. Our 2010" sam-
ples ranged in size from 47 to 368 individuals per site, with a
total of 2722. Phenotypes were scored, either in the field or in
the lab, and the snails were then returned to the sites. Latitude
and longitude coordinates were taken with a hand-held GPS,
and the habitat was photographed. All phenotype data (‘1967
and 2010" samples) were submitted to the Evolution Megalab
database (www.evolutionmegalab.org), an online Cepaea col-
our polymorphism monitoring project.

To test for changes in phenotype frequencies, we compared
frequencies per site. To do so, we first tested (using ?)
whether significant phenotype frequency differences existed
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among the various groups within sites (habitat, live, empty
and broken, empty and unbroken), and pooled the data only
when such differences did not exist. Then, we compared phe-
notype frequencies between the “1967" and 2010" samples. Per
site, significance was determined with 7-tests. To test for
trends across all 16 sites, we applied Mann-Whitney and Wil-
coxon paired-sample tests to the phenotype proportions.
Finally, we assessed habitat changes between 1967 and 2010
by examining a set of aerial black-and-white photographs
taken in 1968 from an altitude of 4 km and archived at the
‘Kadaster” in Zwolle (Sheet 7, strips I and II, exposures 235-
237 and 280-282) and comparing these with our field notes.
Long-term temperature data (monthly minimum, maximum
and mean) for the nearby weather station of Eelde (25 km S of
Eenrum) were obtained from the Royal Netherlands Meteoro-
logical Institute.

Results

Figure 1 shows a map of the area with all sample sites
indicated, and both the full “1967” set and the 16 sites
that were resampled for the 19672010 comparison. Full
phenotype, locality and habitat data for all “1967" and
‘2010” samples are given in Tables S1-52; Table S1 also
contains information on which sets of individuals were
pooled for comparisons. Table 1 gives the phenotype
frequency changes in all 16 sites between 1967 and
2010, as well as further information on site and on habi-
tat change.

At almost all of the sites, one or more significant
changes in some phenotype frequency occurred. Of
those, the one that shows a more or less consistent
change in the same direction (12 of 16 sites showed
increase) across the samples is YeU, which increased
(marginally) significantly. At the same time, habitat
tended to become more shaded over time: of 16 sites,
six became more shaded between 1967 and 2010 (see
Fig. 2), which was mostly due to conversion of arable
fields or pasture to woodland.

Finally, the temperature data for the Eelde weather
station show increases of ca. 1.5 °C over the period
1960-2010 (especially the last two decades), for mini-
mum, mean and maximum monthly temperatures
(Fig. 3). Mean temperatures for the 2 years preceding
our sample years (i.e. July 1965 through June 1967 and
July 2008 through June 2010) are 8.6 and 9.2 °C respec-
tively.

Discussion

Since the time that the ‘1967" samples were taken,
environmental conditions of which impacts on shell
phenotype fitness are known have changed in this
small section of the province of Groningen. These con-
cern site-specific changes as well as large-scale ones.
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Fig. 1 The study area north-west of Winsum, Groningen Prov., The Netherlands. Symbols indicate the locations of all 73 samples
(some sites were very close to others and are not shown individually). Closed symbols indicate the sites that were resampled in 2010.

2010

Fig. 2 Examples of habitat change. Sites Lutke-Saaxum-Bridge and Baflo-East are considered unchanged, whereas Lutke-Saaxum-Farm
and Baflo-West have become more shaded due to conversion of arable fields or pasture to woodland. (The photos are meant to repre-
sent the 1967 and 2010 situations, but were actually taken in 1968 and 2005; also note that the season in which the photos were taken

differs).

Two land consolidation projects took place (in the
1960s and from 1985 onwards; Gemeente De Marne
2011), which led to changes in infrastructure as well as
in land use, with frequent conversion of arable land
and pasture to recreational forest. In addition, and
more generally, the province of Groningen shows the
same trends in land use as the rest of the Netherlands
(and, indeed, Western Europe): increase of forest cover

and built-up areas and decrease of agricultural land
use [forest cover in Groningen has increased from
1135 ha in the mid-1960s to 6765 in 2005 (CBS, PBL,
Wageningen UR 2006)]. The effects of this are immedi-
ately visible in the study sites: at six of the 16 sites, the
habitat became more shaded, mostly because trees
now grow where there was agricultural land in the
past. In only one site did the habitat become less

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 74-81
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2010

Fig. 3 Mean monthly temperatures (in °C) from January 1960 to February 2011, with trend-line fitted, for weather station Eelde (source:

KNMI, Royal Netherlands Meteorological Institute).

shaded. Changes in the song thrush population are
probably negligible: song thrush density in this part of
Groningen is among the lowest in the Netherlands,
and major changes in density have not been recorded
since 1970 (van Diermen 2002). As for large-scale envi-
ronmental changes, the chief one is climate change.
From 1960 until 2010, temperatures increased by
1.5-2.0 °C in this part of the Netherlands, as they did
elsewhere in the country (Royal Netherlands Meteoro-
logical Institute 2011).

On the basis of what we know of the adaptive
responses of Cepaea shell colouration to habitat and
temperature, we would expect that (i) populations at
sites that have become more shaded would have
become darker, whereas (ii) overall, the temperature
increase would have resulted in shells becoming
lighter. Our first prediction is not borne out. Table 1
shows that significant changes took place at almost all
sites for one or more phenotypes. For example, at Een-
rum, yellow went up from 0.21 to 0.44 (P < 0.001); at
Ernstheem, mid-banded went down from 0.14 to 0.02
(P <0.01); at Lutke-Saaxum-Farm, fusion decreased
from 0.57 to 0.21 (P < 0.001); at Houkumhuis, three-
banded increased from 0.03 to 0.26 (P < 0.001); and at
Oude Tocht, pink went from 0.19 in 1967 to 0.49 in 2010
(P <0.01). Sites like Mattenesse, Handerweg-Noord
and Houkumhuis even showed significant changes at
almost all of the examined phenotype classes. How-
ever, for the most part, these changes are not consistent
across sites: most phenotypes changed in a minority of
the sites and in different directions, and do not appear
to be related to any change in habitat type. Conse-
quently, the Mann-Whitney and Wilcoxon tests for all

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 74-81

paired samples yield non-significant results for all phe-
notypes except yellow effectively unbanded (YeU; see
below).

This suggests two things. First, considerable evolu-
tionary change has taken place in almost all of the sites.
Second, much of this change is small-scale and idiosyn-
cratic, the result of genetic drift, extinction and recolon-
ization or undetected and extremely local changes in
environmental selection or a combination of these. Such
idiosyncratic change is in line with the observation that
genetic differentiation was high to begin with: e.g.
Handerweg-Noord and Handerweg-Zuid, only a few
100 m apart and in the same habitat, showed very dif-
ferent phenotypes frequencies in 1967 (e.g. in yellow,
pink, and brown proportions), as they do today, and
yet both show significant temporal changes in pheno-
type frequencies.

Local changes in the strength and direction of selec-
tion probably played a part. Of the 16 sites, 10 were
roadside verges. Habitats at such sites are probably
extremely unstable: hedges can provide shaded condi-
tions, but are cut down periodically. At some sites,
almost total removal of vegetation is occasionally car-
ried out. These changes, although dramatic from the
snail’s point of view, cannot be inferred from aerial
photographs, and thus remained undetected. Given
that in a highly polymorphic species, such as C. nemor-
alis, various phenotypes can be selected for under simi-
lar selective conditions (Ozgo, 2011), the idiosyncratic
responses observed in our study are not unexpected.

The changes in habitat we were able to detect were
towards greater shadiness, which should have selected
for darker snails. However, the one consistent change
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in phenotype frequencies is towards lighter snails: an
increase in YeU. In 12 sites, there is an increase, and in
four sites a decrease; this is significant in paired-sample
comparison. This increase in YeU confirms our second
prediction, namely, due to climate change, snails would
have become lighter in colour; in fact, snails have
become lighter in spite of habitat change.

Our results are interesting in the light of other resam-
pling studies of C. nemoralis. The conspicuous evolu-
tionary dynamism of our sites contrasts markedly with
those studied by Goodhart (1956), Wolda (1969a), Cain
et al. (1990) and Arthur et al. (1993), who all emphasize
phenotype stability over the periods spanned by sam-
pling and resampling (which range from 6 to 64 years).
Some studies detected increases in yellow at the
expense of brown, but those changes were slight, and
often inconsistent (Cowie & Jones, 1998; Cook et al.,
1999). Small and unexplained increases in mid-banded
were also noted in some areas (Clarke & Murray,
1962a, b; Cook & Pettitt, 1998; Cameron, 2001); Silver-
town et al. (2011) reported an increase in mid-banded
over the past 50 years across the whole of Europe.
Thus, our study is among the first to detect consistent
evolutionary change attributable to global climatic
warming in C. nemoralis. One reason might be that pre-
vious studies tended to focus on genotypes, such as yel-
low or unbanded, which are phenotypically mixed and
may contain both light and dark shells: e.g. yellow
unbanded (relatively light) and yellow five-banded (rela-
tively dark). In fact, in our study, not a single genotype
showed a consistent change over time; the detectable
change was in a genetically mixed, but phenotypically
more uniform light shell category (YeU). Possibly, the
increase in mid-banded observed in other studies (see
above) in fact indicates an increase in effectively un-
banded.

The change detected in our study, although measur-
able and fairly consistent, is small in magnitude. This
contrasts with high rates of evolutionary change
observed in some studies on Cepaea snails (Cameron,
1992; Cameron & Pokryszko, 2008; Ozgo & Kinnison,
2008), but is consistent with the observation that strong
directional selection is rarely sustained over prolonged
time periods (Hoekstra et al., 2001; Reznick & Ghalam-
bor, 2001; Bell, 2010). Indeed, variations in temperature
experienced from year-to-year by the snails are far
greater than increases in the many-year average, and
studies on the related snail species C. hortensis (Camer-
on & Pokryszko, 2008) and Theba pisana (Johnson,
2011a, b; Schilthuizen, 2011) have shown that the
response to the temperature conditions immediately
preceding the time of sampling have the greatest effect
on phenotype frequencies, with relatively small net
changes over longer time periods. In our case, tempera-

ture differences between the two 2-year periods preced-
ing sampling in 1967 and 2010 were relatively small
(the recent period was 0.6 °C warmer than the older
one) compared with the long-term trend. It remains to
be investigated whether year-to-year fluctuations or
long-term trends are chiefly responsible for the shell
colour evolution we found.

In conclusion, our results show a small increase in
YeU over the majority of sites, which fits with the
notion that climate warming has selected for lighter
shells. In addition, we observe that populations at
almost all our sites have experienced idiosyncratic evo-
lutionary changes, which is probably the result of selec-
tion and/or bottlenecks induced by habitat instability,
although the phenotype changes cannot be easily inter-
preted as a direct result of any observed habitat
changes. Finally, we stress the relevance of storing
material from any invertebrate sampling project in nat-
ural history collections. As this material has not been
published before, and the laboratory records of the
Wolda project cannot be located anymore (W. van Del-
den, pers. comm.), our study would not have been pos-
sible otherwise.
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