
INTRODUCTION

Past climate change, such as that observed since
the last glacial maximum, has affected the compos-
ition and structure of plant and animal com-
munities (Peters & Lovejoy 1992; Gates 1993), 
but two elements make the changes in climate
presently predicted different from those that
occurred in the past. The increase in the concen-
tration of CO2 in the atmosphere is now much
faster than that in the past, as is the rate of pre-
dicted warming as a consequence of the greenhouse
effect (Houghton et al. 1996). It is predicted that
climate change will have an important impact on
the dynamics of plant and animals and commu-
nities (Solomon & Shugart 1993; Graves & Reavey
1996). A forecasted increase in winter tempera-
tures, and an increase in anticyclonic activity,

potentially leading to an additional 20% rainfall
during summer (more summer thunderstorms;
CCIRG 1991, 1996; Beerling & Woodward 
1994) are likely to have a considerable effect on
ectotherm animals such as snails and slugs 
(Crawford-Sidebotham 1972). Land mollusc 
population composition and abundance could
change, not only because of physiological responses
to a new climate, but also as a consequence of 
a shift in plant community composition and 
structure.

Snails and slugs are important plant population
‘reducers’ in natural vegetation, as well as import-
ant pests in agricultural systems (Barker 1989;
Martin 1991). The amount of damage in any given
area is affected by many factors, including soil
type, soil moisture content, microclimate, and
type and density of the vegetation (Port & Port
1986; Glen 1989). Observations that terrestrial
molluscs have an important impact on plant 
populations date back to the mid-nineteenth
century. Darwin (1859) described the effects of
slugs and snails on seedling mortality. More recent
studies have demonstrated that gastropod her-
bivory has an important effect on plant population
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and community dynamics (Oliveira Silva 1992;
Rees & Brown 1992; Hulme 1994; Hanley et al.
1995a; Rodriguez & Brown 1998).

The damage caused by gastropods is mainly due
to seed consumption, the severing of young shoots
at or below ground level and the removal of leaves
of young seedlings. The removal of photosynthetic
tissues causes a reduction in seedling strength, 
but more commonly leads to seedling mortality
(Fenner 1987). The effects of mollusc herbivory are
also manifest in a reduction of seedling competi-
tive ability that may in turn lead to changes in the
species composition of plant communities (Cottam
1986; Edwards & Gillman 1987; Hanley et al.
1995b; Wilby 1996).

Climate change will not only modify the appear-
ance and nutrient balance of individual plant
species, but it will also change the quality, density,
phenology and composition of entire plant com-
munities. For organisms feeding on plants, such as
terrestrial gastropods, changes in habitat condi-
tions (Baur & Baur 1993), or in the quality and
availability of food may have significant conse-
quences. The effects of climate change on land
mollusc populations have been experimentally
studied in enriched CO2 chambers (Lederberger et
al. 1997; Diaz et al. 1998); however, to my knowl-
edge, no experimental open-field study has yet
been carried out to consider the impact of global
climate change on terrestrial gastropods. Studying
the effects of different climate change scenarios on
land mollusc populations will provide a means of
refining predictions of the responses of invertebrate
fauna to global climate change.

The present study was part of a larger project
that aimed to investigate the impact of climate
change on plant and invertebrate community
dynamics in a calcareous grassland. Here, I analyze
the effects of field manipulations of local climate
on changes in the composition and abundance of
terrestrial gastropod populations in a calcareous
grassland. Comparisons between treatments
showed significant differences in the relative abun-
dance of molluscs. However, no important changes
in species composition were found. The responses
of the different species to the climate manipula-
tions were influenced by their phenological traits
and food preferences. The results have implications
for the responses of mollusc populations to the
effects of climate change.
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METHODS

Study area and experimental design

The experimental site was located in a calcareous
grassland at the Wytham estate, Oxfordshire, UK.
The study area was a 10 ha ex-arable old field on
Jurassic corallian limestone which had been aban-
doned for the previous 16 years (for full details of
the site and of the Wytham estate, see Masters 
et al. 1998 and Gibson 1986). Within this area, 
1 ha was defined as the experimental site. The area
was fenced, to exclude deer and sheep, which are
the main vertebrate herbivores.

The site is characterized by wet and mild
winters with mean minimum and maximum 
temperatures of 3.3 and 9.8°C, respectively. The
mean annual rainfall is 685 mm, which falls
mainly in winter and spring. Summer is dry and
warm with mean minimum and maximum 
temperatures of 11.2 and 22.8°C, respectively. The
site is part of the UK Environmental Change
Network and detailed meteorological data are
available. Five replicate blocks (12 m ¥ 12 m), con-
taining six randomly arranged plots (3 m ¥ 3 m)
were defined in the experimental area to simulate
the effects of warmer winters with either wetter or
drier summers. Plots were separated by 2-m wide
walkways. In each block, there were six climate
treatments, providing a factorial combination 
of winter warming and summer rainfall treat-
ments. The climate treatments were: control (C,
ambient climatic conditions); winter warming
(WW); supplemented summer rainfall (SR);
winter warming and supplemented summer rain-
fall (WW ¥ SR); summer drought (SD); and
winter warming and summer drought (WW ¥
SD). The general aims and rationale of the experi-
ment are given in Cummins et al. (1995) and
Masters et al. (1998).

Winter warming was achieved by laying heating
cables on the soil surface (Hillier et al. 1994).
These plots were maintained at 3°C above ambient
temperature from 1 November to 30 April of the
following year. Supplemented summer rainfall
(20% above the 10-year weekly average) involved
a weekly application of de-ionized water that was
sprayed evenly across the relevant plots from 
1 June to 30 September. Summer drought 
was achieved by imposing a complete drought



throughout July and August, by using mobile rain
shelters which slide over the plot when rain is
detected by a sensor (scaled up from the design of
Buckland 1994). The climate treatments started in
1994 and are ongoing.

Within each climate treatment plot, four 
25 cm ¥ 25 cm permanent herbivory quadrats were
marked in February 1995. These quadrats were
originally set up to test the effects of land mollusc
herbivory on the vegetation developing in the
climate plots. Gastropod herbivory was prevented
in two quadrats by using a 6% w/w metaldehyde
molluscicide (Mifaslug pellets, Farmer Crop
Chemicals, Worcester, UK), a compound which
does not attract gastropods and does not target
other organisms (Ivens 1989). The remaining two
quadrats served as untreated controls. The four 
25 cm ¥ 25 cm quadrats were regularly positioned
along the plot. A zone of 30 cm was left between
each quadrat in order to minimize direct edge
effects.

Molluscicide was applied sparingly by hand
around the perimeter of the treated quadrats. The
amount and frequency of application depended on
consumption rates and weather conditions. It was
generally applied at fortnightly intervals, but
when the weather was wet or consumption was
high, it was applied weekly.

At the beginning of the study in 1993, the 
plant community at the site comprised 79 plant
species. In terms of frequency of encounter, 
63% were perennial grasses, 22% perennial forbs,
3% annual forbs, 2% woody species and 2%
mosses.

The nomenclature of the vegetation follows
Stace (1991), and that of the terrestrial gastropods
follows Kerney and Cameron (1979).

Sampling

Gastropods were sampled every 4 weeks, from
March 1995 until February 1996, giving a total of
12 samples. Dead molluscs were collected from the
perimeter of the two molluscicide-treated quadrats
and pooled to give a plot sample within each 
3 m ¥ 3 m plot. Adult and juvenile gastropods
were examined together, since the main species
studied have an annual life cycle. After ingesting
the molluscicide, snails and slugs became immo-

bilized and died close to their feeding place from
the effects of desiccation (Godan 1983). This
method was used to estimate the mollusc-feeding
activity in each climate treatment, and served as 
a method of estimating relative abundance 
(South 1992). This method has the advantage of
producing no disturbance in the vegetation. The
use of pitfall traps in sampling was avoided
because they produce damage in the soil and the
vegetation. Furthermore, cardboard sheets were
not considered, because gastropod species were not
equally attracted to them (pers. obs.). Dead mol-
luscs were removed regularly from the treated
plots in order to prevent local nutrient enrich-
ment. For species identification, only external
characters were used and no dissections were 
performed.

Annual seedlings were sampled in November by
direct counting of all individuals present within the
25 cm ¥ 25 cm molluscicide-treated and control
quadrats. November was chosen because this is the
time when maximum seedling germination occurs,
and consequently there is a large number of mol-
luscs also present.

Statistical analysis

Analysis of variance (anova) was used with three
levels of summer watering (C, SR, SD) and two
levels of winter warming (+WW, -WW; after
Masters et al. 1998). The experiment design was
analyzed as a nested anova, with molluscicide
treatments nested within climate manipulations.
To determine treatment effects on species abun-
dance for every sampling date, anova were 
performed and the Tukey test used to determine
pairwise differences between treatments. Repeated
measures anova (with levels as described above)
was used to determine whether the treatments
were having a long term impact (repeated meas-
ures main effect) or whether effects were transient
or time-dependant (repeated measures treatment
¥ date interactions). Analyses were performed
using statistica version 4.5 (StatSoft, 1993,
Tulsa, USA). Linear regression analysis was con-
ducted to study the relationships between the
number of seedlings and the gastropod populations
in the climate plots. Numbers of recorded species
were transformed prior to analysis by using the
square-root transformation (Sokal & Rohlf 1995).
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RESULTS

Mollusc populations

The mollusc fauna collected during the period
covered by this study (March 1995 to February
1996), comprised the snail species Aegopinella
nitidula Draparnaud, Candidula intersecta Poiret,
Cepaea nemoralis Linne, Monacha cantiana Montagu,
Trichia striolata Pfeiffer and Vitrea contracta West-
erlund, and the slug species Arion ater Linne, Arion
hortensis Ferussac, Arion subfuscus Draparnaud and
Deroceras reticulatum Muller. The total number of
dead gastropods collected from all the mollusci-
cide-treated quadrats was 2175 individuals, of
which 2134 individuals (98.1%) represent only
three species (C. intersecta, D. reticulatum and M.
cantiana; Table 1). The remaining gastropod
species were rare and found inconsistently during
the study in the climate plots. Because of their low
numbers, they were not included in the table or in
individual analyses. Gastropod species collected at
the experimental site are all commonly found in
calcareous grasslands and most of them have an
annual life cycle. The changes in abundance of each
species during the year were generally associated
with their phenological characteristics.

Effects of climate treatments on mollusc
populations

In describing the results, only treatments with sig-
nificant differences are displayed graphically. The
total number of land molluscs collected was sig-
nificantly affected by the various climate manipu-
lation treatments (Fig. 1a). In warmed plots,
significantly higher numbers of molluscs were col-
lected in April 1995 and January and February
1996 (F1,23 = 5.80, P < 0.05, F1,23 = 6.66, P < 0.05
and F1,23 = 10.1, P < 0.01, respectively). In plots
where supplemented summer rainfall was applied,
significantly higher numbers were found in June
(F2,23 = 5.67, P < 0.01). However, the opposite was
observed in October and November when signifi-
cantly lower numbers were collected (F2,23 = 5.80,
P < 0.01 and F2,23 = 4.23, P < 0.05, respectively).
Results from the repeated measures anova showed
that the effects of winter warming and supple-
mented summer rainfall were dependent on the
time of the year in which these treatments wereT
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applied (WW ¥ time, F11,276 = 4.12, P < 0.01; SR ¥
time, F22,276 = 3.75, P < 0.01).

The numbers of M. cantiana, the most abundant
snail species in the site, significantly increased in
droughted plots in September, as indicated by
individual sampling date anova (F2,23 = 4.61, 
P < 0.01, Fig. 1b). Significant increases in numbers
of M. cantiana were also found in February at
warmed quadrats where heating cables produced
droughting effects (F1,23 = 5.11, P < 0.01). 
Repeated measures anova showed that drought-
ing conditions significantly increased M. cantiana
numbers over time (SD, F2,8 = 7.96, P < 0.05), and

that these changes were related to the sampling
dates (SD ¥ time, F22,276 = 3.75, P < 0.01).

Candidula intersecta, the second-most abundant
snail species, showed significant responses to
climate manipulations when individual sampling
dates were analyzed (Fig. 1c). In June, significantly
higher numbers were collected in plots with 
supplemented summer rainfall (F2,23 = 17.1, P <
0.01), while in October and November, the oppo-
site effect was noted, and significantly lower
numbers of individuals were found in these plots
(F2,23 = 5.78, P < 0.01 and F2,23 = 3.79, P < 0.05,
respectively). In plots with warming treatments,
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Fig. 1 Effects of climate
manipulations on (a) total
number of terrestrial gastro-
pods, (b) Monacha cantiana, 
(c) Candidula intersecta and (d)
Deroceras reticulatum. Control,
(—); winter warming, WW 
(---); supplemented summer
rainfall, SR (�); summer
drought, SD (�). Treatment
significant differences: *P <
0.05, **P < 0.01. Arrows
indicate start ( ) and end 
( ) of climate treatment. (b)
Significant difference in SD
over time (P < 0.05); (d) sig-
nificant difference in SR over
time (P < 0.05).



positive responses were observed because signifi-
cantly higher numbers were found in February
(F1,23 = 5.25, P < 0.05). Significant interactions
were found between the supplemented summer
rainfall and the time of application of the treat-
ment, because an increase in numbers was noted
when the treatment was in effect, while the oppo-
site was found the following autumn (SR ¥ time,
F22,276 = 2.80, P < 0.01).

Deroceras reticulatum, the most abundant slug
species at the site, had significantly lower numbers
over time in plots where supplemented summer
rainfall was applied (Fig. 1d; SR, F2,8 = 6.65, 
P < 0.05). Lower numbers of slugs were found in
November, December and February in plots that
had been subjected to supplemented water the pre-
vious summer, (F2,23 = 4.51, P < 0.05, F2,23 = 3.91,
P < 0.05 and F2,23 = 5.29, P < 0.05, respectively),
while significantly higher numbers were collected
in warmed plots during January and February
(F1,23 = 4.81, P < 0.05 and F1,23 = 6.24, P < 0.05,
respectively).

Correlation between annual seedlings and
mollusc populations

Linear regressions performed on the November
data, analyzing the number of seedlings within the
molluscicide-treated quadrats and the number of
C. intersecta and D. reticulatum collected in the dif-
ferent climate treatments, showed a positive rela-
tionship (Fig. 2). Significantly larger numbers of
C. intersecta and D. reticulatum were found in plots
with larger numbers of annual seedlings (rs =
0.677, P = 0.04 and rs = 0.782, P = 0.019, respec-
tively). Because they forage on decaying material,
there was no significant correlation between M.
cantiana and annual seedling number.

The effects of herbivory treatments on vegeta-
tion will be presented in detail elsewhere, but the
molluscicide treatments did not significantly affect
plant cover, species richness, number of seedlings
or species composition in any of the climate 
treatments.

DISCUSSION

The climate manipulations produced changes in
the composition and structure of the plant com-
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munity in the grassland (Clarke 1998; Sternberg
et al. 1999). These changes had a significant effect
on the relative abundance and activity of terrestrial
gastropods at the study site; however, no im-
portant changes in species composition were
found. Snails and slugs consistently responded to
changes in the physical environment. Further-
more, changes in the vegetation altered the distri-
bution of food availability. The increase in the
number of gastropods collected in warmed and
watered quadrats when the treatments were oper-
ating, demonstrated their capacity to respond to
changes in local climatic conditions (Webley
1964; South 1992).

Summer drought treatments produced an
important increase in litter cover. Monacha can-
tiana, which feeds on litter in grassland habitats
(Chatfield 1968, 1976), was significantly favored
by this treatment, leading to larger numbers of

Fig. 2 Correlation between annual seedlings and
populations of (a) Candidula intersecta and (b) Deroceras
reticulatum for November 1995. Control (C), winter
warming (WW), summer drought (SD), supplemented
summer rainfall (SR), winter warming and summer
drought (WW ¥ SD) and winter warming and supple-
mented summer rainfall (WW ¥ SR).



individuals being found in these plots during the
early summer. The increase in the numbers of this
species in watered plots in August and in warmed
quadrats in February, as stated above, is likely to
be related to favorable microclimate conditions.

Candidula intersecta feeds on leaves of young
annual seedlings and green tissues of forbs and
legumes (pers. obs.). This species was favored by
the supplemented summer rainfall treatment in
June, probably due to the combined effects of
increases in ambient moisture and food supply.
Watering allowed green plant tissues to live
longer, and consequently food was available for
longer at these plots. In autumn, this treatment
produced the opposite effect, when significantly
lower numbers of C. intersecta were found. The
mechanism involved in this phenomenon is likely
to be related to the increase in cover of perennial
grasses, because gaps in the sward structure were
closed, impeding the recruitment and establish-
ment of annual seedlings. Thus, plots with smaller
numbers of annual seedlings were a poor food
source and less attractive for grazing.

The closed sward in supplemented summer
rainfall plots produced similar effects on the D.
reticulatum population. This slug species prefers to
feed on seedlings (Hulme 1994; Hanley et al.
1995b), and was found in significantly lower
numbers on these plots. The relative increase of D.
reticulatum numbers in warmed plots in January
and February is most likely related to the mild
microclimatic conditions at these sites, as observed
in other slug species (Crawford-Sidebotham 1972).
The remaining gastropod species found at the site
were rare and showed no clear pattern of response
to the climate manipulations.

The differential response of snail and slug
species to the climate manipulations enables a pre-
diction of what might occur to mollusc popula-
tions in this grassland in a changing climate.
Warmer winters will probably result in a general
increase of mollusc activity and herbivory. If 
the increase in temperature is associated with an
increase in summer rainfall that results in a closed
sward dominated by perennial grasses, the popu-
lation size of gastropod species such as D. reticula-
tum or C. intersecta, which feed mainly on seedlings
of annual forbs and legumes, will decline. Under
drought conditions, we predict an increase in
decaying leaf material and litter cover (Sternberg

et al. 1999) and a consequent increase in the popu-
lations of gastropod species that feed on dead plant
material, such as M. cantiana. Gastropod species
with annual life cycles, such as the main species
present at the site, are assumed to be more sensi-
tive to changes in growing conditions.

Predicting what will happen to land molluscs in
a changing climate in calcareous grasslands is not
straightforward, because distribution and abun-
dance are strongly influenced by intrinsic popula-
tion characteristics such as growth rates and
relative densities, by interactions with other
organisms through competition, herbivory and
predation, and by abiotic changes that occur
simultaneously (Graves & Reavey 1996). The
present study was focused on local changes in dis-
tribution and composition of terrestrial gastropod
populations as indicators of change in the com-
munity structure. I believe that this study is the
first step toward understanding the complexity of
the interactions of land mollusc populations under
conditions of global climate change. Further
experimental investigations of invertebrates, with
all their intrinsic population characteristics and
interactions with other organisms, will provide
useful tools to test predictions of the responses of
calcareous grasslands to environmental change.
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