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Abstract
A developing body of theory and empirical evidence suggest that feeding behaviour as measured by the
functional response (FR) can assist researchers in assessing the relative potential, ecological impacts and
competitive abilities of native and introduced species. Here, we explored the FRs of two land snails that
occur in south-western Ontario, one native (Mesodon thyroidus) and one non-indigenous (Cepaea nemoralis) to Canada. The non-indigenous species appears to have low ecological impact and inferior competitive
abilities. Consistent with theory, while both species conformed to Type II functional responses, the native
species had a significantly higher attack rate (5.30 vs 0.41, respectively) and slightly lower handling time
(0.020 vs 0.023), and hence a higher maximum feeding rate (50.0 vs 43.5). The non-indigenous species
exhibited a significantly longer time to contact for a variety of food types, and appeared less discriminating
of paper that was offered as a non-food type. The non-indigenous species also ate significantly less food
when in mixed species trials with the native snail. These feeding patterns match the known low ecological
impact of the introduced snail and are consistent with the view that it is an inferior competitor relative to
the native species. However, field experimentation is required to clarify whether the largely microallopatric
distributions of the two species in south-western Ontario reflect competitive dominance by the native species or other factors such as habitat preference, feeding preferences or predator avoidance. The relative patterns of feeding behaviour and ecological impact are, however, fully in line with recent functional response
theory and application.
Copyright Tedi Hoxha et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction
Introduction of non-indigenous species (NIS) is largely a consequence of unintentional
and intentional human-mediated mechanisms. Once introduced, some NIS adversely
affect native species and alter the communities in which they establish (e.g. Dick et al.
2017a). Elton (1958) proposed that characteristics of a native community could be important in providing resistance by native species against successful establishment of NIS.
A large literature subsequently demonstrated that interactions (largely predation and
competition) by native species could impair or prevent establishment of NIS (e.g. Levine
et al. 2004; Smith-Ramesh et al. 2017), though the opposite may also occur (e.g. Levine
et al. 2004; Cobián-Rojas et al. 2018). However, the specific mechanisms and thus the
predictability of such species interactions and their outcomes remains poorly studied.
Numerous researchers have explored the role of interspecific competition in invasion ecology and its impacts on native ecosystems (e.g. Paini and Roberts 2005). Cases
in which a native species competitively excludes a potential invader are particularly
interesting, as they may provide valuable insights into context-specific factors that permit the native species to resist invasion (Paini et al. 2008; Zenni and Nuñez 2013). In
many other cases, colonizing species may suppress native ones or limit their distributions (e.g. Petren and Case 1996).
One promising method of studying the possible impacts of NIS and the role of interspecific competition is through the use of the “functional response” (FR; see Dick et
al. 2017b). Originally developed to study predator–prey relationships, FRs represent the
relationship between resource consumption rate and resource density (Holling 1959).
Indeed, competition theory refers to the “functional resource utilization response” of
competing plant species (Tilman 1977). Using comparative FRs, Xu et al. (2016b)
revealed that the impact of the invasive apple snail Pomacea canaliculata in relation to
native Bellamya aeruginosa and introduced Planorbius corneus was predictable from the
method. Similarly, comparative FRs were used to highlight the strong ecological impact
of the “killer shrimp” Dikerogammarus villosus on native Gammarus pulex (Dodd et al.
2014). Thus, FRs can be used to assess impact on shared resources and hence relative
competitive ability of native species and actual or potential invaders with respect to their
resource uptake rates (Dick et al. 2017a). In particular, however, this method can move
from understanding to predicting invasive species impacts (Dick et al. 2014).
Cepaea nemoralis is a terrestrial snail introduced to North America from its native Western Europe (Örstan and Cameron 2015). Its ornamental value and colourful appearance are responsible for its intercontinental spread by humans (Whitson
2005). The species occupies a wide variety of habitats and can be found in parks and
gardens within cities (Ożgo 2012), but does not appear to have significantly harmful
effects once introduced (Cowie et al. 2009; Ożgo and Bogucki 2011). This is the case
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in Windsor and Essex County, Ontario, Canada, where C. nemoralis populations are
abundant, particularly in urban and disturbed areas. Despite its commonness in these
environments, it is rarely found in largely undisturbed woodlands of the region. It is
possible that its absence from undisturbed woodlands is at least partly explained by the
presence of the native snail Mesodon thyroidus, a similarly-sized species found mainly in
woodlands including Kopegaron Woods Conservation Area (KWCA), where it often
occurs on or in downed logs or under leaf litter. Preliminary surveys of KWCA confirmed the presence of C. nemoralis in the more disturbed forest periphery, but the two
species never co-occurred in the interior of the forest.
A recent review indicated a significant role of olfaction in detection and selection
of food by many terrestrial gastropods, though its importance varies by species (Kiss
2017). It is not clear whether the FRs of species are affected by olfaction nor whether
interactions between native species and NIS could be influenced by it.
In this study, we address multiple aspects of the foraging ecology of these two terrestrial snail species, specifically their functional responses, odour detection capabilities
and possible interspecific competition. We hypothesized that native, forest-inhabiting
M. thyroidus may competitively exclude C. nemoralis from this habitat type. Specifically,
we hypothesized that M. thyroidus would exhibit a greater attack rate, shorter handling
times (and thus greater maximum feeding rate), shorter search times during olfactory
tests, and greater consumption of limited resources in joint foraging experiments with
the introduced snail. These predictions follow comparative FR and feeding theory (Dick
et al. 2014). To test our hypotheses, we thus used a functional response (FR) framework
to compare resource acquisition parameters (i.e. attack rate and handling time) for both
these herbivorous snails. We also conducted odour detection experiments to determine
whether olfactory cues were important to either species when locating food. Finally, we
conducted joint foraging microcosm experiments to observe the relative competitive
ability of both snails when placed in a confined environment with limited resources.

Methods
Native Mesodon thyroidus snails were found on wooden logs and leaf litter and handpicked from the ground in KWCA in Leamington, Ontario, Canada, during July 2016.
Non-native Cepaea nemoralis snails were collected from various urban areas of downtown Windsor, Ontario. Each species was separately housed in transparent aquarium
tanks that were covered with fish net mesh to allow oxygenation while preventing
egress of snails. Both tanks were maintained in a light- and temperature-controlled
chamber (16:8 light:dark regime at 21 °C). Food for snails consisted mainly of grasses,
maple leaves (Acer sp.) and dandelion leaves (Taraxacum officinale) obtained near the
Great Lakes Institute for Environmental Research (GLIER), Windsor, Ontario. Snails
were fed ad libitum during the acclimation period. Dechlorinated water was added to
both tanks daily to maintain humidity.
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Functional response experiments
Experimental food consisted of dandelion (Taraxacum officinale), which is a non-native
species in both habitats occupied by the snail species. Dandelion has been used in
previous feeding experiments with gastropods (e.g. Desbuquois and Daguzan 1995;
Hanley et al. 2003, 2018). Preliminary feeding trials demonstrated that both snail
species consumed dandelion, though Hanley et al. (2018) determined that dandelion
seedling contained anti-herbivore phenolics and alkaloids and were only moderately
acceptable as food to snails (Cornu aspersum) in feeding trials.
Snails were used for functional response (FR) experiments following a 24 h food
deprivation period to standardize hunger levels. Each FR trial lasted 24 h as preliminary
trials showed negligible food consumption over shorter (4 h) periods. Transparent boxes
(7.6 × 11.4 cm) were used as arenas to hold food and snails during experiments. A grid
composed of 1.3 cm squares was fixed below the box to form a 54-square base (6 × 9).
Experimental dandelion leaves were hole-punched to produce circular pellets of uniform
diameter (7 mm) as food for the snails. Pellets were placed in the centre of each square to
standardize distance between adjacent food items. Original pellets (n = 2) were placed at
the centre of the box along the short axis, and subsequent food levels (4, 8, 12, 16, 20, 24,
28, 32, 42, 54) were achieved by adding symmetrically along this axis (i.e. non-randomly).
To begin the experiment, adult and subadult snails were placed at the centre of the
arena. Five trials were conducted at each food level for the native M. thyroidus and six
for the introduced C. nemoralis. The arena was uniformly sprayed with deionized water
to provide moisture, and boxes were covered with a lid during the trials. At the end of
the test period, dandelion consumption was recorded. An event was recorded as full
consumption if at least half a pellet was consumed; partial consumption (<50%) was
not recorded. Species’ FRs were calculated as described below.

Odour detection experiments
Odour preference experiments were conducted in single-species trials with one randomly selected snail individual each. Mesodon thyroidus ranged between 1.27 and
2.87 g, whereas C. nemoralis ranged between 0.48 and 3.50 g. Fresh dandelion pellets
(formed as above) were subjected to one of four treatments: a) desiccation in an oven at
40 °C for 24 h; b) freezing at 0 °C for 24 h; c) pellets from freshly picked leaves; and d)
pellets of the same shape but consisting of white paper as a negative control. Freezing
significantly reduces volatility of odour compounds in leaves, while oven-drying may
cause these compounds to be preserved (Díaz-Maroto et al. 2002). We recorded pellet
consumption (as above) for each pellet density (2, 4, 8, 16) and pellet type. We placed
a black barrier in the middle of the arena between the pellets and the snail to obstruct
its view of the pellets and thereby limited detection by olfactory cues. Time to first
contact of a prey item was recorded for each treatment. Each trial was conducted for
four hours and repeated with five snails of each species for all food treatments. Species
were tested separately (i.e. non-choice experiments).
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Joint foraging experiments
The arenas described above for the FR trials were also used to test for possible competition between native and non-native snails. Trials were conducted with a 16:8 light:dark
regime at 21 °C. Food pellets hole-punched from dandelion leaves were individually
placed in separate squares of the arena (densities 2, 4, 8, 16, 32, 54). Pellets were placed
at the centre of the arena and added symmetrically along the short axis of the arena
(i.e. successively out to the arena wall as food density increased). For each pellet density
tested, five individuals from each species were starved 24 h prior to the trials. We then
placed individual native and non-native snails at opposite corners of the shorter edge of
the arena facing the pellets. During the 4 h observation, consumed pellets were not replaced, and the number of pellets consumed (defined above) by each snail was recorded.

Data analysis
Statistical analyses were performed in R-3.5.0 (R Core Team 2018). To analyze
and model comparative functional responses, we used the FRAIR-0.5.100 package
(Pritchard 2017). Rogers’ (1972) Type II equation was used to describe the functional
response of both species as food resources were not replaced as they were consumed:
Ne = No(1 – exp(a(Neh – T)))
where Ne is the number of food pellets consumed, No is the initial number of food pellets, a is attack rate, h is handling time, and T is experimental duration (which was set
at 1 in the present study as we wished to compare FR parameters for both species over
the same period of time). Maximum feeding rate was thus calculated as 1/h. Models
were bootstrapped (n = 2000) to generate 95% confidence intervals for each species’
functional response curve. Species differences in attack rate (a), handling time (h) and
maximum feeding rate (1/h) were analyzed using frair_compare() option within the
FRAIR-0.5.100 package. Here, as the time for feeding was the same for both species
and set as 1 above, a and h were used as unitless, comparative metrics consistent with
many previous studies (e.g. Paterson et al. 2015; Anderson 2016; Pritchard et al.
2017), though other researchers have applied units (e.g. Rall et al. 2012, Lefébure et
al. 2014, Li et al. 2018). In the latter case, attack rate (a) refers to the volume or area
searched per unit time by a consumer, whereas handling time (h) refers to the time
spent per unit of resource in activities such as capturing, subduing, killing, ingesting
and digesting that resource unit (Barrios-O’Neill et al. 2016; Li et al. 2018).
To compare differential responses to food treatments and delineate interactions
of independent variables in the odour detection experiments, we conducted an ANCOVA analysis with factors Species and Food Treatment and continuous variable
Food Density, and their interactions. From 160 total observations, 52 instances in
which individuals made no contact with the food (regardless of treatment type)
were omitted. Nine other instances were also removed from the analysis: four cases
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in which technical/equipment difficulties caused delays in recording time to pellet
contact, four in which snails partially consumed the barrier intended to limit detection to olfactory cues, and one where the barrier became damaged from repeated
use and was unable to fully hide the pellets. Detection times were Log10(x+1)-transformed prior to analysis.
Results from joint foraging experiments were analyzed with a paired t-test by examining pellet consumption by each snail species across each of the six resource level
classes. Each food class was represented five times.

Results
Both snail species conformed to a Type II functional response, though C. nemoralis has
not reached the curve’s asymptote and M. thyroidus individuals exhibited a significantly
greater feeding ability with increasing food levels (Fig. 1). There was no overlap in 95%
CIs, indicating substantially higher feeding efficiency and rate for the native compared
to the introduced snail (Figure 1). M. thyroidus had a significantly greater attack rate (a
= 5.30) than C. nemoralis (a = 0.41) (z = −9.97, P < 0.001), as well as a slightly shorter
but non-significantly different handling time (h = 0.020 versus 0.023; z = 0.25, P =
0.800). Corresponding maximum feeding rate was higher for the native species (50.0
vs 43.5 pellets over the experimental time; see Fig. 1, Table 1).
Mean food detection times for native M. thyroidus (1585 s, SE = 369 s) across
treatments were shorter than for non-indigenous C. nemoralis (1970 s, SE = 266 s).
Log10(x+1)-transformed detection times for food resources were significantly shorter
for M. thyroidus than for C. nemoralis (ANCOVA, F1,83 = 9.10, P < 0.01). This was the
case for all treatments, with the exception of the “paper” treatment, where M. thyroidus
took longer to detect the pellets on average (3937 s) than C. nemoralis (2094 s). Food
density was also significant (F1,83 = 7.27, P < 0.01), as average detection times generally
decreased with increasing food density for all but one food level (n = 8 pellets). Furthermore, food treatment types differed significantly in detection times (F3,83 = 4.02,
P < 0.05) (Table 2), with “paper” averaging the longest time to detection (2764 s) and
oven-dried foods the shortest (1334 s). Time to first contact was also affected by a
species*food treatment interaction (F3,83 = 3.19, P < 0.05) (Fig. 2).
The joint species foraging experiments demonstrated that feeding activity of M.
thyroidus was significantly higher than that of C. nemoralis across a variety of food
resource levels (paired t-test, t = 4.2, df = 29, P < 0.001) (Fig. 3).
Table 1. Rogers’ Type II Functional Response parameters (± SE) for native (M. thyroidus) and non-native
(C. nemoralis) snails, including attack rate (a), handling time (h), and maximum feeding rate (1/h).
Species
Mesodon thyroidus
Cepaea nemoralis

a
5.30 (0.49)
0.41 (0.05)

h
0.020 (<0.01)
0.023 (0.01)

Maximum feeding rate (1/h)
50.0
43.5
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Figure 1. Fitted functional response curves of native M. thyroidus (solid line) and introduced C. nemoralis
(dashed) with 95% CI bands (grey).

Figure 2. Mean (± SE) food detection times of native M. thyroidus (gray) and introduced C. nemoralis
(black) snails across different food treatments.

Table 2. Results of ANCOVA test assessing effect of Species, Density, and Food Treatment on detection
time from the olfaction experiment.
Species
Density
Treatment
Species*Density
Species*Treatment
Density*Treatment
Species*Density*Treatment
Residuals

df
1
1
3
1
3
3
3
83

F value
9.1
7.3
4.0
1.7
3.2
1.2
0.2

P
0.0034
0.0085
0.0100
0.2026
0.0280
0.3300
0.9022
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Figure 3. Mean (± SE) pellets eaten in joint foraging experiments across increasing food levels by native
M. thyroidus (gray) and introduced C. nemoralis (black) snails.

Discussion
Application of comparative functional responses has allowed researchers to discriminate between invader species with high and low ecological impact (e.g. Dick et al.
2014, 2017a; Xu et al. 2016b), and may elucidate relative competitive ability (Tilman
1977; Dick et al. 2017b). In most cases examined to date, high functional responses
of invaders (relative to their native counterparts) are associated with high ecological
impact (Dick et al. 2017a); the opposite pattern is expected with low impact nonindigenous species. Bollache et al. (2008) proposed that the method could be used for
NIS likely to invade, thereby allowing forecasts of comparative impact of a putative
invader with a complementary native analogue. Further, Dick et al. (2017b) argued
that, as with plant competition (see Tilman 1977), FRs of animals may uncover relative interspecific competitive abilities. In our study, we thus examined functional responses of native M. thyroidus and introduced C. nemoralis snails that occur in different
habitats in south-western Ontario. In line with theory, we observed higher FRs for the
native species, a consequence mainly of its higher attack rate and maximum feeding
rate. The native snail also had a shorter time to first contact across different food densities. The native snail did, however, have a longer time to contact with non-food (i.e.
paper pellets), suggesting it is more discriminating than the introduced snail. Indeed,
the native species exhibited much shorter times to contact with actual food than with
paper, whereas no such variation was apparent with the introduced species (Fig. 2).
These experimental outcomes are consistent with the introduced snail having low (or
at least unremarkable) ecological impact (see Cowie et al. 2009; Ożgo and Bogucki
2011). This supports general FR theory (Dick et al. 2014), that high FRs are associated with high ecological impact, and vice versa, that low FRs should be associated
with low ecological impact. Our data also suggest that the native species is the superior
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resource competitor, again consistent with FR theory (see Dick et al. 2014, 2017a). In
particular, the higher attack rate of the native is congruent with competition theory,
as superior competitive ability is likely to be exhibited by the competitor that can best
utilise food resources at low food abundance (Tilman 1977), and attack rate quantifies
this (see Fig. 1). This also is consistent with the hypothesis that the native species exerts
some degree of biotic resistance toward the non-indigenous species.
The two snail species used in our study were collected from separate but nearby
habitats. There exist many possible reasons for non-overlapping habitat use by species including interspecific differences in habitat preference and environmental tolerance (e.g. Moreno-Rueda 2007; Książkiewicz et al. 2013), or predation and its
avoidance (Morris 2003; Green et al. 2011). It is also possible that non-overlapping
distributions could result from intense interspecific competition, with species segregating into different habitats to minimize competition or exploit different resources
(Cowie and Jones 1987; Kimura and Chiba 2010). Baur and Baur (1990) demonstrated that land snails competed via both exploitative and interference competition,
while Parent and Crespi (2009) proposed that interspecific competition constrained
phenotypic variation in Galapagos land snails. However, Chiba and Cowie (2016)
found only limited support for exploitation or interference competition among land
snail species. Experimental field work is required to assess the respective roles of
habitat preference or biological interactions in the microallopatric distributions of
these two snail species in south-western Ontario. In addition, molecular analyses of
gut contents may improve our understanding of overlap in resource use by these and
other species (Waterhouse et al. 2014).
Snail feeding behaviour has been well studied in both terrestrial and marine environments. Much of the recent focus on feeding pertains to mechanisms of food detection, particularly olfaction (e.g. Dahirel et al. 2015; Kiss 2017; Cordoba et al. 2018).
To date, only a limited number of studies have addressed functional responses of land
snails (see Broekhuizen et al. 2002; Haubois et al. 2005; Giacoletti et al. 2016; Xu et al.
2016a, 2016b; Pusack et al. 2018). In our laboratory study, both native and introduced
species conformed with a Type II functional response, consistent with previous studies
(e.g. Xu et al. 2016a, 2016b; Pusack et al. 2018). Type II curves are important from the
context of population regulation of the resource, as relative risk to prey increases as prey
density declines, destabilizing the interaction (Dick et al. 2014). Our study highlighted
significantly higher feeding rates by the native snail versus the introduced one, consistent with field patterns of low invader impact and low competitive ability. At the other
extreme, Xu et al. (2016b) observed that a highly ecologically damaging invasive snail
had much higher feeding rates than its native counterpart. Thus, the FR method is able
to predict degree of ecological impact and competitive ability, particularly if combined
with species abundances, and can be used to both understand current invasions and
forecast the outcome of emerging and future invasions (Dick et al. 2014, 2017b).
Our study utilized a categorical system to assess pellet consumption. One limitation
of this approach was that feeding could be assessed as complete when it was only partial,
or nonexistent even though some herbivory occurred (<50%). In addition, our results
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were potentially affected by trial duration (1 d). Had the duration of these trials been
extended (e.g. 2 d), some of the observations in the latter category may have flipped
from “non-consumption” to total consumption. Finally, it is important to recognize that
our study was conducted with only one invasive and one native species (the only species
available) and that differences obtained only demonstrate species differences. Confirmation that these differences were due to the origin of the species would require tests with
additional species. However, our data and case study fit closely with current FR theory
and, together with these numerous other cases (see Dick et al. 2017a), show great potential in predicting ecological and competitive impacts from benign to highly damaging.
Moving forward, further studies of the context-dependency of snail species impacts should focus on mapping FRs onto impact under different contexts, such as various temperature and humidity regimes that might be expected with climate change.
In addition, as invaders with low FRs may still exert ecological impact due to high
abundance (see Dick et al. 2017b), the impact of native and invasive snails needs to be
monitored as relative and absolute abundances change.
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