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Abstract 

The Kerry spotted slug Geomalacus maculosus is protected 

internationally on the basis of its limited global distribution in that it 

occurs only in the west of Ireland and north-western Iberia. Spanish 

populations are listed as ‘Vulnerable’ and may be severely threatened. 

Conversely, the distribution of G. maculosus in Ireland has increased 

in recent years, where its conservation status is listed as ‘Least 

Concern’. Once thought to be a highly sensitive species restricted only 

to peatlands and semi-natural woodlands within Ireland, G. maculosus 

populations have recently been found thriving in modified habitats 

such as commercial conifer plantations. Geomalacus maculosus is a 

highly abundant species where it occurs in Ireland, suggesting that it 

may possess a broader capacity for survival than previously 

considered. While some information exists on environmental factors 

which influence the distribution and abundance of G. maculosus, no 

studies to-date have examined the contribution of biotic factors, such 

as predation and competition, to the ecology of this species. This 

thesis aims to improve our knowledge of the behaviour, ecology and 

conservation needs of G. maculosus by investigating particular traits 

which might enable it to survive and increase its distribution in Ireland. 

Firstly, the puzzling issue of colour dimorphism was investigated with 

the hypothesis that G. maculosus exhibits habitat-specific camouflage. 

Secondly, interactions between G. maculosus and sympatric slug 

species in conifer forests were examined to determine the ecological 

position of G. maculosus within the wider gastropod community. 

Thirdly, the defensive capabilities of G. maculosus in response to 

predation by carabid beetles were studied to better understand the 

susceptibility of G. maculosus to predation. Overall, the results 

presented throughout this thesis suggest that G. maculosus is well-

adapted to survive in both open and forested habitats (including 

commercial forestry) and possesses a broader niche in Ireland than 

was previously recognised. However, it also highlights threats to the 

conservation of this species which have not been previously 

considered.  
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Chapter 1: General Introduction 

1.1. Scope and objectives 

It has been almost 30 years since the Rio Convention on Biological 

Diversity – a multilateral treaty signed by representatives of every 

United Nations member state with the intention of halting biodiversity 

loss. There is now a strong understanding of the links between 

biodiversity loss and reduced ecosystem functioning, and an 

increased appreciation for the potentially severe threats that ecological 

collapses present to humanity (Cardinale et al., 2012). Despite this, 

rates of species extinction have not decreased significantly during the 

past three decades (Butchart et al., 2010). In fact, recent estimates 

suggest that rates of species loss are currently over 1,000 times 

greater than natural background extinction levels, and will likely 

increase to more than 10,000 times the natural rate in future years (De 

Vos et al., 2015). The term ‘Anthropocene’ has recently been widely 

adopted by ecologists to define the current rates of human-induced 

biodiversity loss as a distinct mass-extinction event (Dirzo et al., 2014). 

Species extinctions are, however, non-random (Purvis et al., 2000), 

meaning that some taxa appear to be more or less susceptible to 

extinction as a function of their particular ecological requirements. 

Species with a low capacity for active dispersal, for example, are more 

susceptible to the effects of anthropogenic disturbance and habitat 

fragmentation than highly mobile, long-distance dispersers (Ewers and 

Didham, 2006).  

Terrestrial molluscs are an example of a taxon confronting non-

random extinction threats. Most terrestrial molluscs are stenoecious 

and possess low rates of active dispersal (Dorge et al., 1999) 

compared with other animal groups, and may therefore be especially 

vulnerable to habitat fragmentation (Götmark et al., 2008). 

Additionally, many terrestrial snails are highly sensitive to desiccation 

(Machin, 1964), and terrestrial slugs, in which the shell is either 

reduced and internalized or completely absent, are particularly 
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vulnerable to heat-stress (Thompson et al., 2006). Future changes in 

climate parameters such as increased temperatures and decreased 

rainfall levels are therefore predicted to disproportionately affect 

terrestrial gastropods (Nicolai and Ansart, 2017). Non-marine molluscs 

account for almost half of all animal extinctions recorded over the past 

500 years which is greater than the combined number of extinctions 

recorded for charismatic tetrapod groups such as birds, mammals, 

reptiles and amphibians (Lydeard et al., 2004). Terrestrial molluscs 

consequently appear to represent the most imperilled group of 

terrestrial animals globally (Régnier et al., 2009). 

In a European context, non-marine molluscs have been recognised as 

the second-most imperilled group of organisms (Cuttelod et al., 2011) 

after vascular plants (Bilz et al., 2011). While Ireland is not particularly 

species rich in terms of land molluscs (hosting approximately 100 land 

snail and 30 slug species [Anderson, 2005]), a recent report using 

IUCN species assessment criteria highlighted that over one-third of 

Ireland’s native non-marine malacofauna is either classified as ‘Near 

Threatened’, or is explicitly threatened with extinction (Byrne et al., 

2009). Furthermore, the proportional contribution of terrestrial slugs to 

the total land mollusc fauna is higher in Ireland (31%) than in any other 

European country (Cameron, 2016). Additionally, the Irish populations 

of some mollusc species are considered to be of international 

importance because they represent a significant proportion of the 

entire global populations, including some species which are near-

endemic to the islands of Ireland and Britain (Byrne et al., 2009). 

Despite this, only three land-snail species (Vertigo angustior (Jeffreys, 

1830), V. geyeri (Lindholm, 1925), V. moulinsiana (Dupuy, 1849)), and 

one land slug (Geomalacus maculosus (Allman, 1843)) in Ireland are 

afforded any degree of legal protection. Geomalacus maculosus, the 

Kerry spotted slug, is the only species of terrestrial slug listed on the 

‘Habitats’ Directive (92/43/EEC) – an important legislative vehicle for 

nature conservation within the European Union (EU). This means that 
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Ireland, as an EU member state, is legally obliged to ensure the future 

survival of this species. The effectiveness of conservation strategies 

depends upon a sound knowledge of the ecological requirements of 

each species of conservation interest. Detailed knowledge regarding 

the behaviour of animals of conservation concern is therefore 

especially important for their successful management (Sutherland, 

1998; Berger-Tal et al., 2016). There is, thankfully, a growing body of 

research explaining the contributions of density-independent factors 

such as climate, geology, habitat type and food availability, as well as 

forestry management practices, to the distribution of G. maculosus in 

Ireland (discussed in section 1.2.2.). There is, however, a dearth of 

information available on the role of density-dependent factors which 

may naturally regulate the abundance and distribution of G. maculosus 

populations (e.g. predation and competitive interactions with sympatric 

species) in Ireland or globally. The aim of this thesis is to further 

contribute to the knowledge of G. maculosus biology, ecology and 

behaviour by examining the potential effects of interspecific 

interactions such as predation and competition on the distribution, 

abundance and conservation of this species. In particular, traits which 

may enable G. maculosus to: (1) survive in multiple habitats; (2) 

compete with sympatric gastropods; and (3) survive potential 

predation encounters were investigated as follows: 

 

(1). The ecological function(s) of skin colouration in G. maculosus was 

investigated using the hypothesis that colour dimorphism provides 

effective camouflage against potential predators, with a view to 

providing information to aid in the identification of optimal surrogate 

habitats when translocation is considered as a mitigation measure.   

(2). Behavioural interactions between G. maculosus and other 

common Irish slug species were investigated with the aim of 

determining the competitive capability of G. maculosus and its position 

within the greater molluscan community, with a particular emphasis on 
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how G. maculosus may influence community structure in disturbed 

habitats such as commercial conifer plantations.          

(3). The defensive strategies of G. maculosus in response to predation 

by generalist ground beetles, important predators of terrestrial slugs, 

were examined to better understand the susceptibility of G. maculosus 

to predation in open and forested habitat types in comparison with 

other common slug species native to Ireland. By providing a greater 

understanding of the fundamental behaviour and ecology of G. 

maculosus, it is intended that the results presented throughout this 

thesis will highlight broader issues which should be taken into account 

when decisions are being made about G. maculosus conservation. In 

doing so, the studies detailed within this thesis also represent several 

novel contributions to the fields of invertebrate behavioural ecology, 

biology and evolution more generally.    

 

1.2. Introduction to G. maculosus 

1.2.1. Legal protection and conservation status 

Geomalacus maculosus (Gastropoda: Arionidae) is a terrestrial 

mollusc species which occurs only in the West of Ireland and North-

Western Iberia (Rowson et al., 2014). Its colloquial name, the Kerry 

spotted slug, refers to the fact that it was first described as a new 

species from specimens collected near Caragh Lake in Co. Kerry, 

Ireland (Allman, 1843). Despite its colloquial name, however, the 

centre of distribution for the species is in Iberia (Verdu et al., 2011), 

and this species may have originally evolved in Northern Spain (Reich 

et al., 2015). There are three other species within the genus 

Geomalacus which were found subsequent to the discovery of G. 

maculosus (i.e. Geomalacus anguiformis (Morelet, 1845) Geomalacus 

malagensis (Wiktor & Norris, 1991) and Geomalacus oliveirae 

(Simroth, 1891)) and are endemic to the Iberian Peninsula. 

Geomalacus maculosus is the only Geomalacus species known to 

occur outside Iberia (Castillejo et al., 1994). There have been reports 
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of a decline in the core Spanish range of G. maculosus over the past 

30 years (Platts and Speight, 1988; Byrne et al., 2009), where it is 

officially listed as ‘Vulnerable’ (Verdú and Galante, 2005; Verdú et al., 

2011). Although G. maculosus also occurs in Portugal, very little is 

known about its status there and reports  of live specimens have been 

scarce over the past century (Platts and Speight, 1988), suggesting 

that the species may also be experiencing declines there. For these 

reasons, G. maculosus was included on Appendix II of the Bern 

Convention (‘strictly protected fauna’) and later on Annexes II and IV 

of the EU ‘Habitats Directive’ (Directive 92/43/EC), and remains the 

only slug species with international legislative protection within the 

European Union and, to the author’s knowledge, globally. Annex II of 

the Habitats Directive provides a list of animal and plant species which 

require the designation of Special Areas of Conservation (SACs) to 

ensure protection for habitats which are important for the conservation 

of listed species. In Ireland, G. maculosus was once believed to be 

restricted only to the South-West of the country (in Cos. Kerry and 

Cork) where it was associated with pristine habitats such as ancient 

woodland and areas of extensive peatland (upland blanket bog and 

wet heath habitats), occurring on Old Red Sandstone geology (Taylor, 

1907; Platts and Speight, 1988). There are seven SAC sites in Ireland 

for which G. maculosus was included as a designation criterion (Fig. 

1). Apart from these seven SAC sites, G. maculosus populations are 

also present in an additional nine SACs for which it is not listed as a 

qualifying interest (NPWS, 2013). Infestation by Rhododendron 

ponticum (Linnaeus, 1763), infrastructural developments and 

agricultural intensification are considered to be among the most 

important threats to G. maculosus populations within SAC sites in 

Ireland (NPWS, 2010).  
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Figure 1. (a) Irish distribution of G. maculosus (orange-hatched area; redrawn from 

Johnston et al., 2016). Arrow shows location of a recently discovered population in Co. 

Galway (Kearney, 2010). Major cities are shown for reference (b) enlarged map of South-

Western Ireland to show SACs (green areas) where G. maculosus is a qualifying interest 

(1) Lough Yganavan and Lough Nambrackdarrig; (2) Killarney National Park, 

Macgillacuddy’s Reeks and Caragh River Catchment; (3) Blackwater River; (4) Clonee 

and Inchiquin Loughs, Uragh Wood; (5) Caha mountains; (6) Glengarriff Harbour and 

Woodland; (7) Sheep’s Head. Map created using ArcGIS software by ESRI®.
 SAC data 

downloaded from NPWS datasets (https://www.npws.ie/maps-and-data/designated-site-

data/download-boundary-data) 

 

(a) 

N 

N 

(b) 

https://www.npws.ie/maps-and-data/designated-site-data/download-boundary-data
https://www.npws.ie/maps-and-data/designated-site-data/download-boundary-data
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In contrast to suggestions that G. maculosus populations are severely 

threatened in Iberia, there is no evidence of a decline within the Irish 

range of this species (Platts and Speight, 1988; NPWS, 2013). In fact, 

the distribution of G. maculosus in Ireland appears to have increased 

over the past 30 years and a population was recently found in a 

commercial conifer plantation in Co. Galway, which is more than 

120km north of its previously known distribution (Kearney, 2010). 

Additional populations have subsequently been found in a number of 

other commercial conifer forests across its distribution in Ireland (Mc 

Donnell et al., 2013; Johnston et al., 2017). Although these 

commercial forest sites occur outside of areas designated for G. 

maculosus conservation, article 12 of the Habitats Directive 

nevertheless obliges member states to prohibit the deliberate 

destruction of breeding or resting sites of species listed on Annex IV, 

even outside of SACs (see orange area in Fig. 1; above). Therefore, 

the occurrence of G. maculosus populations within highly modified 

landscapes such as commercial forestry may be of particular 

importance for the conservation of this species, since it is now 

understood that forestry management practices, particularly logging 

activities, can negatively affect the population densities of G. 

maculosus in Ireland (Johnston et al., 2017) and Spain (Verdú et al., 

2011).  

 

1.2.2. Ecology of G. maculosus 

Geomalacus maculosus is a medium-large sized arionid slug species, 

perhaps best known for its so-called Lusitanian distribution pattern 

(occurring only in Western Ireland and North-Western Iberia). A single 

record from Brittany (Desmars, 1873) has been suggested as 

erroneous since further surveys failed to find any G. maculosus 

specimens (Platts and Speight, 1988). Mc Donnell and Gormally 

(2011a) found that people can confuse G. maculosus with the more 

common agriolimacid species Limacus maculatus (Kaleniczenko, 
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1851) so it is possible that the reported specimen from Brittany was 

similarly mistakenly identified as G. maculosus. In Iberia, G. 

maculosus populations are found along the Northern and Western 

Spanish coast and North-Western Portuguese coast, where its 

distribution mostly coincides with mountain ranges (Fig. 2). In Ireland, 

the species is found predominantly throughout the mountainous 

regions of Co. Kerry and Western Co. Cork, and the recently 

discovered population in Co. Galway also occurs in an upland conifer 

plantation (Kearney, 2010) and adjacent blanket bog (Reich et al., 

2012). Annual rainfall and, to a lesser extent, temperature appear to 

be the most significant environmental factors contributing to the 

distribution of G. maculosus within its Iberian range (Patrão et al., 

2015). It is notable that the Irish distribution of G. maculosus is 

restricted to areas of the country which also receive the highest mean 

annual rainfall, particularly at high altitudes (Met Éireann, 2016). 

Climate change, which is predicted to increase the mean annual 

rainfall received by western Irish counties, may therefore prove 

beneficial to G. maculosus by increasing the suitable bioclimatic range 

for this species (Coll et al., 2012). Although the potential association 

between temperature, precipitation and G. maculosus distribution has 

not been explicitly tested in Ireland, past studies have found that G. 

maculosus activity is positively associated with both temperature and 

rainfall in forested habitats (Reich et al., 2017a; Johnston et al., 2017).   
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Figure 2. Partial map of Europe showing the known global extent of 

G. maculosus (orange hatched area). Irish distribution is based on 

Johnston et al. (2016); Iberian distribution is based on Patrão et al. 

(2015). Green arrow shows the location of a recently introduced 

population in Co. Galway (Kearney, 2010). Map created using ArcGIS 

software by ESRI® 

 

Apart from climatic factors, the global distribution of G. maculosus is 

influenced by the availability of suitable habitats. In Ireland, G. 

maculosus has been associated historically with oak-dominated semi-

natural woodland sites as well as unimproved peatland habitats 

(Taylor, 1907; Platts and Speight, 1988; Mc Donnell and Gormally, 

2011a; Rowson et al., 2014). Commercially-managed conifer forests 

have also been recently recognised as additional suitable habitats for 

N 
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Irish G. maculosus populations (Kearney, 2010; Mc Donnell et al., 

2013; Reich et al., 2012; Johnston et al., 2017b). Iberian populations 

are also associated with oak- and chestnut-dominated woodland sites, 

as well as open upland regions (Castillejo and Iglesias, 1994; Verdú 

et al., 2011). Interestingly, although it has been suggested that 

Spanish populations are severely threatened (Platts and Speight, 

1988; Byrne et al., 2009), G. maculosus is described as an “easy to 

find” synanthropic species in Spain and may, in some regions, be more 

commonly found on or near houses, bridges, stone walls and gardens, 

than in undisturbed semi-natural woodlands (Patrão et al., 2015). 

Platts and Speight (1988) suggested that G. maculosus may have 

originated as a woodland species which subsequently colonised open 

habitats as humans began to clear large areas of woodland. However, 

it is also possible that G. maculosus originated as a predominantly 

open habitat specialist which made use of adjacent woodland areas 

as an alternative habitat. Taylor (1907), for instance, stated that G. 

maculosus was “truly a geophilous species” which “very seldom 

ascends trees”. However, G. maculosus is in fact arboreal where it 

occurs in woodland and forest habitats in Ireland (Platts and Speight, 

1998; Mc Donnell and Gormally, 2011a). A discussion of the most 

likely habitat of origin for G. maculosus is given later in this thesis, in 

reference to data presented in Chapter 2.   

Geomalacus maculosus is a highly abundant species where it occurs 

in Ireland, suggesting that it may possess a greater capacity for 

survival than previously recognised. It is presumed to feed 

predominantly on lichens associated with peatland boulder outcrops 

and ancient trees, which is probably why it has been associated with 

blanket bog and old oak woodland habitats in Ireland until numerous 

populations were discovered this decade in commercial conifer 

forests. However, G. maculosus does not possess a highly restricted 

diet, and instead appears capable of consuming a wide variety of 

plants (Platts and Speight, 1988).  
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Taylor (1907) stated that G. maculosus subsists entirely on lichens 

and liverworts within its natural environment but also noted an 

observation of predation by G. maculosus on the snail Vitrina pellucida 

(Müller, 1774). Boycott (1934) and Oldham (1942) found evidence 

suggesting that its diet is relatively plastic and includes lichens, 

liverworts, fungi and mosses. Johnston (2017) found that while G. 

maculosus exhibited some preferences for particular lichen and 

liverwort species over others, overall it appears to be a generalist 

bryophyte herbivore. Wisniewski (2000) found that captive G. 

maculosus could be maintained for several years on a diet of porridge 

oats augmented with occasionally-offered mushrooms. Indeed, fungi 

are a vital source of protein for most woodland-associated molluscs 

(Keller and Snell, 2002; Bonkowski and Kappes, 2018) although 

lichens and mosses appear to be the main dietary requirement for 

arboreal woodland specialist slug species (Bonkowski and Kappes, 

2018). It is possible that diet may change seasonally in G. maculosus, 

or that different age-classes exhibit different dietary requirements 

since O’Hanlon and Gormally (2018; Appendix 1) found that fungi of 

the Russula spp. were used by juvenile G. maculosus as both a source 

of food and possible developmental microhabitat. It is now clear, 

however, that G. maculosus possesses a relatively broad range of 

suitable habitat types and does not appear to be restricted to feeding 

on any one type of food.  
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1.2.3. Geomalacus maculosus colour forms 

Taylor (1907) considered that G. maculosus specimens exhibiting 

differences in colouration represented distinct taxonomic varieties 

(Table 1).  

 

Table 1. Previously considered varieties of Geomalacus maculosus 

based on variations in body colour and patterning   

Variety name Physical description Reference 

G. maculosus var. allmanii Brown with white / yellow spots (Heynemann, 1873) 

G. maculosus var. verkruzeni Grey-black with white spots (Heynemann, 1873) 

G. maculosus var. andrewsi White with black spots (Mabille, 1867) 

G. maculosus var. fasciata White with black spots / stripes (Cockerell, 1890) 

 

Interestingly, Oldham (1942) reported breeding a variety of G. 

maculosus from ‘usually’ pigmented specimens originally collected 

from Co. Cork, in which the brown pigmentation was replaced by a 

vivid crimson-red colour. However, no other records exist in the 

literature for the two whitish varieties of G. maculosus, nor have white 

or crimson-red coloured specimens ever been found in nature (Platts 

and Speight, 1988). Furthermore, the distinct varieties recognised by 

earlier workers are no longer considered separate taxonomic varieties 

(Platts and Speight, 1988, Reich et al., 2015; Cuhna et al., 2017). In 

nature, G. maculosus populations in Ireland are broadly one of two 

colour morphs: cream-spotted brown individuals tend to be found in 

sheltered woodland habitats whereas white-spotted black individuals 

tend to be found in open areas (Rowson et al., 2014). There is, 

however, some degree of variation in this colour gradient, and 

occasionally brown individuals can be found resting conspicuously in 

open areas (Platts and Speight, 1988; Fig. 3). This same variation 

(from hazel-brown to jet black individuals) is also recognised to occur 

in Portuguese G. maculosus populations (Simroth, 1891). An 

especially interesting feature of the colouration of Irish G. maculosus 
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is how accurately each individual appears to resemble the natural 

substrate upon which it is found – both in forested and open habitat 

types. This was discussed by Taylor (1907) who wrote:  

“in their native habitat they are very perfectly protected by their mimetic 

resemblance to their surroundings” and suggested that this was a 

“striking instance of protective colouration, as they so closely resemble 

clumps of moss or lichens”. In fact, G. maculosus was first discovered 

by a Mr. W. Andrews from Dublin who, in correspondence with Prof. 

G. Allman (who would name the species), made special mention of the 

fact that the slug was collected from clumps of moss and lichen at the 

bases of boulders, which it very closely resembled (in: Taylor, 1907). 

For two distinct, cryptic colour morphs (i.e. brown and black) to persist 

in G. maculosus populations occurring in different habitat types 

suggests a genetic basis for colouration. Animal populations, for 

example, may be composed of individuals possessing one of two 

different colour forms which offer varying degrees of cryptic protection 

against predators in two different environments. Selection of 

conspicuous individuals by predators then maintains a majority of 

predominantly well-camouflaged individuals in either environment. 

This has been famously documented in peppered moths Biston 

betularia, where light coloured individuals of this species originally 

dominated woodland habitats in England but industrial pollution in the 

1800s fouled tree bark with black soot leading to a black, melanic 

morph of this species becoming dominant in polluted woodland 

habitats (Kettlewell, 1955). Selection by visual predators such as birds 

appears to maintain the frequencies of both pale and melanic colour 

morphs in this moth species, and provides arguably the best-known 

example of directional selection (Cook et al., 2012). While some 

passerine birds are known predators of slugs (Allen, 2004), the role of 

visual predation in selecting for the evolution of colouration in slugs 

remains unknown.  
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Figure 3. Adult G. maculosus specimens on a tree stump showing 

the woodland (left) and peatland (right) colour morphs. A juvenile 

slug (top) exhibits an intermediate phenotype. The peatland colour 

morph and juvenile specimens were found in a clear-felled area, and 

the woodland colour morph was found on a Sitka spruce tree in an 

adjacent stand of mature conifers less than 20m away from the tree 

stump pictured above 

 

If the different colour morphs found in G. maculosus populations are 

an example of camouflage, it could suggest that the expression of 

either black or brown pigmentation is under genetic control; and the 

observation that black G. maculosus are almost only found in 

peatlands, for example (Platts and Speight, 1988), may suggest that 

brown G. maculosus are less fit in these open habitats and may be 

more conspicuous to visual predators. Although no genetic differences 

have been observed between black and brown specimens of G. 

maculosus to date (I. Reich, pers. comm.), further research is required 

in this area to determine whether skin colouration is controlled by a 

single gener or is under polygenic control. Furthermore, there appears 

to be no innate differences in dietary preferences between black and 

brown G. maculosus colour morphs (Johnston, 2017). In other open 

habitats such as clear-felled areas, black G. maculosus individuals are 



15 
 

found resting conspicuously on the surfaces of tree stumps or in cracks 

in the bark (e.g. in Fig. 3, above). Interestingly, G. maculosus hatches 

as a small, pale brown coloured animal in both habitat types (Platts 

and Speight, 1988; Rowson et al., 2014), which makes it highly 

unusual in the context of a polyphenic species. This has practical 

implications for the conservation of G. maculosus, for example, when 

considering mitigation measures for populations post-felling in 

forested sites. However, the idea that G. maculosus possesses 

camouflage has never been tested. Allen (2004) stated that visual 

predation by birds is undoubtedly the most important selective force in 

the evolution of cryptic colour morphs in prey animals generally, and 

suggested that this explains why terrestrial gastropods species living 

in forests tend to be brown, for example. However, natural enemies of 

G. maculosus remain practically unknown. Indeed, very little 

information exists for G. maculosus regarding the ecological 

significance of either competitor species or potential predators. 

 

1.2.4. Competition and coexistence in gastropod communities 

Interspecific competition is a key organising principle in community 

ecology which directly affects the distribution and abundance of 

interacting organisms (Connell, 1983). Competition between 

sympatric animal species may involve either direct (e.g. aggressive 

behaviour) or indirect (e.g. asymmetric resource consumption) 

interactions, or both (Schoener, 1983). If competition is intense and 

strongly asymmetrical, favouring a competitively superior species, 

competitive displacement can occur whereby the competitively inferior 

species becomes locally displaced (DeBach, 1966). There is much 

evidence that sympatric species of marine gastropod compete for 

resources (Underwood, 1979) but the evidence for terrestrial 

gastropods is less clear; especially within terrestrial slug communities. 

Past studies have found evidence of both direct and indirect 
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competition between various co-occurring terrestrial snail species from 

diverse taxonomic families (e.g. in bradybaenid snails [Kimura and 

Chiba, 2010], in helicid snails [Cameron and Carter, 1979; between 

chondrinid and clausilid snails [Baur and Baur, 1990]; and in ellobiid 

snails [Lee and Silliman, 2006]), suggesting that interspecific 

competition is an important density-dependent factor in organising 

communities of terrestrial snails across a number of habitats. 

However, fewer studies have investigated the same for terrestrial 

slugs, resulting in a relatively unclear understanding of how, or if, 

competition plays any significant role in determining community 

structure. Consequently, the mechanisms of competition between 

ecologically similar slug species (e.g. whether species interactions are 

direct or indirect) are largely unknown. A study of interspecific 

competition under semi-field conditions (where experimental cages 

were deployed in outdoor field plots) by Rollo and Wellington (1979) 

found that levels of aggression varied among slug species and that 

aggressive species were capable of locally displacing less-aggressive 

species. In a later study, Rollo (1983) found that aggressive slugs 

could negatively affect feeding and reproductive rates in non-

aggressive sympatric species. Both studies found that direct 

aggressive interactions (e.g. biting) were responsible for competitive 

outcomes between aggressive and non-aggressive species pairings 

but also speculated that indirect competition might occur via the 

avoidance of mucus trails laid by aggressive species. Terrestrial slugs 

are known to possess relatively poor vision (Zieger et al., 2009) but 

they have a finely-tuned olfactory system and are capable of learning 

to avoid noxious odorants and store olfactory information in their long-

term memory (Gelperin, 1975; Kimura et al., 1998). Mucus trail-

following (which involves olfaction) is common among slug species 

facilitating homing behaviour and acting as a precursor to courtship 

and mating (Cook, 1992; Cook, 1994; Jordaens et al., 2003; Reise et 

al., 2007). Some past studies on interspecific competition among 



17 
 

terrestrial snails have pointed to the importance of mucus trail-

avoidance in influencing the distributions and relative abundances of 

interacting species (Smallridge and Kirby, 1988; Baur and Baur, 1990; 

Lee and Silliman, 2006). However, no such information is available for 

terrestrial slugs. In fact, South (1992) considered that terrestrial slugs 

probably do not compete strongly in nature because shared resources 

are not expected to be in short supply. Similarly, Jennings and 

Barkham (1979) found that slug communities inhabiting woodlands 

could be differentiated along a single niche dimension (feeding height 

on tree trunks) which they considered was evidence of resource 

partitioning which served to minimise potential competition between 

sympatric woodland slugs. The authors hypothesized that this was an 

example of competitive exclusion which describes how ecologically 

similar species living in stable environments (such as woodlands) 

should adapt to exploit different niches (i.e. reducing niche overlap 

between competing species) over evolutionary timescales to reduce 

the negative effects of interspecific competition. Subsequent research 

has similarly speculated that interspecific competition may contribute 

to observed niche differentiation in woodland slug communities (e.g. 

by possibly encouraging divergence in life-cycles: [Hutchinson et al., 

2017] and dietary specialization [Bonkowski and Kappes, 2017]). The 

potential for competition between introduced and native slug species 

is greatest when sympatric populations exhibit strongly overlapping 

dietary and microhabitat requirements (Paustian and Barbosa, 2012). 

Furthermore, some terrestrial slug species introduced beyond their 

native range have been demonstrated to outperform native specialist 

species, in terms of fitness (for example, exhibiting greater longevity 

and reproductive rates), in stressful environments (Knop and Reusser, 

2012) and may in some cases possess ‘bolder’ behavioural types (e.g. 

exhibit relatively more exploratory behaviour associated with high 

mobility and dispersal rates). These traits contribute to their successful 

colonization of novel environments (Kappes et al., 2012) which may 
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also reflect competitive ability. Thus, although interspecific competition 

(or avoidance of such) has been implicated in studies examining 

observed niche overlaps in slug communities, and to explain the 

geographic spread of some highly successful invasive species, studies 

explicitly investigating the occurrence and nature of interspecific 

interactions between slugs are sporadic. A better understanding of the 

extent and nature of interspecific competition among gastropod 

species is therefore necessary (Cowie et al., 2017) especially in the 

context of molluscan conservation (e.g. where poor performance in 

competition with introduced species has been implicated in the decline 

and local extinction of endemic gastropods). 

Given that forestry practices have been implicated in the unintended 

transposition of G. maculosus populations to commercial conifer 

forests across the west of Ireland (Reich et al., 2017b), a better 

understanding of the ways in which G. maculosus may interact with 

species within the wider gastropod community is of particular value. 

Knowledge regarding the competitive capabilities of protected species 

such as G. maculosus is particularly important when, for example, 

populations are translocated into novel environments as part of 

mitigation strategies.  Very little is known about competition among 

slug species (as discussed above), and even less is known about the 

position of G. maculosus within the gastropod community and the 

identities or ecological significance of potential competitor species. It 

appears that G. maculosus is numerically dominant within the 

malacofauna of blanket bog habitats in the South-West of Ireland (Mc 

Donnell and Gormally, 2011a). Within semi-natural woodlands in the 

South-West of Ireland, G. maculosus appears to be roughly co-

dominant with the native tree slug Lehmannia marginata (Mc Donnell 

and Gormally, 2011a). However, G. maculosus is highly abundant and 

numerically dominant in commercial conifer forests across its Irish 

range (Reich et al., 2012; Johnston et al., 2017), and it has been 
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suggested that G. maculosus may compete with the native L. 

marginata within these sites (Reich et al., 2017a).   

Nothing is known about the extent of interspecific interactions between 

G. maculosus and sympatric species, or the behavioural mechanisms 

responsible for facilitating such potential interactions. The few studies 

which have explicitly tested the nature of competition among various 

terrestrial gastropods (discussed above) demonstrate that: (a) 

competition is likely to be greatest between ecologically analogous 

species; and (b) the behavioural mechanisms may involve direct, 

aggressive interactions or indirect cues of interference, such as 

avoidance of heterospecific mucus trails. Knowledge regarding the 

effects of interspecific interactions on the behavioural ecology of G. 

maculosus populations could thus contribute to better management of 

populations especially those inhabiting disturbed habitats such as 

commercial conifer plantations. However, just as no information exists 

regarding potential competitor species of G. maculosus, the identities 

and significance of potential predators also remains essentially 

unknown. Information about traits which determine the competitive 

ability, as well as the defensive capabilities of G. maculosus in 

response to predation, could help to build a clearer picture of the 

ecological position of G. maculosus within the gastropod community, 

as well as within trophic webs.  

 

1.2.5. Natural enemies of G. maculosus and other gastropods  

Like competition, predation has long been recognised as an important 

factor regulating the distribution and abundance of organisms in 

natural communities. A diverse range of predators are recognised for 

terrestrial gastropods; including birds, mammals, reptiles, amphibians 

and many invertebrate species (Barker, 2004). Terrestrial gastropods 

provide essential nutrients for predators (Allen, 2004), as well as an 

important source of calcium. In fact, calcium derived from gastropod-

rich diets may be so important for birds that a decline in snail 
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abundance due to heavy metal pollution has been linked to the poor 

reproductive success of birds in an area of the Netherlands (Graveland 

et al., 1994).  Despite this, few predators appear to specialise in 

malacophagy – particularly predation on terrestrial slugs. Very little is 

known about the identities and ecological impacts of slug predators in 

nature, or about the ways in which interactions with predators may 

have influenced the evolution of various morphological and 

behavioural traits in slugs. This is, in part, due to the difficulty of directly 

observing natural predation on relatively small invertebrates under 

field conditions (Symondson, 2002). However, given that some slug 

species have become highly successful pests in agroecosystems, 

much research effort has focused on identifying potential natural 

enemies of slugs, particularly over the past two decades, with a view 

to guiding biological control programmes (Barker, 2004). Many of 

these studies highlight the efficacy of generalist ground beetles 

(Coleoptera: Carabidae) as important predators of slugs (Symondson 

et al., 2002a). Generalist predators such as ground beetles may, 

however, be of limited utility in, for example, integrated pest 

management programmes aimed at controlling pestiferous slug 

species because generalists are by their nature polyphagous. 

Therefore, a better understanding of the ways in which slug prey 

defence mechanisms may influence predator choice is important in the 

context of biological control, and is particularly important in the context 

of understanding the susceptibility to predation of species of 

conservation concern.    

The identities of possible natural enemies of G. maculosus remain 

largely unknown, although it is likely that animals which engage in 

predation on other slug species should also prey upon G. maculosus. 

One species of marsh fly (Tetanocera elata (Fabricius, 1781)), for 

example, which is an obligate parasitoid and predator of terrestrial 

slugs (Hynes et al., 2014), has been observed to kill and consume G. 

maculosus in laboratory trials (Giordani et al., 2014). The only other 



21 
 

documented attempt at identifying a potential natural enemy of G. 

maculosus comes from a study of the parasitic nematode 

Phasmarhabditis hermaphrodita (Schneider, 1859), a commonly used 

biocontrol agent against pestiferous gastropods (Rae et al., 2007), 

which did not appear to significantly affect G. maculosus mortality 

(Carnaghi et al., 2017). As previously mentioned, the striking 

‘protective colouration’ of G. maculosus described by Taylor (1907) 

also implies strong selective pressure imposed by visual predators 

such as birds but no other records of predation on G. maculosus exist 

in the literature. Whether predation exerts any significant influence 

over the dynamics of natural G. maculosus populations therefore 

remains unknown.  

Given their apparent importance as predators of other terrestrial slugs, 

however, it is likely that generalist carabids are capable of killing and 

consuming G. maculosus. A key determinant of predation rates on G. 

maculosus may therefore involve predator choice i.e. does G. 

maculosus possess any specific traits which make it more or less 

susceptible to predation in relation to other sympatric slugs in the field? 

Results from laboratory experiments examining prey choice 

(Symondson et al., 2006) and molecular analysis of predator gut 

contents in the field (Jelaska et al., 2014) appear to agree that 

generalist carabids kill and consume terrestrial slugs most often when 

alternative prey (e.g. earthworms, aphids and insect larvae) are 

unavailable. Past research examining prey choice by generalist 

carabids in the laboratory has also shown that slug prey are chosen 

partly on the basis of skin thickness. Thin-skinned slugs generally 

appear to be preferred over thick-skinned species, which may be 

related to the superior abilities of larger slugs to secrete copious 

mucus (Pakarinen, 1994; Mair and Port, 2002; Foltan, 2004). 

However, other studies of prey choice by generalist carabids under 

field conditions suggest that prey consumption is more strongly 

influenced by the relative abundances of available potential prey 
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species, such that prey species which occur at the highest densities 

are likely to be encountered and attacked by predators most often 

(King et al., 2010), and this is independent of the size of the slugs 

(McKemy et al., 2003).  

It may be reasonable to speculate that G. maculosus exposure to 

predators is greater in disturbed habitats such as commercial conifer 

plantations since G. maculosus is often the most abundant slug 

species where it occurs (Mc Donnell and Gormally, 2011a; Reich et 

al., 2017a), and alternative prey is limited (Jelaska et al., 2014). 

Therefore, G. maculosus is likely to be encountered more often by 

potential predators than alternative prey. Furthermore, while clear-fell 

timber harvesting has been shown to reduce G. maculosus 

populations by up to 90% (Johnston et al., 2017), some studies have 

found that carabid beetle diversity and abundance may be greater in 

clear-felled areas than in mature forestry (Fahy and Gormally, 1998; 

Huber and Baumgarten, 2005; Lin et al., 2007). Subsequent increased 

predation by carabids might impose additional pressure on G. 

maculosus populations persisting in clear-felled areas. Furthermore, 

predation rates on slugs by carabid beetles have been shown to 

increase with temperature (El-Danasoury and Iglesias-Piñeiro, 2017) 

demonstrating the possibility that predation on slugs may increase 

under future climate conditions.  

Analysis of the potential factors which contribute to the likelihood of G. 

maculosus being successfully killed and consumed by potential 

carabid predators, particularly in the presence of alternative potential 

prey, is therefore an important first step in understanding the ways in 

which predation may influence the distribution and abundance of G. 

maculosus in the field and, consequently, provide greater detail for the 

development of effective conservation strategies.    
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1.2.6. Threats 

While no single threat to G. maculosus is recognised on a global scale, 

various factors have been shown to have negative impacts on 

populations at a local scale in both Ireland and Iberia. For instance, 

woodland populations have been shown to be negatively associated 

with Rhododendron ponticum infestation in Ireland (Platts and Speight, 

1988; Mc Donnell and Gormally, 2011a; NPWS, 2010). In open areas, 

such as blanket bog, burning of vegetation has also been shown to 

negatively affect G. maculosus densities at burned sites (Mc Donnell 

and Gormally, 2011a). Infrastructural development, such as the 

destruction of suitable habitat for the construction of roads, has also 

been highlighted as a significant threat to G. maculosus in Ireland 

(NPWS, 2013). Loss of habitat, particularly through deforestation and 

the expansion of urban development is listed as a significant threat to 

Spanish populations (Verdú et al., 2011; Patrão et al., 2015). Forestry 

management practices such as clear-felling have been shown to 

reduce G. maculosus populations by up to 90% at a local scale 

(Johnston et al., 2017). 

The status of G. maculosus in Ireland was listed as ‘Favourable’ in the 

most recent Article 17 report by the National Parks and Wildlife 

Service. The reason for this improvement in conservation outlook was 

cited as increased knowledge of the species and an overall increase 

in the Irish distribution of G. maculosus (owing to the previously 

discussed discoveries in conifer forests). However, G. maculosus 

faces more immediate threats across its Iberian range which places a 

greater international importance on viewing Ireland as a potential 

stronghold for this species (NPWS, 2010). In Iberia, G. maculosus 

exhibits a high degree of genetic variability between populations, 

suggesting geographic isolation in Iberia. Although recent findings 

suggest that G. maculosus has expanded in overall distribution across 

Ireland and may expand further under predicted future climate 

scenarios, Irish G. maculosus populations nevertheless exhibit 
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extremely low between-population genetic variability relative to Iberian 

populations (Reich et al., 2015). Small isolated populations are 

vulnerable to founder effects, stochastic demographic events and 

inbreeding depression, and these factors together raise extinction 

probability (Frankham, 2005). Furthermore, theoretical models predict 

that extinction risk is further increased in species with relatively long 

generation times (Jeppsson and Forslund, 2012). Geomalacus 

maculosus takes at least two years to reach maturation, which is a 

relatively large generation time for a terrestrial mollusc in addition to 

which it can live for up to six or eight years (Oldham, 1942). Hence, 

although increased research efforts into G. maculosus this past 

decade suggest that the species is not as ecologically sensitive as 

previously believed (e.g. it appears to thrive in disturbed habitats, 

possesses a relatively broad diet and its distribution has increased), 

further detail regarding the fundamental ecology of this species is still 

required to ensure that legislative requirements for its protection are 

upheld. This thesis therefore aims to fill some of the knowledge gaps 

in our understanding of G. maculosus ecology in Ireland.  

 

1.3. Structure of thesis 

This chapter (Chapter 1) provides essential conceptual background 

and rationale for each of the research chapters (see below) which are 

followed by a general discussion (Chapter 5) of the overall findings 

and their implications for G. maculosus conservation. It also provides 

suggestions for areas where future research would be particularly 

valuable for molluscan conservation and ecology more generally. 

Chapter 2 investigates the ecology and biology of colour polyphenism 

in G. maculosus, employing standardized digital photography 

techniques in the field to assess the degree of background matching 

(i.e. camouflage) in both colour morphs, in combination with laboratory 

rearing experiments to determine the biological basis of each colour 

morph.  
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This has been published in Frontiers in Zoology (2017, 14(35), DOI: 

10.1186/s12983-017-0218-9)  

Chapter 3 explores the interactions between G. maculosus and the 

sympatric Lehmannia marginata in a commercial forestry plantation 

using a combination of refuge traps to assess relative abundances of 

each species in the field, and laboratory-based behavioural assays to 

identify the potential mechanisms which facilitate interactions between 

both species.  

This chapter is currently under review with the Journal of Molluscan 

Studies. 

Chapter 4 examines the susceptibility of G. maculosus to predation 

by generalist ground beetles in comparison to two other common 

Irish slug species using behavioural assays and chemical analyses of 

defensive mucus secretions.  

This chapter has been published in Journal of Zoology (2018, DOI: 

10.1111/jzo.12635)  
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Two juvenile G. maculosus from the same egg batch (54 days old) 

exhibiting different experimentally-induced colour morphs (© Aidan 

O’Hanlon) 
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2.1. Abstract 

Animal colours and patterns commonly play a role in reducing detection by 

predators, social signalling or increasing survival in response to some other 

environmental pressure. Different colour morphs can evolve within 

populations exposed to different levels of predation or environmental stress 

and in some cases can arise within the lifetime of an individual as the result 

of phenotypic plasticity. Skin pigmentation is variable for many terrestrial 

slugs (Mollusca: Gastropoda), both between and within species. The Kerry 

spotted slug Geomalacus maculosus Allman, an EU protected species, 

exhibits two distinct phenotypes: brown individuals occur in forested habitats 

whereas black animals live in open habitats such as blanket bog. Both colour 

forms are spotted and each type strongly resembles the substrate of their 

habitat, suggesting that G. maculosus possesses camouflage. Analysis of 

digital images of wild slugs demonstrated that each colour morph is strongly 

and positively correlated with the colour properties of the background in each 

habitat but not with the substrate of the alternative habitats, suggesting 

habitat-specific crypsis. Experiments were undertaken on laboratory-reared 

juvenile slugs to investigate whether ultraviolet (UV) radiation or diet could 

induce colour change. Exposure to UV radiation induced the black (bog) 

phenotype whereas slugs reared in darkness did not change colour. Diet had 

no effect on juvenile colouration. Examination of skin tissue from specimens 

exposed to either UV or dark treatments demonstrated that UV-exposed 

slugs had significantly higher concentrations of black pigment in their 

epithelium. These results suggest that colour dimorphism in G. maculosus is 

an example of phenotypic plasticity which is explained by differential 

exposure to UV radiation. Each resulting colour morph provides background-

matching camouflage against the different coloured substrate of each 

habitat. This, to our knowledge, is the first documented example of colour 

change in response to UV radiation in a terrestrial mollusc. Pigmentation 

appears to be correlated with a number of behavioural traits in G. maculosus, 

and we suggest that understanding melanisation in other terrestrial molluscs 

may be useful in the study of pestiferous and invasive species. The 

implications of colour change for G. maculosus conservation are also 

discussed. 
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2.2. Introduction 

The ability of many animal species to accurately match surrounding 

habitat features (i.e. camouflage) has been held up as strong evidence 

of natural selection since Darwin’s time (Darwin, 1859). Intraspecific 

phenotypic variation is common within many animal populations and a 

consistent pattern of phenotype-environment matching and disruptive 

markings can be considered an indication that a particular phenotype 

is adaptive (Endler, 1978). Such patterns of phenotype-environment 

matching in animal colouration are most often discussed in the context 

of predator avoidance and it has been shown that disruptive patterns, 

as well as background colour matching, can prove highly effective in 

concealing an animal (Cuthill et al., 2005). The role of predation, 

therefore, in maintaining variation in cryptic prey colour morphs and 

patterns is relatively well-understood (Stevens, 2007). Apart from 

concealment from predators, however, animal colours and patterns 

may serve other functions such as thermoregulation or social 

signalling. Thus, not all apparently cryptic morphs are the sole result 

of directional selection by predators over many generations and, for 

some species, external cues can stimulate developmental or 

behavioural mechanisms which lead to rapid colour change within the 

lifetime of an individual (i.e. phenotypic plasticity). Plasticity in animal 

crypsis has been demonstrated in response to a wide range of cues 

such as diet (Manríquez et al., 2009; Cranfield et al., 2009) seasonal 

temperature changes (Brakefield and Reitsma, 1991), illumination and 

visual background properties (Vroonen et al., 2012; Kang et al., 2016), 

detection of a possible predation threat (Tollrian and Heible, 2004), 

and ultraviolet (UV) radiation (Hannson, 2004; Reguera et al., 2014). 

Colour variation appears to be maintained by frequency-dependent 

selection for many gastropod species (e.g. in land snails [Cook, 1986; 

Cameron, 1992]; in littorinid snails [Wilbur and Steneck, 1999; 

Johennesson and Ekendahl, 2002]). Differences in gastropod colour 

morphs can also arise as adaptations to climatic selection where 
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relatively darker or lighter shell and skin pigmentation evolves within 

populations exposed to cooler or warmer climates, respectively (e.g. 

as in littorinids [Cook and Freeman, 1986; Miller and Denny, 2011]; in 

Western Irish Cepea nemoralis (Linnaeus, 1763) [Burke, 1989]; and in 

horn snails [Miura et al., 2007]). Skin colouration in terrestrial slugs 

can be highly variable, even within populations (Taylor, 1907). The 

mechanisms involved in determining slug colouration most likely vary 

with species and local adaptations may arise within populations of 

slugs exposed to different environmental conditions. Pigmentation has 

been explained as a simple Mendelian-inherited trait for some species 

of slug (Luther, 1915; Reise, 1997). Skin colouration and mottling 

(possibly functioning as crypsis) has been shown to be under 

polygenic control for Limax flavus (Linnaeus, 1758) and Limacus 

maculatus (Kaleniczenco, 1851) (Evans, 1982). Colour variation can 

also arise as a result of hybridization with closely related species (e.g. 

as in Arion ater (Linnaeus, 1758) and Arion rufus (Linnaeus, 1758) 

[Evans, 1977]). However, there is also evidence that different colour 

morphs in slug species can arise as local adaptations to different 

environmental conditions. For example, Evans (1977) found that 

different colour morphs of Arion ater agg. had similar isozyme profiles, 

suggesting that colour differences may not be a result of long isolation 

between populations of this species. Taylor (1901), in a 

comprehensive survey of the malacofauna of Ireland and Britain, 

observed that dark colour morphs were associated with higher 

altitudes and cooler, wetter climates, suggesting climatic selection for 

pigmentation. Albonico (1948) and Chevallier (1976) provided further 

evidence of climatic selection for A. ater agg. and observed a similar 

pattern for Arion lusitanicus (auct. non Mabille), with darker morphs 

prevailing at altitudes above 500 m. Jordaens et al. (2001), on the 

other hand, demonstrated that diet can also influence skin 

pigmentation in F1 offspring of two species of arionid slug, resulting in 

a loss of ‘species-specific’ colour characteristics. The Kerry spotted 
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slug Geomalacus maculosus (Allman, 1843) is unusual in that it 

appears to possess disruptive patterning as well as background-

matching colouration which may provide different degrees of 

camouflage in alternative environments. This EU-protected species is 

associated with forested and open habitats (blanket bog and mountain 

heath) in Ireland where it occurs in one of two distinct colour morphs. 

In forested habitats, G. maculosus generally possesses a hazel brown 

to ginger brown body colour with white and yellowish spots which 

appear to accurately match the moss and lichen-covered bark of trees. 

In open habitats, on the other hand, the slug generally possesses a 

dark blue-grey to black body colour with white spots where it seems to 

accurately match lichen-covered boulder outcrops which it uses for 

shelter and feeding (Taylor, 1907; Oldham, 1942; Platts and Speight, 

1988; Mc Donnell and Gormally, 2011a; Rowson et al., 2014). Little is 

known about population structure of G. maculosus and whether this 

affects colouration (i.e. whether populations in different habitat types 

are found consistently as a single colour morph, or whether colour 

varies with age). Reich et al. (2015) studied the population genetics of 

G. maculosus on which basis they suggested that the species 

originated in northern Spain 15 Myr ago but found no differences in 

16S rRNA or COI genes between black and brown colour morphs (I. 

Reich, pers. comm.). Furthermore, newly hatched juveniles are brown 

in both forested and open habitats (Rowson et al., 2014) suggesting 

that body colouration in this species may be a plastic trait.  

This study was undertaken to test the hypothesis that each colour 

morph of G. maculosus is habitat-specific and provides camouflage. 

We used standardized digital photography to quantify widespread 

phenotype-environment matching in this internationally important 

mollusc species. Experiments were also conducted with laboratory-

reared juvenile slugs to determine whether different environmental 

conditions (UV exposure or diet) could induce colour-change and 

whether this may help to elucidate the function of each colour morph 
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observed in the wild. The study will also help inform the debate 

regarding potential translocation of the species as a possible 

mitigation measure within the Environmental Impact Assessment 

process. 

 

2.3. Materials and Methods 

2.3.1. Study sites and animal sampling 

Free-living slugs were photographed from six sites in Ireland across 

the western counties of Galway, Kerry and Cork (Fig. 1). Sites were 

selected on the basis that previous surveys had found high numbers 

of Kerry slugs in these areas (Mc Donnell and Gormally, 2011a; Reich 

et al., 2017; Johnston et al., 2016; Kearney, 2010). Forested sites were 

a combination of conifer plantations and oak woodlands (Fig. 1: sites 

1, 3 and 5), and open habitats surveyed were blanket bog areas (Fig. 

1: sites 2, 4 and 6). Refuge traps (De Sangosse, France) were used 

to collect slugs. These traps are 50 cm × 50 cm sheets of absorbent 

material covered with a reflective upper surface and a perforated dark 

lower surface which maintains a damp, cool environment beneath the 

trap. This method has been shown to be an effective technique for live-

trapping G. maculosus (Mc Donnell and Gormally, 2011b). Traps were 

placed on Q. petraea (Lieblein, 1784) tree trunks (n = 4) at breast 

height (approx. 1.5 m) at site 5; on sandstone boulder outcrops at sites 

4 (n = 4) and 6 (n = 4); and on granite outcrops at site 2 (site 

descriptions given in Appendix 2). Each trap was checked for slugs 

one month after they had been set. Traps on sitka spruce Picea 

sitchensis (Carrière, 1855) trees at sites 1 and 3 were set previously 

by other researchers in the Applied Ecology Unit, NUI Galway, as part 

of separate projects (Johnston et al., 2016; Reich et al., 2017). Each 

trap was only checked once for slugs to avoid pseudoreplication, 

except for site 1. Slugs in this site were removed from tree trunks after 

they had been photographed for use in a separate behavioural study, 

so multiple trips were possible since we could be positive that we were 
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not taking pictures of the same individuals. Any additional slugs found 

near the traps were also photographed and included in colour 

analyses and subsequently removed from the site for use in a separate 

study. Slugs were collected with permission from the National Parks 

and Wildlife Service, Department of Arts, Heritage and the Gaeltacht 

(Licence No. C097/2015). 

 

Figure 1. Partial map of Ireland showing survey sites (black circles) 

inside the distribution range of G. maculosus (shaded area). Conifer 

(1) and blanket bog (2) habitats at Oughterrard, Co. Galway; conifer 

habitat at Tooreenafersha, Co. Kerry (3); blanket bog habitat 

adjacent to Uragh woods, Co. Kerry (4); oak forest habitat at 

Glengarriff Nature Reserve, Co. Cork (5) and blanket bog at Leahill 

Bog, Co. Cork (6). Black squares show the locations of Galway, Cork 

and Dublin cities for reference. Map modified from G. Kindermann, 

2016© 
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2.3.2. Quantification of G. maculosus colour using digital 

photography 

Digital photography was used to estimate the degree of phenotype-

environment matching of adult slugs at each site, following a simplified 

version of the suggested methodology outlined in Stevens et al. 

(2007). A colour-checker card (X-Rite, Munsell Color Laboratories) 

was used to standardize the reflectance values obtained from digital 

photographs. The card consists of 24 coloured squares which are 

manufactured to represent common natural colours and a six-step 

greyscale from white to black. The ‘adjacent’ method validated by 

Bergman and Beenher (2008) was used, whereby slugs were 

photographed in the same image as the colour-checker card. The 

camera used was a Nikon D3000 digital single-lens reflex camera with 

a pixel count of 10.2 megapixels and full control over metering and 

exposure. All photos of wild slugs in this study were taken at F-stop: 

f/5.6 with a shutter speed of 1/100 s, ISO 800. Images were saved to 

the camera memory card as uncompressed Nikon Electronic Format 

(NEF) raw image files. After transferring all files to a computer, Adobe 

Photoshop was used to convert the raw NEF files to 8-bit Tagged 

Image File Format (TIFF) files, for compatibility with GIMP 2.0 image 

processing software. White balance was corrected in GIMP 2.0 to 

standardize each photo with reference to the white square of the 

colour-checker card, such that this white square was equal to a 

reflectance score of 255 in R, G and B colour channels (i.e. ‘true’ white) 

for each image. 

 

To quantify colouration of individual slugs, a 1 cm × 1 cm square was 

drawn over the mantle of the slug in each image. Mean R, G and B 

reflectance values (calculated in-program by GIMP 2.0) were then 

recorded per square. To measure substrate colouration, three 

additional 3 cm × 3 cm squares were placed over background 

substrate in the photographs along-side each animal and the mean R, 
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G and B reflectance scores of these three squares was calculated in-

program. This was to determine whether G. maculosus phenotypes 

match a random sample of their background substrate (Fig. 2). The 

same method was used to quantify colour of juvenile slugs in UV-

exposure and feeding experiments (outlined below). Due to the small 

body size of newly-hatched slugs, a 0.5 cm × 0.5 cm square was 

instead used to calculate mean R, G and B values over the mantle of 

juvenile slugs. Juvenile slugs were photographed once per month in 

the laboratory at F-stop f/4 with a shutter speed of 1/100 s, ISO 800. 

 

 

Figure 2. (a) Each colour morph of G. maculosus was photographed 

on its natural substrate on tree trunks in forested sites (b) or on 

boulder outcrops in blanket bog (c) alongside a colour standard card. 

Reflectance in R, G and B colour channels was calculated from a 1 

cm × 1 cm square drawn over the mantle to estimate slug 

colouration, and a further three squares measuring 3 cm × 3 cm were 

drawn over patches of the substrate to calculate background R, G 

and B reflectance. Scale bars were measured from original 

photographs 
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2.3.3. Effect of UV-exposure, darkness and diet on pigmentation 

In addition to studying habitat-phenotype matching in wild-caught adult 

slugs, experiments were performed with newly hatched juveniles to 

investigate whether UV-exposure or diet can influence body 

colouration. 

To investigate whether UV radiation could affect pigmentation in G. 

maculosus, hatchlings (n = 30) were randomly assigned to either a UV 

or ‘darkness’ treatment. For UV treatments, juveniles (n = 15) were 

kept in the laboratory in a single clear plastic container 

(37 cm × 30 cm × 25 cm) fitted with a cold 13-watt fluorescent UVB 

bulb (Exo Terra, Canada). The bulb was fixed in the container lid at a 

distance of 25 cm from the container floor, resulting in a mean UVB 

irradiance value of approximately 25 μW/cm2 (estimated from 

information provided with purchase of the bulb) on the container floor. 

The floor of each container was lined with a sheet of wet cotton wool 

covered with tissue paper and each container lid was sealed with 

ParaFilm® to prevent the slugs from dehydrating. A small shelter 

constructed from laminated cardboard was placed on one side of the 

container and food (porridge oats) was placed on the opposite side. 

This was to ensure that the slugs had shelter from excessive UV 

radiation and that they would be forced to periodically leave the shelter 

to feed. The UV light was set on a 14: 10 dark: light cycle which 

approximated the natural photoperiod when experiments began in 

February 2016 in a laboratory which also received ambient light. For 

‘darkness’ treatments, juvenile slugs (n = 15) were kept in identical 

conditions but the container was not fitted with a UV light source and 

were kept in constant darkness. Juveniles for each treatment came 

from two egg-batches laid within the same week which were split in 

half with each hatchling assigned at random to one of two treatments. 

Both egg batches were laid in February 2016 by two captive adults of 

the brown phenotype. 
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In feeding trials, newly hatched juveniles (n = 45) were randomly 

assigned to one of three plastic containers (17 cm × 11 cm × 6 cm) 

where they were fed one of three food types: organic carrot (n = 15 

slugs), spinach (n = 15 slugs) or porridge oats (n = 15 slugs). The 

container floor was lined with a layer of moist tissue paper to maintain 

damp conditions and protect the slugs from dehydration. Cotton wool 

was not necessary to maintain adequate moisture in feeding trial 

boxes (as in the UV and darkness trials) due to their smaller size. The 

tissue was re-misted three times per week and decaying food was 

replaced as necessary (typically once per week). The containers were 

housed in the laboratory on a shelf approximately 5 m from a SW-

facing window providing identical natural photoperiod cues to each diet 

group. Juveniles used in feeding trials originated from egg batches laid 

in the laboratory in September 2015 by two captive adults of the brown 

phenotype. 

 

2.3.4. Stereological estimation of epithelial pigment 

At the end of the UV / dark trials, all remaining slugs (n = 6 of each 

colour morph) were sacrificed using chloroform vapour and 

1 cm × 1 cm skin samples from the slug mantle (effectively all the 

mantle) were removed following Rowson et al. (2014). Skin samples 

were fixed in 4% paraformaldahide before being dehydrated and 

embedded in paraffin wax. Sections (5 μm thick) were then cut on a 

Leica RM2125RT microtome and stained with hematoxylin/eosin. 

Transverse sections (1 per individual: 6 UV-exposed and 6 darkness-

reared slugs) were imaged under a Leica DM500 microscope. Simple 

point-counting methods were used to estimate the volume fraction of 

pigment to the epithelium (mean of 16 grid samples per individual: 

mag. ×800). Mean epithelial thickness was also estimated (from 10 

measuring points per individual: mag. ×200). Estimates of the volume 

of pigment per unit projected area of skin were then obtained by 

multiplying these two variables (Howard and Reed, 2005). 
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2.3.5. Statistical analyses 

To investigate whether animal colouration matches background 

colouration in free-living slugs in natural habitats, the mean R, G and 

B reflectance values from each slug were compared with those from 

the substrate upon which they were photographed. A one-way ANOVA 

was used to compare colour scores of slugs and substrate between 

sites of the same habitat type. Colour data of slugs and substrate were 

pooled for sites of the same habitat type (after it was determined that 

there were no significant differences between sites; Appendix 3) and 

then tested for bivariate correlation using Pearson’s r. Student’s t-tests 

were used to test whether RGB reflectance values differed significantly 

between woodland and blanket bog substrate and between each of 

the two slug colour morphs. Student’s t-tests were also used to 

examine whether RGB reflectance scores, at the end of the 

experiment, differed between UV-treated slugs and slugs kept in 

darkness. Paired t-tests were used to test whether juvenile slugs 

differed in RGB reflectance scores after feeding trials were concluded. 

Data from stereological estimation of the % volume fraction of black 

pigment in epithelial sections were not normally distributed. A Mann 

Whitney U test was therefore used to examine whether the % volume 

fraction of black pigment differed significantly between UV-irradiated 

and dark-reared slugs. A one-way ANOVA was used to test whether 

juvenile slugs differed in reflectance of R, G and B colour scores at the 

beginning of UV-exposure trials and feeding trials (to account for any 

potential variation between newly-hatched individuals; Appendix 4). 

Graphs were prepared and statistical tests were carried out using 

SPSS (IBM, USA). 
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2.4. Results 

2.4.1. Quantification of G. maculosus colour using digital 

photography 

In total, 124 slugs were sampled from forested sites and 71 slugs were 

sampled from blanket bog sites. Colour scores did not differ 

significantly for slugs or substrate between sites of the same habitat 

type (with the exception of the B reflectance from forest slugs; 

Appendix 3). Slugs from forest site 3 showed significantly lower mean 

B reflectance scores than slugs from both of the other forested sites. 

Given that subsequent analysis involved pooling of data, this site was 

removed from the data set – an explanation of why the B reflectance 

was significantly different in slugs from forest site 3 is given in the 

discussion. Colour scores of slugs and of substrates were pooled by 

habitat type (forest or bog). The R, G and B reflectance values of slugs 

and substrate were strongly and positively correlated for both forest 

and blanket bog habitats (Fig. 3). Mean R, G and B reflectance values 

of slugs differed significantly between habitats as did substrate (Table 

1). R, G and B reflectance values did not differ significantly between 

slugs and substrate from the same habitat type but did differ 

significantly between slugs and substrate from the alternative habitat 

(i.e. between slugs from forest habitats and substrate from bog 

habitats, and between slugs from bog habitats and substrate from 

forest habitats; Table 2). 



39 
 

r=0.603, p<0.001 r=0.614, p<0.001 r=0.769, p<0.001

r=0.576, p<0.001 r=0.687, p<0.001 r=0.687, p<0.001

(a) (b) (c)

(d) (e) (f)

Figure 3. Correlations between animal and substrate R, G and B reflectance scores from forested (a – c; n=104) 

and blanket bog (d – f; n=71) habitats. Statistics are based on Pearson’s r correlation  
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Table 1. Mean reflectance scores and t test statistics comparing RGB values of slug and substrate images from 

forested (N = 104 images) and blanket bog (N = 71 images) habitats 

  

Forested habitats Blanket bog habitats 

 

Between-habitats t-tests 

 

 Channel Mean SD Mean SD Mean Diff. t(173) P 

 

Slug 

R 111.68 20.31 53.54 15.34 58.16 21.53 <0.001 

G 98.45 17.69 47.44 15.72 50.98 19.56 <0.001 

B 88.95 17.96 48.66 19.71 40.27 13.99 <0.001 

         

Substrate 

R 111.12 23.09 53.21 16.04 57.95 19.62 <0.001 

G 94.14 21.34 50.74 16.41 43.38 15.18 <0.001 

B 86.89 20.04 52.78 20.85 34.09 10.87 <0.001 

 

 

 



41 
 

Table 2. Results from t tests comparing mean RGB values of slugs against RGB values of substrate from their natural 

habitat, and against substrate from alternative habitats (sample sizes and means ± SD for each colour channel are 

presented in Table 1) 

 

Forested substrate 

 

Bog substrate 

 

 Channel Mean diff. t P  Mean diff. t P 

Forested 

slug 

R 0.56 0.18 0.852  -57.60 -19.80 <0.001 

G 4.30 1.58 0.115  -46.68 -16.64 <0.001 

B 2.05 0.78 0.437  -38.22 -12.46 <0.001 

         

Bog slug 

R 58.51 21.28 <0.001  0.35 0.13 0.894 

G 47.69 18.03 <0.001  -3.29 -1.22 0.224 

B 36.15 11.91 <0.001  -4.13 -1.21 0.227 
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2.4.2. Effect of UV-exposure, darkness and diet on pigmentation 

The R, G and B reflectance scores did not differ significantly between 

newly-hatched slugs before each experimental treatment (i.e. between 

UV and darkness treatments, and between different diet treatments; 

Appendix 4). After a period of 140 days, UV-irradiated slugs displayed 

significantly lower R, G and B reflectance scores than when they first 

hatched (Fig. 4), whereas slugs reared in darkness did not differ 

significantly in colour reflectance scores after the same time period 

(Table 3). Slugs reared on different diets under laboratory conditions 

also exhibited significantly lower colour reflectance scores at the end 

of feeding trials (84 days) than when they first hatched (Table 3). 

However, colour reflectance scores did not differ significantly between 

diet treatments after a period of 84 days (comparable only for carrot 

and oat diets since juveniles reared on spinach died after 56 days; Fig. 

5). 

 

Figure 4. Juvenile slugs irradiated under UV-lighting (a) showed less 

reflectance in R (top line), G (middle line) and B (bottom line) colour 

channels with each month, becoming significantly darker than 

juveniles maintained in darkness (b). Colour reflectance scores 

differed significantly between UV-exposed and darkness reared slugs 

at the end of the experimental period (R: t = -14.461, P < 0.001; G: t 

= -11.391, P < 0.001; B: t = -7.700, P < 0.001). Numbers above 

means show group n at each sampling month; error bars show ± SE 

for means 
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Table 3. Effect of different lighting and diet treatments on juvenile slug 

colouration from the time of hatching (start) to the end of the trials  

  Starta   Endb   

 Channel Mean SD   Mean SD t P 

Lighting 

(fed on oats) 

         

 R 114.80 13.09   55.05 12.48 9.175 <0.001 

UV G 83.26 11.31   36.26 11.65 7.879 <0.001 

 B 60.64 10.44   21.86 9.40 7.455 <0.001 

          

 R 119.18 15.36   114.94 17.23 0.603 0.559 

Darkness G 88.02 12.92   92.97 16.89 1.179 0.263 

 B 65.52 11.08   58.28 13.42 2.172 0.053 

          

Diet 

(natural 

photoperiod) 

         

 R 124.07 16.35   91.68 13.21 6.27 <0.001 

Carrot G 95.31 11.73   69.51 11.15 5.75 <0.001 

 B 71.21 11.09   57.65 6.72 3.06 0.013 

          

 R 119.81 17.11   96.04 11.48 4.378 0.001 

Oats G 95.88 18.18   69.65 9.23 4.828 <0.001 

 B 67.26 17.26   67.26 5.98 2.227 0.043 

          

aStart=day of hatching, bEnd= day 140 UV-exposure experiments, and 

day 84 for diet experiments. 
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Figure 5. Juveniles reared on different diets showed significantly less 

reflectance in R, G and B colour channels (shown as red, green and 

blue coloured bars) after 84 days (right of the dotted line) than when 

they first hatched, but colour reflectance scores did not differ 

significantly between diets after this period; (R: t = -0.876, P = 0.390; 

G: t = 0.409, P = 0.686; B: t = 0.612, P = 0.546). Error bars show 

±SE for group means; means ± SD given in Table 3 

 

2.4.3. Stereological estimation of epithelial pigment 

Estimates of the volume fraction of black pigment (Fig. 6) were 

significantly greater in epithelial sections of UV-irradiated slugs (Mean 

rank: 9.33) than in darkness-reared slugs (Mean rank: 

3.67; U (12) = 35, P = 0.004). There was no significant difference in 

mean epithelial thickness between slugs from each treatment group 

(U (12) = 30, P = 0.0649). 
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Figure 6. (a) UV-exposed slugs contained a significantly greater 

estimated volume of black pigment than darkness-reared slugs. 

Volume fraction estimates are expressed as percentages. TS of 

integument from (b) a darkness-reared (brown) juvenile and (c) a UV-

exposed (black) juvenile (mag. ×200). Black pigment is concentrated 

in the outer epithelia of both slug colour morphs 

 

2.5. Discussion 

2.5.1. Environment-phenotype matching 

The colour values of adult slugs as estimated using digital 

photography are strongly and positively correlated with the colour 

properties of the substrate upon which they were found, in both forest 

and bog habitats. Furthermore, these colour values differed 

significantly between colour morphs and substrate from each habitat, 

and when animal colouration was compared to substrate colouration 

from the alternative habitat. This suggests a ‘mismatch’ between 

animal and substrate in alternative habitats and demonstrates that 

colouration in adult G. maculosus appears to be habitat-specific. 
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Brown ‘forest’ slugs may be mismatched on black and white ‘bog’ 

substrates and vice versa, suggesting that mismatched individuals 

would possess a lower degree of crypsis in the ‘wrong’ habitat type, 

possibly increasing their susceptibility to predation. A consistent 

pattern of background-phenotype matching is a good indication that a 

phenotype is adaptive (Endler, 1978). The correlations found between 

R, G and B colour channels measured from G. maculosus and their 

substrate in both habitat types is consistent with the hypothesis that 

this species possesses camouflage which enables both colour morphs 

of G. maculosus to accurately match a random sample of their 

respective background. Hall et al. (2013) demonstrated how disruptive 

markings can provide effective crypsis in multiple habitats. Spotted 

patterning, as well as background colour matching therefore likely 

provides strong, habitat-specific camouflage in G. maculosus. 

Camouflage implies selective pressure from a visual predator. 

Although passerine birds are known to prey upon a number of 

medium-large arionid slug species (Allen, 2004), only one published 

record of predation exists for G. maculosus by the larval stage of the 

sciomyzid fly Tetanocera elata (Fabricius,1781) which appeared to 

initiate feeding upon reception of tactile or olfactory cues (Giordani et 

al., 2014). It is currently unknown whether the spotted patterns on 

both G. maculosus morphs act as disruptive markings against avian 

predators. Many birds are potentially tetrachromatic (Cuthill et al., 

2000) and may therefore perceive colour in wavelengths undetected 

by this study (photography and image analysis methods used in this 

study provide a basic assessment of colouration in a trichromatic 

colour space - more accurate colour analysis would involve measuring 

differences in regions of a light spectrum, and mapping these to 

models representing the visual capacity of known predators (Stevens 

et al., 2007). A possible alternative explanation for spotted markings 

might be that they function in social signalling, as is known to be the 

case for other invertebrates (e.g. in wasps: [DeSouza et al., 2014; Izzo 



47 
 

and Tibbetts, 2012]). However, slugs are believed to have poor visual 

systems relative to many other invertebrate taxa and may be only 

capable of detecting the overall distribution of light and dark (Zieger et 

al., 2009). Furthermore,  Allen (2004) stated that visual predation by 

birds is undoubtedly the most important selective force in the evolution 

of cryptic colour morphs in prey animals and suggested that this 

explains why terrestrial gastropods in general living in forests tend to 

be brown. In addition to the pattern of background matching 

demonstrated by the results of this study, an unusual startle-response 

unique among gastropods to G. maculosus may also suggest 

selection by avian predators. Many slugs contract into a humped 

posture when disturbed (Rowson et al., 2014). However, G. 

maculosus curls up into a ball shape by contracting its foot completely 

in half, and secretes a low-viscosity mucus causing the animal to 

become more slippery (pers. obs.). This behaviour is perhaps most 

easily explained as an adaptation by increasing the difficulty of an 

avian predator to hold the prey in its bill. 

 

2.5.2. Colour change 

Images of juvenile slugs used in feeding trials showed lower 

reflectance scores in all colour channels after 84 days. However, there 

was no statistically significant difference in R, G and B reflectance 

values between food treatments after the feeding trial period was 

concluded. Thus, even though juvenile slugs were darker after feeding 

trials, it seems to be independent of diet. Although the lichen 

composition found in the field differs between blanket bog and forested 

habitats, adult G. maculosus specimens from blanket bog habitats will 

eat similar foods to specimens from forested habitats (E. 

Johnston, 2017) in captivity. While Jordaens et al. (2001) showed how 

diet can influence body colour in slugs of the 

subgenus Carinarion (Hesse, 1926) the slight darkening of juveniles 

observed after 84 days of feeding trials in this study is likely to be a 
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natural result of growth. As in some other slug species (e.g. in Limax 

flavus [Evans,1982]), newly hatched G. maculosus juveniles tend to 

be light brown in colour and somewhat translucent, so the darker 

colour values recorded after feeding trials were concluded are 

probably the result of increased overall size and thickening of the 

integument. Furthermore, the juvenile slugs used in feeding trials were 

maintained in plastic containers on a shelf in the laboratory 

approximately 5 m from a SW-facing window and, as such may have 

been exposed to a natural day/light cycle, which may also have 

influenced this slight darkening to some degree. 

Slugs irradiated under UV-lighting became consistently darker at each 

sampling month and exhibited the black ‘bog’ morph after these trials 

were concluded, showing less reflectance in R, G and B colour 

channels. Slugs kept in darkness, however, remained lighter than UV-

exposed juveniles at the end of the experimental period, showing 

higher reflectance scores in R, G and B colour channels. This result 

demonstrates that ultraviolet radiation may induce a change in 

pigmentation such that slugs exposed to UV radiation become darker 

in colour. Stereological examination of skin tissue from darkness-

reared and UV-exposed juveniles demonstrated that UV-irradiated 

slugs contained significantly greater amounts of black pigment in their 

epithelium than darkness-reared slugs. This black pigment is most 

likely melanin, which has been detected in a number of other slug 

species (e.g. in A. ater [Kennedy, 1959]; Arion hortensis (Férussac, 

1819) [Dyson, 1964]; Deroceras reticulatum (Müller, 1774) [Lainé, 

1971]) and is known to develop in response to UV-exposure in a wide 

range of other animal taxa (Roulin, 2014) but until this study such a 

response has not been demonstrated in slugs. Since juvenile G. 

maculosus from blanket bog habitats tend to be brown (Rowson et al., 

2014) it is possible that the black morph of adults develops in response 

to higher levels of UV exposure in these habitats, whereas juveniles 

which develop in relatively darker and more sheltered forested habitats 
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remain brown. McCrone and Sokolove (1979) showed that 

photoperiod was responsible for producing a maturation hormone 

in Limax maximus (Linnaeus, 1758), with long photoperiod exposures 

resulting in the development of male-phase, and shorter photoperiod 

exposures resulting in the development of female-phase reproductive 

morphologies upon maturation. A similar hormonal pathway may be 

present in G. maculosus, where black or brown pigmented phenotypes 

are expressed in response to differences in UV radiation. Previously, 

adult G. maculosus specimens collected from open habitats appeared 

to lose some of their black pigment after a period of several weeks in 

the laboratory, with skin tissue in the grooves between tubercles 

becoming a paler brown colour (pers. obs.), suggesting that colour 

change may be reversible to some degree. However, it currently 

remains unclear whether colour change is completely reversible in 

adults or whether black pigmentation in G. maculosus is produced 

during a key period of early development in response to UV cues. UV 

radiation reaching the ground in bog habitats, particularly on overcast 

days and during sunrise/sunset hours when the slugs are most active, 

is likely to be lower than the UVB radiation emitted during laboratory 

experiments (25 μW/cm2). As such it remains unknown how long it 

takes juveniles to develop into the black morph in the field, and 

whether this change in pigmentation is completely or partially 

reversible. Slugs from forest site 3 were omitted from pooled analyses 

because they exhibited slightly lower mean reflectance scores in R 

and G channels, and significantly lower reflectance scores in B colour 

channels than slugs photographed from the other two forested sites. 

These slugs, although of the brown phenotype, appear to possess 

darker skin than slugs from the other forested sites. The area from 

which slugs were photographed from forest site 3 was noticeably 

brighter and had a luminosity value three times greater than the other 

two forest sites surveyed (Appendix 3). This site also borders a blanket 

bog habitat, so it is possible that the slightly darker brown slugs 
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photographed here were exposed to higher levels of UV light than 

slugs from the other two forested sites. This is consistent with a 

statement by Rowson et al. (2014), that the distinction between brown 

and black G. maculosus colour forms becomes substantially blurred 

where wooded areas border open habitats. 

 

2.5.3. Origin of colour dimorphism  

Reich et al. (2015) demonstrated that G. maculosus originated during 

the middle Miocene, approx. 15 Myr ago, probably arriving in Ireland 

from Iberia during the middle ages. The ability of G. maculosus to alter 

the degree of melanin-like pigment in its skin in response to UV 

exposure could have evolved relatively recently, during the 

Quarternary period. The Quarternary is characterised by the periodic 

growth and retreat of ice sheets across the northern hemisphere 

(Denton et al., 2005). Hewitt (1996) has suggested that animal and 

plant populations survived through several glacial cycles by migrating 

up and down mountains. Reich et al. (2015) suggested that Iberian G. 

maculosus populations may have survived in mountain valleys during 

periods of glaciation when northern Spain’s mountain peaks would 

have been covered by ice. During warming phases when ice sheets 

were in retreat, G. maculosus populations would again have access to 

higher mountain altitudes, allowing them to increase their range 

altitudinally. Exposure to UV radiation can damage DNA and melanin 

can act as a protective filter in skin against the effects of UV exposure 

(Ahmen and Setlow, 1995; Jablonski and Chaplin, 2000; Svobodova 

et al., 2012). Since plasticity in the expression of some traits can arise 

as an adaptation to to heterogeneous or unpredictably unstable 

environments (Fusco and Minelli, 2010), one possible hypothesis for 

the origin of colour dimorphism in G. maculosus may be that  migration 

up and down mountain ranges over thousands of years as ice sheets 

periodically expanded and retreated may have fixed in ancestral 

populations the ability to cope with different exposures to UV intensity. 
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Dark populations of some slug species have previously been reported 

to prevail at high altitudes, possibly as a result of climatic selection 

(e.g. A. ater [Taylor, 1907]; A. rufus [Albonico, 1948] and A. 

lusitanicus [Chevallier, 1976]; and Lehmannia marginata (Müller, 

1774) [Rowson et al., 2014]). However, pigmentation in these species 

is not known to be plastic (with the possible exception of A. rufus 

[Albonico, 1948]). The capacity of an individual to express either black 

or brown phenotype in response to differential UV exposure may have 

been selected over non-plastic melanic morphs, which are known to 

occur as adaptations to altitudinal gradients in UV intensity in some 

lizards (Reguera et al., 2014) and insects (Loayza-Muro et al., 2013; 

Karl et al., 2010; Parkash and Munjal, 1999). Skin colour in G. 

maculosus most likely plays both a photoprotective role as well as 

providing camouflage against the different substrate types of each 

habitat. The spotted patterning present in both colour morphs likely 

affords G. maculosus with a degree of bet-hedging by increasing the 

effectiveness of this incidental camouflage in whichever habitat type it 

develops. Ahlgren et al. (2013) found that the development of black 

skin pigmentation in the freshwater gastropod Radix 

balthica (Linnaeus, 1758) was induced by UV radiation and by the 

detection of kairomones from predatory fish, demonstrating how 

pigmentation may serve more than one function in cryptic animals. It 

is also possible that each G. maculosus colour morph has important 

implications for thermoregulation – with black slugs absorbing heat 

more efficiently than paler brown slugs (e.g. as was suggested for A. 

rufus [Albonico, 1948]), as has been shown for other ectothermic 

invertebrates on a wide geographic scale (Pinkert et al., 2016). 

 

2.5.4. Implications for other species 

Dark colour morphs have been reported to prevail at high altitudes in 

many other terrestrial gastropod species, and this phenomenon has 

most often been explained as an example of climatic selection. It is 
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possible that colouration is also a plastic trait in at least some of these 

species. Melanisation is correlated with a suite of behavioural traits in 

vertebrates: typically, darker vertebrates tend to be more aggressive, 

sexually active and resistant to stress than lighter vertebrates (Ducrest 

et al., 2008). Although melanin development pathways differ 

significantly between vertebrates and invertebrates (Sugumaran, 

2001), further research into the links between pigmentation and 

behaviour may reveal many analogues from invertebrate systems; 

particularly in species with melanin-based colour polyphenisms. 

Results from behavioural studies with G. maculosus have shown that 

black slugs collected from bog habitats exhibit a significantly greater 

degree of sinuosity in food-searching behaviour than brown individuals 

collected from forests (Johnston, 2017), demonstrating greater levels 

of boldness and exploratory behaviour. Such consistent intraspecific 

behavioural types may also be common to other slugs, and studying 

their occurrence could have useful practical implications. For example, 

the grey field slug D. reticulatum is a major agricultural pest which can 

be difficult to identify due to its highly variable skin colour - it occurs on 

a spectrum of very pale to deep brown-coloured individuals, even 

within populations (Rowson et al., 2014). Luther (1915) demonstrated 

that pigmentation in D. reticulatum is genetically controlled, with 

melanised forms dominant to unpigmented individuals. However, the 

degree of melanisation may well be influenced by UV exposure in 

darkly pigmented D. reticulatum, as has been presently demonstrated 

for G. maculosus. Furthermore, Chevallier (1976) reported that 

populations of the highly invasive slug A. lusitanicus are darker at high 

altitudes, citing it as a case of climatic selection. It is possible that 

darker forms are at least in part melanised due to higher UV-exposure 

for A. lusitanicus, D. reticulatum and a host of other terrestrial slug 

species. It may therefore be useful for researchers interested in 

developing pest control protocols to investigate whether melanisation 



53 
 

could also be used as a predictor of boldness or exploratory behaviour 

in pestiferous and invasive slugs. 

 

2.5.5. Conclusions 

Colour dimorphism in G. maculosus is consistent with the idea of 

habitat-specific crypsis, with a possible additional function for 

photoprotection. Adult pigmentation is a plastic trait determined by 

differential exposure to UV radiation and colour dimorphism in this 

species may have initially originated as an adaptation to clinal 

differences in UV radiation. Phenotypic plasticity in G. 

maculosus pigmentation could represent a generalist strategy to 

reduce detectability by visual predators by providing incidental crypsis 

in different habitat types and experiments are planned to test this 

hypothesis with passerine birds. To our knowledge, the results from 

this study provide the first evidence of plastic colour change in a 

terrestrial mollusc in response to UV radiation. Recently, G. 

maculosus populations been recorded from a number of plantation 

forests throughout its Irish distribution (Reich et al., 2017; Johnston et 

al., 2016; Kearney, 2010; Reich et al., 2012) and forest clear-felling 

may significantly reduce population sizes in these habitats. The ability 

of G. maculosus to change colour with UV-exposure may also have 

important implications for the conservation and management of this 

protected species. Slugs which remain in clear-felled areas should 

develop the black ‘bog’ phenotype upon exposure to the relatively 

higher levels of UV post-felling. We would expect these black 

phenotypes to provide ineffective camouflage against a tree-stump 

background, which may reduce their fitness by making the slugs more 

conspicuous to visually-foraging predators. Careful consideration 

therefore needs to be given to site and habitat selection where 

translocation of G. maculosus populations may be used as a 

mitigation measure for forestry activities. 
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3.1. Abstract 

Interspecific competition plays a major role in organising biological 

communities. Competition can involve direct (e.g. aggression) or indirect 

(e.g. avoidance) interactions, and can influence the abundance, distribution, 

resource use and fitness of interacting species. Past studies suggest that 

competition is common among marine and terrestrial snail species. However, 

the effect of interspecific competition on terrestrial slug communities has 

received far less attention. This study examined whether competition 

between two terrestrial slug species (Geomalacus maculosus (Allman, 1843) 

and Lehmannia marginata (Müller, 1774)) contributes to the abundance of 

each species in a modified habitat (commercial conifer forest) in Ireland. 

Geomalacus maculosus is an EU-protected species but was possibly 

introduced to Ireland during or before the Middle Ages, whereas L. marginata 

is unprotected but is native and widespread in Ireland. Overall, a negative 

association was found between the abundances of each species in field plots 

which were sampled fortnightly over a 19-month period. The presence of 

other sympatric slugs and some environmental variables also affected the 

abundances of L. marginata and G. maculosus. Additionally, behavioural 

experiments were carried out to investigate possible mechanisms of 

competition. While there was no evidence of direct aggressive interference 

between G. maculosus and L. marginata, L. marginata exhibited an aversion 

to G. maculosus mucus trails. In contrast, G. maculosus behaviour was not 

modified by the presence of L. marginata mucus. Overall, results from field 

and laboratory studies suggest that both species may interact in disturbed 

habitats in a manner consistent with competition, which is most likely due to 

avoidance of G. maculosus mucus trails by L. marginata. To our knowledge, 

these results provide the first experimental evidence of a negative long-term 

association between sympatric slugs, and the first evidence that mucus trails 

can act as a mechanism of interspecific interference competition in slugs; 

highlighting the need to better understand the role of interspecific interactions 

in organising terrestrial slug communities.   
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3.2. Introduction 

Competition is among the most important factors influencing the 

abundance, distribution and resource use of species in natural 

communities (Connell, 1983). Competition arises within populations of 

the same species (intraspecific competition) and / or between 

individuals of different species (interspecific competition) where 

competing individuals overlap in ecological requirements (Chesson, 

2000). When competition is strongly asymmetrical (i.e. favouring one 

species over another), competitive displacement can occur, resulting 

in the extirpation of a competitively inferior species (DeBach, 1966). 

Competitive interactions may be direct (e.g. ‘interference’ via 

aggressive encounters) or indirect (e.g. ‘exploitative’ asymmetric 

resource consumption [Schoener, 1983]). In either case, competition 

influences patterns of resource acquisition and habitat use (Sanders 

and Gordon, 2000), as well as the fitness of interacting species (Kishi, 

2015). Gastropod molluscs (especially intertidal marine snails) have 

long been used as model systems to investigate the role of 

interspecific competition in organising biological communities 

(Underwood, 1979). The nature and mechanisms of competition 

among terrestrial gastropod species is less clear, especially within 

terrestrial slug communities where the effects of interspecific 

competition are considered relatively unimportant (South, 1992). Past 

studies have found evidence of both direct and indirect competition 

between various co-occurring terrestrial snail species from diverse 

taxonomic families (e.g. in bradybaenid snails [Kimura and Chiba, 

2010], in helicid snails [Cameron and Carter, 1979]; between 

chondrinid and clausilid snails [Baur and Baur, 1990]; and in ellobiid 

snails [Lee and Silliman, 2006]) suggesting that interspecific 

competition is an important density-dependent factor influencing the 

organisation of terrestrial snail communities across a number of 

habitats. However, far fewer studies have investigated this for 

terrestrial slugs, resulting in a vague understanding of how, or if, 
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competition plays any significant role in determining community 

structure. Consequently, the mechanisms of competition between 

ecologically similar slug species (e.g. whether species interactions are 

direct or indirect) are largely unknown. For snails, direct aggressive 

interactions have been demonstrated to lead to divergent patterns of 

habitat use and resource exploitation. Kimura and Chiba (2010), for 

example, found that the bradybaenid snail Euhadra peliomphala 

(Pfeiffer, 1850), which is normally fully terrestrial, becomes arboreal in 

habitats where it co-occurs with an aggressive terrestrial congeneric 

(E. quaesita (Deshayes, 1580)). Aggressive behaviour by E. quaesita 

negatively affects growth rates of the non-aggressive E. peliomphala, 

which appears to result in ecological divergence along a microhabitat 

gradient in the field. For sympatric slug species, the few studies to 

have examined interspecific competition also point to the importance 

of direct interference via aggressive behaviour. Rollo and Wellington 

(1979), for example, found that instances of aggressive interactions 

such as biting were common and influenced the spatial distribution of 

multiple species (Deroceras reticulatum (Müller, 1774), Arion ater 

(Linnaeus, 1758), A. hortensis (Férussac, 1819), A. circumscriptus 

(Johnston, 1828), Ariolimax columbianus (Gould, 1851) and Limax 

maximus (Linnaeus, 1758)) competing for shared territories, and that 

aggression levels varied seasonally and among species. Direct 

interference by the aggressive slug L. maximus has also been 

demonstrated to negatively affect feeding and reproductive rates of 

two sympatric non-aggressive slugs (A. columbianus and A. ater) 

under field conditions (Rollo, 1983). Non-aggressive indirect 

interactions, such as asymmetric resource exploitation (e.g. 

‘consumptive competition) have been observed in multiple snail 

species. Baur and Baur (1990), for example, found evidence of 

asymmetric resource exploitation between the sympatric saxicolous 

snails Chondrina clienta (Westerlund, 1883) and Balea perversa 

(Linnaeus, 1758). The addition of C. clienta to experimental rearing 
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containers resulted in a reduction in B. perversa growth rates, whereas 

the presence of B. perversa had no effect on C. clienta growth rates. 

The difference in growth rates was attributed to asymmetrical 

exploitation of shared lichen food resources by C. clienta. In a study of 

competitive interactions between two saltmarsh snails (Littoraria 

irrorata (Say, 1822) and Melampus bidentatus (Say, 1822)), Lee and 

Silliman (2006) similarly found that L. irrorata indirectly altered M. 

bidentatus distributions and grazing activity by reducing the availability 

of a shared resource (the cord-grass Spartina alterniflora (Loisel, 

1807)).  

Although competition is traditionally considered to involve either direct 

interference or indirect asymmetrical resource consumption, 

gastropod molluscs are unusual in the sense that a key aspect of their 

biology, the production of mucus trails via locomotion, may act as a 

form of non-aggressive, indirect interference. Past studies have 

pointed to the importance of mucus trails in facilitating competition 

between sympatric land snails but surprisingly few have explicitly 

tested the potential role of mucus trail-avoidance as an indirect mode 

of interference competition between species. One such study by 

Smallridge and Kirby (1988) demonstrated that the helicid snail 

Cernuella virgata (Da Costa, 1778) exhibited lower rates of activity in 

experimental areas previously exposed to mucus of the sympatric 

Theba pisana (Müller, 1774). However, Bull et al. (1992) found no 

consistent pattern of reduced activity of either species in the presence 

of heterospecific mucus, instead proposing alternative competitive 

mechanisms. For mucus trails to serve a competitive function implies 

that gastropods can detect cues which allow for the discrimination of 

con- and heterospecifics. Multiple slug species exhibit an ability to 

discriminate between con- and heterospecific mucus trails; which are 

commonly followed to locate home areas or as a precursor to mating 

behaviour (Cook, 1992; Cook, 1994; Jordaens et al., 2003; Reise, 

2007; Reise et al., 2007).  
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There is some evidence implicating mucus trails as important 

mechanisms of indirect interference competition between terrestrial 

gastropod species although the relative contribution of mucus trails to 

the strength and direction of competitive interactions is often difficult 

to disentangle from the effects of alternative mechanisms. For 

instance, two studies cited earlier which demonstrate the existence of 

exploitative competition between sympatric snail species (Baur and 

Baur, 1990; Lee and Silliman, 2006) also found evidence of indirect 

interference competition via mucus trail-avoidance. This highlights the 

need to further investigate the relative importance of trail mucus, as 

well as direct aggressive interference, in facilitating species 

interactions among terrestrial gastropods. Although South (1992) 

considered that interspecific competition has little effect on the 

organisation of slug communities, our understanding of competition 

among slugs is still extremely limited. A better understanding of the 

mechanisms of competition is especially valuable in the context of 

molluscan conservation (e.g. where poor performance in competition 

with introduced species has been implicated as a possible factor 

contributing to the decline and local extinctions of endemic gastropods 

[Cowie et al., 2017]). 

The current study reports results from field and laboratory 

observations and experiments on interspecific interactions between 

two sympatric terrestrial slug species in Ireland which exhibit a high 

degree of ecological overlap: the Kerry spotted slug Geomalacus 

maculosus (Allman, 1843) and the tree slug Lehmannia marginata 

(Müller, 1774). Geomalacus maculosus exhibits an unusual disjunct 

(‘Lusitanian’) distribution pattern (Reich et al., 2015), occurring only in 

north-western Iberia and western Ireland. There have been reports of 

a decline in the core Spanish range of G. maculosus over the past 30 

years (Platts and Speight, 1988; Byrne et al., 2009) where it is 

currently listed as ‘Vulnerable’ (Verdu et al., 2011). For these reasons, 

it was included on Appendix II of the Bern Convention (‘strictly 
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protected fauna’) and later on Annexes II and IV of the EU ‘Habitats 

Directive’ (Directive 92/43/EC) and remains the only slug species 

afforded with international legislative protection throughout the 

European Union and, to our knowledge, globally. Though protected in 

Ireland, G. maculosus is probably not native and may have been 

introduced at some point during or prior to the Middle Ages (Reich et 

al., 2015). Geomalacus maculosus was once believed to be restricted 

only to the south-west of the country (in Cos. Kerry and Cork) where it 

was associated with pristine habitats such as ancient deciduous 

woodland and areas of extensive peatland (Taylor, 1907; Platts and 

Speight, 1988). Contrary to suggestions that G. maculosus 

populations have suffered declines in Iberia (Platts and Speight, 1988) 

there is no evidence of a decline within its Irish range (NPWS, 2013). 

In fact, the distribution of G. maculosus in Ireland appears to have 

increased and a population was recently discovered in a commercial 

conifer plantation in Co. Galway, which is more than 120km north of 

its previously known distribution (Kearney, 2010). Further populations 

have subsequently been found in other conifer plantations across its 

distribution in the south-west of Ireland (Mc Donnell and Gormally, 

2011a; Mc Donnell et al., 2013; Johnston et al., 2016). The recent 

discoveries of G. maculosus populations in modified habitats such as 

conifer plantations, coupled with findings that this species has a 

relatively broad dietary range (Reich et al., 2012; Johnston, 2017; 

O’Hanlon and Gormally, 2018) in addition to being well adapted via 

camouflage to avoid detection by visual predators in multiple habitats 

(O’Hanlon et al., 2017) suggest that G. maculosus is more of a niche-

generalist than previously considered.  

Generalist gastropods tend to be more explorative, exhibiting higher 

capacities for dispersal than specialists (Dahirel et al., 2015). They 

are, therefore, predicted to encounter relatively more interspecific 

interactions than specialists, increasing the likelihood of interspecific 

competition (Dall and Cuthill, 1997). The tree slug L. marginata, on the 
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other hand, is native and widespread in Ireland but it appears to be a 

niche specialist restricted mainly to deciduous woodland habitats 

(Rowson et al., 2014). Both L. marginata and G. maculosus are 

arboreal in forested habitats where they feed mainly on lichens, 

liverworts, algae and fungi (Jennings and Barkham, 1975; Platts and 

Speight, 1988; Moorkens and Killeen, 2009; Bonkowski and Kappes, 

2018). Where it occurs, G. maculosus appears to be numerically 

dominant in gastropod communities in open habitats (Mc Donnell and 

Gormally, 2011a) as well as conifer plantations (Reich et al., 

2017a). In conifer forests containing high densities of G. maculosus, 

the population densities of L. marginata are relatively lower (Reich et 

al., 2012). Conversely, L. marginata dominates the malacofauna of 

conifer forests where G. maculosus is absent (Reich et al, 2017b), 

suggesting the occurrence of interspecific competition 

between sympatric populations of both species. Knowledge regarding 

the competitive capabilities of protected species such as G. maculosus 

is particularly important when, for example, populations are 

translocated into novel environments as part of mitigation strategies 

(Germano et al., 2015). Similarly, given that forestry practices have 

been implicated in the unintended transposition of G. maculosus 

populations to a commercial conifer forest in the west of Ireland (Reich 

et al., 2017b), a better understanding of the behaviour of G. maculosus 

within the wider gastropod community is essential, including the 

identities and ecological significance of potential competitor species.  

This study, therefore, aims to increase our understanding of G. 

maculosus behaviour and ecology with particular reference to how this 

species may interact with ecologically similar sympatric gastropods in 

modified habitats such as commercial conifer plantations. In particular, 

we further examine current thinking that G. maculosus might compete 

with the native L. marginata in commercial conifer forests (Reich et al., 

2012; Reich et al., 2017a) as follows. Firstly, we examined whether a 

long-term association could be observed between each species by 
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monitoring the abundances of G. maculosus and L. marginata in the 

field over a 19-month period. Secondly, we conducted laboratory-

based behavioural trials with con- and heterospecific slug pairings to 

examine whether L. marginata and G. maculosus engage in direct 

interference competition via aggressive interactions. Thirdly, we 

carried out experiments to determine the effect of cues from the trail 

mucus of con- and heterospecifics on the behaviour of both species; 

examining, for the first time, whether mucus trails may act as a form of 

indirect interference competition among slugs.  

 

3.3. Materials and methods  

3.3.1. Field Distributions 

Field plots were established in Cloosh Forest, Co. Galway, western 

Ireland (Fig. 1a) in a site representing the northern-most distribution of 

G. maculosus (Fig. 1b) to examine the association between field 

populations of L. marginata and G. maculosus over a 19-month period. 

The site is a commercial forest dominated by monoculture stands of 

Sitka spruce Picea sitchensis (Carrière, 1855) which was planted on 

extensive peatland in 1960. A detailed description of this area of 

forestry is given in Reich et al. (2017a). Three plots were established 

within homogenous stands of P. stichensis in November 2016 (Fig. 1c) 

and refuge traps (DeSangosse, France) were used to monitor the 

abundances of both species. Refuge traps are 0.25 m2 sections of 

absorbent material consisting of a perforated underside to maintain 

moisture, and covered with a reflective surface layer to provide stable 

temperatures, and have been demonstrated as the most effective 

method to monitor populations of both G. maculosus (Mc Donnell and 

Gormally, 2011b; Johnston et al., 2016) and L. marginata (Reich et al., 

2017a). Refuge traps were established at breast height (1.5 m) on a 

total of n = 75 trees across all three plots, so that the circumference at 

breast height (CBH) of each tree was entirely covered. Some trees 

with a greater CBH required more than one refuge trap. The trapped 
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area of a tree is, therefore, referred to hereafter as a ‘tree 

circumference trap’.  This resulted in n = 25 tree circumference traps 

per plot in a 5 × 5 grid of trees (Fig. 1d). The area of n = 25 tree 

circumference traps was approximately equal across all three field 

plots (mean area = 47.19 m2 ± 0.61 SE), with a space of 25 m between 

each plot to reduce the likelihood of slugs migrating between study 

plots (mobility data for L. marginata are unknown but G. maculosus 

mobility is low and individuals appear to have a high fidelity for specific 

trees [Mc Donnell and Gormally, 2011a]). The CBH of each tree was 

measured prior to the establishment of traps and a Hobo® 

environmental data logger was attached to the central tree within each 

of the three plots to record temperature and relative humidity levels at 

hourly intervals. Rainfall data was accessed from a local weather 

station located 9.6 km from the study site. Tree circumference traps 

were examined twice per month (fortnightly) over a 19-month 

monitoring period between December 2016 and June 2018, where the 

abundances of both adult and juvenile specimens of L. marginata and 

G. maculosus were recorded (Fig. 1e). Slugs measuring between 

approximately 0.5cm and 2cm at rest (not stretched out) were 

classified as juveniles (Oldham, 1942; Reich et al., 2017a) whereas 

slugs larger than 2 cm in length were recorded as adults. Juvenile 

specimens of both species are further distinguished from adults by the 

presence of dark lateral bands over the mantle, which become less 

distinct in adult stages (Platts and Speight, 1988; Rowson et al., 2014). 

Immature slugs (Abeloos, 1944) measuring < 0.5 cm were not 

encountered under refuge traps during the monitoring period. The 

abundances of three other slug species regularly recovered from 

refuge traps within each plot (Arion subfuscus (Draparnaud, 1805), 

Limax cinereoniger (Wolf, 1803) and Limax maximus) were also 

recorded whenever encountered.  
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Figure 1. (a) Map of Ireland showing major cities for reference;  

(b) the known Irish distribution of Geomalacus maculosus (orange-

hatched area; redrawn from Johnston et al., 2016) and the location of 

the study site (indicated by black arrow) in Cloosh forest, Co. 

Galway; (c) aerial image of Cloosh forest showing the locations of 

three field plots (orange squares) established to monitor Geomalacus 

maculosus and Lehmannia marginata abundances from a total of n = 

75 tree circumference traps; (d) refuge traps placed on mature Picea 

sitchensis tree trunks (n = 25 tree circumference traps per plot); (e) 

Geomalacus maculosus (top) and Lehmannia marginata (bottom) 

found resting beneath a refuge trap. Maps created using ArcGIS®  

 

3.3.2. Behavioural interactions  

The methods used to examine direct and indirect behavioural 

interactions of slugs are modified from those described in Armsworth 

et al. (2005), as follows (discussed below). All laboratory trials were 

carried out in wooden arenas (21 cm × 21 cm) containing a substrate 

Belfast 
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of dampened paper. Each arena was housed within a wooden cabinet 

with a camera fitted to the roof above the arena to record slug 

behaviour. Slug movement was tracked and behavioural parameters 

(discussed below) were calculated using EthoVision® XT10 tracking 

software. Direct and indirect interactions were measured as follows: 

 

3.3.2.(a) Direct interactions 

Trials were conducted with mixed- or same-species pairings of slugs 

to examine whether the activity or social behaviour of L. marginata is 

modified in the presence of G. maculosus or vice versa. Slug 

behaviour was assessed in trials where two individuals were placed at 

opposite sides of an experimental arena, and their activity and 

potential social interactions were recorded over a 2-hour period. 

Categories included for analysis of slug activity were: the total distance 

crawled (cm) by each individual per trial, mean crawl speeds (cm/s) of 

each individual per trial, and path shape (deg/cm: an assessment of 

whether movement is directional or meandering). Each of these 

parameters was calculated per individual per trial using EthoVision® 

XT10 tracking software.  

Categories included for analysis of slug social behaviour included 

instances of direct non-aggressive contact (hereafter referred to as 

probing) where either slug approached and then touched the other 

individual with cephalic tentacles extended, followed by rapid 

withdrawal and then re-extension (Rollo and Wellington, 1979). 

Instances of direct aggressive contact included biting (where an 

individual extended its everted radula and jaw over the tail or mantle 

of the other slug and performed a bite resulting in characteristic de-

pigmented wounds [Rollo and Wellington, 1979]). The mean distance 

(cm) between each of the slug species (or between each individual in 

trials with a conspecific) was also included for analysis of slug social 

behaviour. Instances of direct interactions (probing and biting 

behaviour) were recorded manually from a play-back of each video file 
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by point-sampling every 2 minutes and recording the instances of 

direct interactions within a 1-minute period following the point-sample; 

whereas the mean distance between slugs was recorded 

automatically by the tracking software. All behavioural categories were 

calculated across trials containing two individual slugs. The species 

identity of the slugs varied over three experimental pairings: (1) two 

conspecific L. marginata individuals, (2) two G. maculosus individuals, 

(3) two heterospecific individuals. Each experimental pairing was 

replicated across n = 24 trials of 2-hours duration (total n = 72 trials). 

All slugs were maintained in isolation within individual petri dishes 

(diameter: 9 cm) containing a substrate of moist tissue paper and 

maintained on a diet of porridge oats for 48 hours prior to observation. 

Slugs were weighed immediately prior to observation so each slug 

could be matched in experimental pairings with an individual of 

approximately equal size (there were no significant differences in 

mean weights between slugs in trials containing two L. marginata 

individuals [Student’s t test: t = 0.389, P = 0.701], trials containing two 

G. maculosus individuals [Student’s t test: t = -0.371, P = 0.714], or 

trials containing one individual of each species [Student’s t test: t = -

1.145, P = 0.264]).  

 

3.3.2.(b) Indirect interactions  

The potential effect of residual cues (trail mucus) on con- and 

heterospecific slug behaviour was examined using a modification of 

the experimental setup described above. Trials were carried out in the 

same 21 cm × 21 cm arenas covered in a base layer of dampened 

paper. Two additional sections of test paper containing mucus trails, 

each measuring 10.5 cm × 21 cm, were then prepared and placed over 

the base paper layer, which divided the experimental arena into two 

treatment zones of equal size. Test papers were prepared by allowing 

n = 4 individual slugs of the same species to crawl over moistened 

paper sections inside a plastic container (16 cm × 12 cm × 5 cm) for 2 
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hours. The effect of con- and hetero-specific mucus trails on slug 

behaviour was then examined in comparison with control paper 

sections, which were also moistened and placed inside containers for 

2 h but were not exposed to any animals. Prior to being placed into 

any containers (with or without slugs), all paper sections were 

moistened using a gardening spray bottle. Water was sprayed 5 times 

from a distance of 30cm so that 15ml of water was uniformly applied 

across all paper sections.  

Prior to behavioural trials, test slugs were selected randomly and 

isolated in separate containers for two hours. The test slugs were then 

placed into arenas along the dividing line between the two sections of 

test paper. The initial north-south orientation of each slug was 

consistent at the beginning of all trials but the left-right positions of 

paper sections were switched before the next trial began. The 

response of individual slugs to residual trails from con- and 

heterospecifics was never tested more than once. A third species, 

Deroceras reticulatum (Müller, 1774) was included in mucus-

avoidance experiments to examine the behaviour of G. maculosus and 

L. marginata in the presence of a species which is not likely 

encountered by either in nature (D. reticulatum is unlikely to be found 

in forested areas in Ireland and Britain [Rowson et al., 2014]). This was 

to examine whether potential avoidance of heterospecific mucus trails 

is reflective of species-specific competitive interactions, or if potential 

avoidance reflects a generally ‘shy’ behavioural type (Sih et al., 2004). 

In total, 18 pair-wise trials were carried out to test the effect of con- 

and heterospecific slug mucus on the behaviour of L. marginata, G. 

maculosus and D. reticulatum. The behaviour of 360 individual slugs 

(n = 120 individual subjects per species) was recorded in trials of 2 h 

duration using EthoVision® XT10 tracking software. The response of 

each subject to con- and heterospecific mucus trails was never tested 

more than once but some previously tested individuals were later used 

to provide trail mucus when preparing test paper sections. Test and 
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control paper sections were defined as zones and slug activity was 

measured as the cumulative duration (s) and mean crawl speeds 

(cm/s) of individual slugs in each zone. 

 

3.3.3. Collection of study organisms for behavioural assays 

Adult L. marginata individuals were collected from European beech 

trees Fagus sylvatica (Linnaeus, 1753) in Barna woods, Co. Galway 

(53.2642, -9.1360, elevation: 15 m) using refuge traps and occasional 

hand-searching. Adult G. maculosus individuals were collected from 

P. sitchensis trees in Cloosh forest, Co. Galway (53.3773 -9.4083, 

elevation: 190 m) using refuge traps and occasional hand-searching 

from a location more than 200 m away from the study plots used to 

examine the abundances of each species. Additional G. maculosus 

individuals were collected from refuge traps on P. sitchensis trees in 

Rathgaskig, Co. Cork (51.8764, -9.2271, elevation: 275 m). All G. 

maculosus individuals were collected with permission from the 

National Parks and Wildlife Service (Licence Nos. C0139/2014; 

C097/2015). Deroceras reticulatum individuals were collected from the 

NUI Galway campus from beneath refuge traps placed over an area 

of amenity grassland (53.2793, -9.0588, elevation: 3 m), and by 

occasional hand-searching. Slugs were kept in the laboratory in 

species monocultures within plastic containers (16 cm × 12 cm × 5 cm) 

with a substrate of moist tissue paper and maintained on a diet of 

porridge oats for at least one month prior to behavioural observations.     

 

3.3.4. Statistical analyses  

Slug abundances did not differ significantly between the three study 

plots for either species (G. maculosus: Kruskal Wallis: H(2) = 1.545, P 

= 0.462; L. marginata: H(2) = 3.461, P = 0.177). There were also no 

significant differences in mean tree circumferences (ANOVA: F(2) = 

1.020,  P = 0.366), median temperatures (Kruskal Wallis: H(2) = 1.215, 

P = 0.545) or median relative humidity levels (Kruskal Wallis: H(2) = 
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0.437, P = 0.804) between plots. Data were therefore subsequently 

pooled from all three plots so that the long-term abundances of both 

species could be assessed on a tree-by-tree basis (n = 75 tree 

circumference traps in total) over the 19-month monitoring period 

using Spearman’s rank-order correlation. General Linear models 

(GLM) were used to examine potential associations between G. 

maculosus and L. marginata with reference to other biotic and 

environmental parameters recorded during the field study. A GLM 

analysis was performed to assess the independent effects of 

sympatric slug species abundances (G. maculosus, A. subfuscus, L. 

maximus and L. cinereoniger) and environmental variables (season, 

tree CBH, temperature, relative humidity and rainfall) on the 

abundance of L. marginata. Tree circumference trap number (i.e. the 

fixed identity of a circumference trap at each sampling period) was 

included as a random factor to account for repeated observations at 

each sampling period. A GLM was also used to simultaneously 

examine the independent effects of sympatric slug species (L. 

marginata, A. subfuscus, L. maximus and L. cinereoniger) and 

environmental variables (season, tree CBH, temperature, relative 

humidity and rainfall) on the abundance of G. maculosus, with tree 

circumference trap number included as a random factor. Mean 

temperature, relative humidity and rainfall data which were used as 

parameters in the GLMs were calculated for the two week period prior 

to a sampling visit (i.e. accounting for the duration of time between 

fortnightly sampling periods).Variables which significantly contributed 

to GLM models examining factors affecting the overall abundances of 

both L. marginata and G. maculosus were then investigated 

individually in further detail using Spearman’s rank-order correlation to 

determine the strength and direction of each pair-wise interaction.  

Differences in slug activity (distances crawled (cm) and path shapes 

(deg/cm) measured from experiments examining direct interactions 

between con- and heterospecific slugs were analysed between 
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experimental species pairings using Mann Whitney U-tests. Crawl 

speed (cm/s) data from direct interaction trials were normally-

distributed and were analysed between experimental species pairings 

using Student’s t-tests. Differences in the frequency of probing 

contacts between individuals in direct interaction trials were examined 

using a Kruskal Wallis test, followed by Dunn Bonferroni post-hoc tests 

to determine pair-wise differences. Spacing distances (cm) between 

individuals were normally distributed in direct interaction trials, and 

differences in mean spacing distances were analysed with a one-way 

ANOVA, followed by Tukey post-hoc tests to determine pair-wise 

differences. In trials examining the mechanisms of indirect interactions 

between slug species (i.e. the effect of mucus trails), data on the 

duration spent in experimental zones (s) and crawl speeds (cm/s) were 

normally distributed and, since both zones were nested within the 

same arena, differences in mean duration per zone and mean crawl 

speed per zone were investigated using paired t-tests. 

 

3.4. Results  

3.4.1. Field Distributions 

3.4.1.(a) Sympatric slug abundances: seasonal variation 

Adult G. maculosus accounted for 45% of all slugs observed 

throughout the 19-month monitoring period, whereas adult L. 

marginata accounted for 41%. Juvenile G. maculosus and L. 

marginata accounted for 8% and 3% respectively of all slugs observed 

per tree circumference trap over the monitoring period. Other 

sympatric slug species (A. subfuscus, L. cinereoniger and L. maximus) 

were observed less frequently, together accounting for 3% of the total 

number of slugs observed per tree circumference trap throughout the 

monitoring period (Table 1). Adult G. maculosus were the dominant 

slug category observed per tree circumference trap throughout all 

seasons with the exception of the two winter periods (winter 16/17 and 

winter 17/18) where adult L. marginata specimens were observed at 
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greater abundances than adult G. maculosus (Table 1), resulting in a 

pattern of alternatively-oscillating mean abundances (per tree 

circumference trap) of adult specimens of both species (Fig. 2).  
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Table 1. Percentages of overall slug abundance per season represented by adult and juvenile Geomalacus 

maculosus and Lehmannia marginata (and other sympatric species). Total abundances observed per season 

are shown in brackets for each slug category (i.e. species and age-class) 

 Winter 16/17 Spring 17 Summer 17 Autumn 17 Winter 17/18 Spring 18 Summer 18 

Adults        

G. maculosus 42.33% (287) 48.71% (359) 55.29% (319) 41.77% (264) 25.49% (78) 48.12% (179) 29.03% (9) 

L. marginata 48.53% (329) 37.86% (279) 38.74% (222) 40.35% (255) 60.13% (184) 25.00% (93) 19.35% (6) 

        

Juveniles        

G. maculosus 3.24% (22) 9.36% (71) 3.99% (23) 11.08% (70) 3.27% (10) 19.62% (73) 35.48% (11) 

L. marginata 2.51% (17) 2.85% (21) 0.35% (2) 5.22% (33) 8.82% (27) 3.23% (12) 6.45% (2) 

        

Other species        

A. subfuscus 1.77% (12) 0.14% (1) 1.04% (6) 0.79% (5) 0.98% (3) 2.15% (8) 6.45% (2) 

L. cinereoniger 1.33% (9) 0.68% (5) 0.52% (3) 0.79% (5) 0.98% (3) 0.81% (3) 3.23% (1) 

L. maximus 0.29% (2) 0.14% (1) 0.35% (2) 0.00% (0) 0.33% (1) 1.08% (4) 0.00% (0) 
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Figure 2. The mean abundances of adult Geomalacus maculosus 

(solid line to show interpolation between mean values ± SE) and L. 

marginata (dotted line to show interpolation between mean values ± 

SE) varied seasonally per tree circumference trap, where 

Geomalacus maculosus was dominant throughout both spring and 

summer periods, and Lehmannia marginata was dominant 

throughout both winter periods    

 

 

3.4.1.(b). Factors affecting abundances 

A significant negative correlation was found between the overall 

(combined adult and juvenile specimens) fortnightly abundances of L. 

marginata and G. maculosus per tree circumference trap over the 

monitoring period (Spearman’s rho = -0.414, P < 0.001).    

Factors affecting the overall (combined adult and juvenile) 

abundances of G. maculosus and L. marginata were examined using 

separate GLM analyses. The abundances of all sympatric slug species 

significantly affected the abundance of L. marginata  with the 

exception of L. maximus which had no significant effect. Of the 
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environmental variables included in the GLM, season and rainfall 

significantly affected L. marginata abundances, whearas the effects of 

temperature and relative humidity were not significant. Tree 

circumference at breast height (CBH) had no significant effect on the 

abundance of L. marginata (Table 2).  

 

Table 2. General Linear Model (GLM) assessing the contribution of 

multiple factors to the abundance of L. marginata (combined adults 

and juveniles). Abbreviations: SS = sum of squares, df = degrees of 

freedom, MS = mean square, F = test statistic, P = probability    

 SS df MS F P 

Sympatric species      

G. maculosus 520.24 2 52.02 29.49 <0.001 

A. subfuscus 18.43 2 9.21 5.22 0.006 

L. cinereoniger 11.62 2 5.81 3.29 0.038 

L. maximus 6.43 2 6.43 3.64 0.057 

      

Environmental variables      

Season 20.04 3 6.68 3.79 0.010 

Temperature 2.88 1 2.88 1.62 0.202 

Rainfall 17.66 1 17.66 10.01 0.002 

Relative humidity 5.77 1 5.77 3.27 0.071 

Tree CBH 0.34 1 0.34 0.19 0.664 

Error 1889.05 1071 1.76   

 

 

 

 

 

 



75 
 

A GLM examining the effects of sympatric species and environmental 

variables on the abundance of G. maculosus found that L. marginata 

and A. subfuscus abundances were significant, whereas the effects of 

L. maximus and L. cinereoniger were not significant. All environmental 

variables (i.e. season, temperature, rainfall, relative humidity and tree 

CBH) included in the GLM analysis significantly affected G. maculosus 

abundance (Table 3). 

 

Table 3. General Linear Model (GLM) assessing the contribution of 

multiple factors to the abundance of G. maculosus (combined adults 

and juveniles). Abbreviations: SS = sum of squares, df = degrees of 

freedom, MS = mean square, F = test statistic, P = probability    

 SS df MS F P 

Sympatric species      

L. marginata 321.92 2 35.78 14.57 <0.001 

A. subfuscus 43.39 2 21.69 8.84 <0.001 

L. cinereoniger 4.19 2 2.10 0.85 0.426 

L. maximus 1.21 2 1.21 0.49 0.482 

      

Environmental variables      

Season 210.71 3 70.24 28.62 <0.001 

Temperature 25.21 1 25.21 10.27 0.001 

Rainfall 16.03 1 16.03 6.53 0.011 

Relative humidity 13.36 1 13.36 5.44 0.020 

Tree CBH 82.17 1 82.17 30.54 <0.001 

Error 2631.33 1071 2.46   
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Variables examined in both GLMs were investigated using 

Spearman’s rank-order correlation to determine the strength and 

direction of each pair-wise interaction, and to examine the effects of 

sympatric species and environmental variables on both adult and 

juvenile age-classes of L. marginata and G. maculosus (Table 3). 

Significant negative correlations were observed between the 

abundance of A. subfuscus and the abundances of both L. marginata 

and G. maculosus adults.A significant negative correlation was 

observed between L. cinereoniger and juvenile L. marginata 

abundances, but not with adult L. marginata or either G. maculosus 

age-class (Table 4).  

Of the environmental variables examined, temperature was 

significantly and negatively correlated with adult and juvenile L. 

marginata abundances; but was significantly and positively correlated 

with the adult and juvenile G. maculosus abundances. Relative 

humidity was not significantly correlated with L. marginata abundances 

(adult or juvenile), but was significantly and positively correlated with 

G. maculosus abundances (adult and juvenile). Rainfall was 

significantly and negatively correlated with juvenile G. maculosus 

abundances only. Tree circumference at breast height (CBH) was 

significantly and positively correlated with G. maculosus abundances 

(adult and juvenile) but not with either adult or juvenile L. marginata 

abundances (Table 4).   
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Table 4. Spearman’s rank-order correlations examining the strength and direction of each variable 

which contributed significantly to GLM analyses of both L. marginata and G. maculosus 

abundances; and to examine the relative significance of each interaction between these variables 

and the abundances of both juvenile and adult L. marginata and G. maculosus age-classes 

 L. marginata 

(adult) 

 L. marginata 

(juvenile) 

 G. maculosus 

(adult) 

 G. maculosus 

(juvenile) 

            

Sympatric slugs Rho P  Rho P  Rho P  Rho P 

A. subfuscus -0.082 0.005  0.006 0.851  -0.114 <0.001  0.032 0.275 

L. cinereoniger 0.041 0.161  0.060 0.040  -0.042 0.156  -0.006 0.847 

            

Environmental variables Rho P  Rho P  Rho P  Rho P 

Temperature -0.060 0.040  -0.062 0.035  0.077 0.009  0.047 0.007 

Relative Humidity 0.114 <0.001  0.011 0.696  0.143 <0.001  0.086 0.003 

Rainfall -0.021 0.480  -0.039 0.181  -0.005 0.863  -0.061 0.037 

Tree CBH 0.001 0.977  0.004 0.899  0.079 0.007  0.104 <0.001 
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3.4.2. Behavioural interactions 

3.4.2.(a) Direct interactions  

Activity: Lehmannia marginata crawled significantly greater distances 

(cm) in trials where the interacting slug was G. maculosus compared 

with trials containing a conspecific. Lehmannia marginata path shapes 

also tended towards greater meander rates (deg/cm) in mixed-species 

trials than in trials with conspecifics but this was not significant. There 

was no significant difference in L. marginata crawl speeds (cm/s; 

calculated during periods of active movement) between trials with G. 

maculosus and trials with a conspecific slug. In addition, G. maculosus 

activity did not differ significantly between trials with a conspecific and 

trials where the other slug was L. marginata (Table 5).   
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Table 5. Differences in activity of Lehmannia marginata and Geomalacus maculosus in trials with two conspecific 

individuals and mixed species trials. Median distances crawled (cm) and path shapes (deg/cm) are shown with 

interquartile ranges in brackets. Mean values are presented for crawl speeds (cm/s) with interquartile range in 

brackets (± SE shown where t-tests were used). Results of significance tests (Mann Whitney U-tests for distance 

crawled and path shape data, and Student’s t-tests for crawl speed data) are shown between experimental 

species pairings 

Slug species Activity category Experimental pairing Test statistics 

  conspecifics mixed-species U / *t P 

 Distance crawled (cm) 745.39 (809.21) 1464.48 (1444.30) 190 0.043 

L. marginata *Crawl speed (cm/sec) 0.09 (0.10) 0.09 (0.06) *-0.223 *0.825 

 Path shape (deg/cm) 26.09 (87.62) 60.07 (98.85) 200 0.070 

      

 Distance crawled (cm) 812.07 (979.01) 612.02 (584.74) 235 0.274 

G. maculosus *Crawl speed (cm/sec) 0.10 (0.02) 0.09 (0.02) *-0.455 *0.651 

 Path shape (deg/cm) 34.62 (43.05) 48.45 (170.22) 234 0.266 

* = Student’s t-test used  
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Social behaviour: Behaviour consistent with an aggressive interaction 

(i.e. mantle- or tail-biting) was not observed in any trials, nor was there 

evidence of biting wounds such as characteristic de-pigmented skin 

marks. There was a significant difference in the frequency of observed 

non-aggressive probing contacts across all experimental species 

pairings (H(2) = 8.135, P = 0.017). A Dunn-Bonferroni post-hoc test 

revealed that the frequency of probing contacts was significantly lower 

in trials containing two heterospecific individuals than in trials with two 

L. marginata individuals (P = 0.006) or in trials with two G. maculosus 

individuals (P = 0.024). There was no significant difference in the 

frequency of probing contacts between trials where both subjects were 

conspecifics (i.e. in trials with two L. marginata individuals and in trials 

with two G. maculosus individuals, P = 0.855; Fig. 4a). 

Spacing distances (i.e. the mean distance (cm) maintained between 

individual slugs per 2 hour trial) differed significantly across all 

experimental pairings (F(2) = 5.095, P = 0.009). A Tukey post-hoc test 

revealed that spacing distances were significantly greater in trials 

where both subjects were heterospecifics than in trials with two L. 

marginata individuals (P = 0.013) or trials with two G. maculosus 

individuals (P = 0.031). No significant difference was detected in mean 

spacing distances between trials where both subjects were 

conspecifics (P = 0.944; Fig 4b).      
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Figure 4. (a) The frequency of non-aggressive probing contacts was significantly lower in trials where both subjects were 

heterospecifics compared with trials where both slugs were conspecific individuals (i.e. trials with two Lehmannia marginata 

or two Geomalacus maculosus individuals [black line: median; grey box: upper/lower quartiles; bars: max.]); (b) Mean 

spacing distances were significantly greater in trials with heterospecific subjects compared with trials where both slugs were 

conspecifics (bars: ± SE)

(a) (b) 
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3.4.2.(b). Indirect interactions  

Lehmannia marginata spent significantly less time (s) in zones with G. 

maculosus mucus trails than in zones with conspecific mucus trails, 

zones with D. reticulatum mucus trails or control zones (no mucus). 

Lehmannia marginata also spent less time in zones with D. reticulatum 

mucus trails than zones with conspecific mucus trails or control zones 

although this difference was not significant. Mean crawl speeds (cm/s) 

of L. marginata did not differ significantly between any experimental 

zones (Table 6). Geomalacus maculosus spent significantly more time 

in zones treated with conspecific mucus compared with control zones 

but exhibited no significant differences in mean crawl speeds, or mean 

durations spent between zones for any other experimental treatment 

(Table 7). Deroceras reticulatum exhibited no significant differences in 

mean crawl speeds, or in the mean duration spent between zones, in 

any of the experimental treatments (Appendix 5).     
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Table 6. Mean times (s ± SE) and crawl speeds (cm/s ± SE) of Lehmannia 

marginata across experimental pairings examining the effects of con- and 

heterospecific trail mucus on activity. Results of significance tests (paired t-test) 

are shown between treatment zones. Significant differences are highlighted in 

bold 

L. marginata behaviour Experimental Treatment  t(19) P 

 G. maculosus Control    

Mean time (s) 1907 ± 296 5292 ± 296  -5.714 <0.001 

Mean velocity (cm/s) 0.10 ± 0.02 0.09 ± 0.02  0.609 0.550 

      

 G. maculosus L. marginata    

Mean time (s)  1579 ± 416 5277 ± 493  -4.245 <0.001 

Mean velocity (cm/s) 0.09 ± 0.02 0.08 ± 0.02  0.276 0.785 

      

 L. marginata Control    

Mean time (s) 5369 ± 373 1830 ± 373  4.739 <0.001 

Mean velocity (cm/s)  0.08 ± 0.02 0.09 ± 0.02  -0.386 0.704 

      

 D. reticulatum G. maculosus    

Mean time (s) 5169 ± 368 2030 ± 368  4.260 <0.001 

Mean velocity (cm/s)  0.09 ± 0.02 0.11 ± 0.01  -1.507 0.148 

      

 L. marginata D. reticulatum    

Mean time (s) 4066 ± 590 3133 ± 590  0.790 0.439 

Mean velocity (cm/s 0.08 ± 0.01 0.07 ± 0.01  0.441 0.664 

      

 D. reticulatum Control    

Mean time (s)  2590 ± 592 4609 ± 529  -1.703 0.105 

Mean velocity (cm/s)  0.07 ± 0.01 0.08 ± 0.02  -0.285 0.779 
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Table 7. Mean times (s ± SE) and crawl speeds (cm/s ± SE) of Geomalacus 

maculosus across experimental pairings examining the effects of con- and 

heterospecific trail mucus on activity. Results of significance tests (paired t-test) 

are shown between treatment zones. Significant differences are highlighted in 

bold 

G. maculosus behaviour Experimental Treatment  t(19) P 

 G. maculosus Control    

Mean time (s)  6043 ± 267 1155 ± 266  9.163 <0.001 

Mean velocity (cm/s)  0.09 ± 0.01 0.08 ± 0.01  0.768 0.452 

      

 G. maculosus L. marginata    

Mean time (s)  3051 ± 512 3436 ± 530  -0.406 0.689 

Mean velocity (cm/s)  0.10 ± 0.01 0.08 ± 0.02  1.291 0.212 

      

 L. marginata Control    

Mean time (s)  4517 ± 652 2682.50 ± 562.28  1.407 0.176 

Mean velocity (cm/s)  0.09 ± 0.01 0.08 ± 0.02  0.332 0.743 

      

 G. maculosus D. reticulatum    

Mean time (s)  3235 ± 515 3964 ± 515  -0.707 0.488 

Mean velocity (cm/s)  0.09 ± 0.01 0.08 ± 0.01  0.816 0.425 

      

 L. marginata D. reticulatum    

Mean time (s)  3438 ± 645 3761 ± 645  -0.250 0.806 

Mean velocity (cm/s)  0.07 ± 0.01 0.07 ± 0.01  -0.147 0.885 

      

 D. reticulatum Control    

Mean time (s)  3951 ± 542 3248 ± 542  0.648 0.524 

Mean velocity (cm/s)  0.08 ± 0.01 0.07 ± 0.01  0.277 0.785 
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3.5. Discussion 

An overall significant negative correlation was observed between the 

abundances of G. maculosus and L. marginata per tree circumference 

trap over the 19-month monitoring period. In GLM analyses, the 

abundance of G. maculosus had a significant effect on the abundance 

of L. marginata and vice versa, and these effects were present within 

each tree and factoring out responses to recent weather. Geomalacus 

maculosus was numerically dominant in all seasons with the exception 

of both winter periods where L. marginata was more abundant. No 

evidence of direct interference via aggressive behaviour was found 

although L. marginata exhibited an aversion to trail mucus (an indirect 

cue) from G. maculosus. Taken together, these results suggest that 

field populations of G. maculosus and L. marginata interact in a 

manner consistent with interspecific interference competition. 

However, other sympatric slug species and some environmental 

variables were also significantly correlated with the abundances of 

both species. The possibility of interference competition occurring 

between these two species is therefore discussed below in relation to 

the effects of these additional factors. 

 

3.5.1. Factors affecting abundances in the field 

Although an overall negative association was found between the 

abundances of L. marginata and G. maculosus, other sympatric slugs 

also contributed to the abundances of both species. The abundance 

of A. subfuscus was significantly and negatively correlated with the 

abundances of adult L. marginata and G. maculosus. Reich et al. 

(2012) similarly observed a significant negative correlation between G. 

maculosus and A. subfuscus densities in Cloosh forest over a 13-week 

autumn / winter sampling period. Results from the current study 

provide further evidence that G. maculosus could compete with A. 

subfuscus (in addition to L. marginata) as the negative association in 

our study was observed using a greater number of circumference traps 
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over a greater study period which accounted for seasonal variation. 

Although native to Ireland, A. subfuscus is an introduced species in 

North America where it appears to compete with sympatric native 

slugs (Paustian and Barbosa, 2012), and Rollo and Wellington (1979) 

found it to be the second-most aggressive terrestrial slug (after L. 

maximus). Interestingly, L. maximus had no significant effect on the 

abundances of either L. marginata or G. maculosus in the present 

study. This may be due to the finding that L. maximus was recorded 

least often during the monitoring period. Direct aggressive interactions 

between A. subfuscus and either L. marginata or G. maculosus are 

possible. However, A. subfuscus was relatively uncommon, 

accounting for less than 2% of the overall slug abundances observed 

throughout the study period and, although significant negative 

correlations were observed between the abundances of this slug 

species and both L. marginata and G. maculosus, the correlations 

were weak compared to the relatively strong, negative correlation 

found between L. marginata and G. maculosus. Given their overall 

numerical abundances within the arboreal gastropod community in our 

study site, L. marginata and G. maculosus likely encounter each other 

more frequently than either species would encounter A. subfuscus, 

therefore increasing the probability of interactions between these two 

slugs. The finding that L. cinereoniger significantly contributed to a 

GLM examining the effects of multiple variables on the abundances of 

L. marginata may be of particular interest since L. cinereoniger, while 

not legally protected, is listed as ‘Vulnerable’ in Ireland under IUCN 

assessment criteria (Byrne et al., 2009). When examined in further 

detail, it was found that L. cinereoniger abundances were positively 

correlated with the abundances of juvenile L. marginata. The 

significant positive correlation with L. marginata, although relatively 

weak, may reflect an absence of competition between these two 

species via niche partitioning. Lehmannia marginata is a lichen-

specialist whereas L. cinereoniger predominantly consumes fungi 
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(Bonkowski and Kappes, 2018). It is possible that, although both 

species were positively associated spatially, L. marginata and L. 

cinereoniger may diverge along a dietary niche axis to reduce 

ecological overlap, thus minimizing the probability of competition. 

However, since L. cinereoniger was relatively rare in the current study, 

it was not possible to determine whether the association between both 

species is independent of the effects of environmental variables (i.e. 

season, temperature, rainfall, humidity and tree CBH).  

While Geomalacus maculosus, like L. marginata, is considered to 

mainly feed on lichens (Platts and Speight, 1988; Reich et al., 2012), 

juvenile G. maculosus exploit seasonally abundant fungi in autumn 

(O’Hanlon and Gormally, 2018), and past food-choice experiments 

suggested that G. maculosus is a generalist bryophyte herbivore 

(Johnston, 2017). Additionally, G. maculosus can survive in a range of 

habitats, from open blanket bog and mountainous wet heath habitats, 

to sheltered ancient woodlands and modified conifer forestry (Mc 

Donnell and Gormally, 2011a), whereas L. marginata appears to be a 

deciduous woodland specialist (Jennings and Barkham, 1979). Theory 

predicts that an ability to exploit a broad range of resources in multiple 

habitat types results in generalist species experiencing interspecific 

interactions relatively more frequently than specialists (Dall and 

Cuthill, 1997). Furthermore, some generalist slugs (e.g. Arion 

lusitanicus) introduced beyond their native range may outperform 

native specialists (e.g. Arion fuscus), in terms of fitness, in stressful 

environments (Knop and Reusser, 2012). Additionally, the effects of 

introduced species on native species may be more pronounced in 

disturbed or modified habitats (Lodge, 1993). 

The conifer forest in the current study was planted in 1960 on an area 

of blanket bog and it is likely that L. marginata and G. maculosus were 

unintentionally introduced (probably by forestry machinery as 

suggested by Reich et al. [2017b]). The effects of competition may be 

more pronounced in this site relative to semi-natural woodlands, where 
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sympatric slug species appear to coexist in relatively stable 

communities due to niche partitioning (Jennings and Barkham, 1979; 

Kappes and Schilthuizen, 2014; Hutchinson et al., 2017). Mc Donnell 

and Gormally (2011a) found that L. marginata was the dominant slug 

species recorded on trees in an oak woodland site in Co. Kerry, 

whereas G. maculosus was slightly sub-dominant. Moorkens and 

Killeen (2009) stated that L. marginata is associated only with 

deciduous woodland in Ireland and Britain, and a recent study in 

continental Europe recovered no L. marginata individuals from n = 45 

conifer forests (Kappes and Schilthuizen, 2014). A strong affinity for 

deciduous woodland habitats may therefore contribute to their 

relatively low abundances in conifer plantations. However, Reich et al. 

(2017b) observed that, in Ireland, L. marginata dominated the 

gastropod community in all conifer plantations surveyed between the 

northern-most distribution point of G. maculosus populations in Co. 

Kerry, and the introduced population in Cloosh forest, Co. Galway 

(more than 120km north), demonstrating that L. marginata popluations 

can survive in, and come to dominate, western Irish conifer forests as 

well as deciduous woodlands. Given that L. marginata is numerically 

dominant in other conifer sites in western Ireland not inhabited by G. 

maculosus, it is possible that the negative associations observed 

between both species in our field study reflect competitive interactions. 

Tree circumference at breast height (CBH) also had a significant 

positive effect on G. maculosus abundances but had no effect on L. 

marginata abundances. Reich et al. (2012) similarly found that G. 

maculosus abundances were positively associated with larger tree 

circumferences and Johnston et al. (2017) further demonstrated that 

this association was not due to increased bryophyte availability, 

suggesting instead that larger trees provide a greater area of available 

refuge habitat. Resting and shelter sites may therefore be a limiting 

resource which L. marginata and G. maculosus compete for in conifer 

forests, rather than common food resources which are not likely to be 
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limiting for slugs (South, 1992). The only other empirical studies on 

competitive interactions in terrestrial slugs (to our knowledge) found 

that access to suitable shelters may be particularly limiting in dry, warm 

summer conditions, leading to increased aggression levels and 

increased competition for shelter sites (Rollo and Wellington, 1979; 

Rollo et al., 1983).  

A seasonally-oscillating pattern was also observed for the abundances 

of both species over the study period; with G. maculosus being 

numerically dominant for both spring and summer periods, and L. 

marginata being dominant throughout both winter periods. Lehmannia 

marginata abundances were negatively correlated with temperature 

whereas G. maculosus abundances were positively associated with 

temperature. However, temperature did not contribute significantly to 

a GLM examining the effects of multiple environmental variables on L. 

marginata abundances, whereas the effect of season was significant. 

This may reflect life-cycle differences between L. marginata and G. 

maculosus. Mating in L. marginata, for example, occurs in autumn and 

winter, and eggs (which are also laid in autumn and winter) may be 

vulnerable to desiccation associated with high rather than low 

temperatures (Rowson et al., 2014; Quick, 1960), explaining the 

dominance of L. marginata during winter periods in the current study. 

Mating in G. maculosus also occurs in autumn, as well as in spring 

(Platts and Speight, 1988) and its activity has been previously shown 

to correlate positively with temperature (Johnston et al., 2016; Reich 

et al., 2017a). Recent distributional modelling has further predicted 

that G. maculosus could survive ambient temperatures of up to 29οC 

in humid conditions (Patrão et al., 2015), suggesting that this species 

is more vulnerable to cold, rather than warm temperatures. Temporal 

partitioning due to divergent species-specific temperature tolerances 

could therefore reduce overlap (and potentially competition) between 

these two species at certain times of the year – particularly in winter 

and summer. However, since both species undergo reproduction in 
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autumn, a strong overlap in activity during this season may increase 

the potential for competitive interactions, which are independent of 

species-specific tolerances for seasonal environmental variables and, 

in the current study, the abundances of adult G. maculosus and L. 

marginata were approximately equal during the autumn period.  

 

3.5.2. Potential competitive mechanisms: direct vs indirect 

interactions 

Overall, L. marginata and G. maculosus tended to avoid direct contact 

with one another in mixed-species behavioural trials. No instances of 

aggressive behaviour (e.g. mantle- or tail-biting) were observed in any 

trials with con- or heterospecific pairings, suggesting that aggressive 

behaviour is not likely responsible for the negative associations 

observed between both species in the field. This was unexpected, 

since G. maculosus individuals maintained in the laboratory at 

relatively high densities were previously observed attacking 

conspecifics (pers. obs.), often resulting in characteristic de-

pigmented wounds (Rollo and Wellington, 1979). It is possible that 

aggression levels vary seasonally or with age, as described by Rollo 

and Wellington (1979), and that aggressive behaviour occurs in the 

field for access to suitable shelters when ambient environmental 

conditions are unfavourable for both species. It is also possible that 

the slug densities maintained during these trials (i.e. two individuals) 

were insufficiently high to elicit aggressive behaviour, whereas the 

densities maintained in field cages by Rollo and Wellington (1979) 

(eight individuals per m2) have been described as unrealistic in nature 

(South, 1992). However, since Rollo and Wellington (1979) did not 

include either L. marginata or G. maculosus in their experiments, and 

since they found that aggression varied between species, it is also 

possible that the absence of direct aggressive interference from trials 

in the current study accurately represent the behaviour of both L. 

marginata and G. maculosus; and that neither of these species are 
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particularly aggressive. Slugs occasionally engaged in non-aggressive 

probing contacts and these direct interactions were significantly less 

frequent in mixed-species pairings than in trials where both individuals 

were conspecifics. Additionally, L. marginata moved significantly 

greater distances in mixed-species trials compared with trials where 

the other slug was a conspecific, whereas G. maculosus activity did 

not differ significantly between trials with con- and heterospecifics. 

Spacing distances were also significantly greater in mixed-species 

pairings relative to trials with two conspecific subjects. These results 

suggest that both L. marginata and G. maculosus possess a capacity 

to discriminate between con- and heterospecific individuals, and may 

remain close to a familiar scent (i.e. of conspecifics) in the absence of 

other cues associated with a home area. Both species appear to 

exhibit strong homing behaviour (Reich et al., 2017a), which is 

associated with the detection of familiar olfactory cues in other slug 

species (Gelperin, 1974; Cook, 1979; Pakarinen, 1992; Jordaens et 

al., 2003). The presence of homing behaviour is also supported by 

mucus trail-avoidance experiments where both species spent 

significantly more time in zones previously exposed to conspecific 

mucus trails. Although we found evidence suggesting that each 

species can discriminating between con- and heterospecifics, we 

found no evidence that direct aggressive interactions occur between 

these two species, suggesting that direct interference via aggressive 

behaviour probably does not contribute significantly to the observed 

negative association observed in the field.   

The current study is (to our knowledge) the first to explicitly examine 

whether mucus trails can facilitate competitive interactions in terrestrial 

slugs and found evidence that avoidance of heterospecific mucus trails 

may be a more important mechanism of interference competition than 

direct, aggressive behavioural interactions. In behavioural trials 

examining the effects of con- and heterospecific mucus on slug 

activity, L. marginata spent significantly less time in experimental 
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zones previously exposed to G. maculosus mucus trails compared 

with zones treated with mucus from conspecifics, D. reticulatum, or 

control zones containing no mucus. Apart from spending significantly 

greater durations in zones treated with conspecific mucus relative to 

control zones containing no mucus cues, G. maculosus activity did not 

differ between treatment zones in any trials, suggesting asymmetric 

interference (i.e. that G. maculosus mucus may contains some cue 

which elicits an aversive response in L. marginata; but that G. 

maculosus activity is unaffected by heterospecific mucus).     

Lee and Silliman (2006) similarly found that the ellobiid snail M. 

bidentatus strongly avoided mucus of the sympatric L. irrorata, and 

suggested that immigration from habitats with high concentrations 

of L. irrorata trail mucus was a potential mechanism of competitive 

displacement. In the saxicolous snails C. clienta and B. perversa, both 

indirect interference via avoidance of heterospecific mucus trails, as 

well as asymmetrical exploitation of lichen food resources have been 

suggested as important factors influencing competitive interactions 

between these two species (Baur and Baur, 1990). In a study of 

interspecific competition between the helicid snails Capaea nemoralis 

(Linnaeus, 1758) and C. hortensis (Müller, 1774) Cameron and Carter 

(1979) found that the activity of C. hortensis was reduced in the 

presence of C. nemoralis mucus trails. Behavioural trials in the current 

study showed that L. marginata exhibited an aversion to G. 

maculosus mucus, even though L. marginata specimens were 

collected from a site outside of the known range of G. maculosus. 

Lehmannia marginata occurs throughout all of G. maculosus range in 

Ireland (Rowson et al., 2014), and in Spain (Alonso and Ibanez, 1984), 

so sympatric populations of both species have presumably been 

exposed to the other for much of their evolutionary history. Lehmannia 

marginata may also possess a relatively ‘shy’ behavioural type (Sih et 

al., 2004). In a study of the spacing behaviour of a number of sympatric 

slug species, Cook (1981) found that L. marginata tended to disperse 
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when approached by a heterospecific individual, whereas other slug 

species formed social huddles which sometimes included mixed-

species aggregations. Cook (1981) considered that L. marginata 

preferred to maintain larger inter-individual distances relative to other 

‘huddling’ slug species, and suggested that L. marginata could 

therefore be easily displaced by other species which enter its 

“personal space”. Although it was not statistically significant, L. 

marginata spent almost 50% less time in areas treated with D. 

reticulatum mucus relative to control areas in this study. This may 

reflect a general avoidance of unfamiliar odours consistent with a shy 

behavioural type. On the other hand, G. maculosus may exhibit a 

relatively ‘bold’ behavioural type, since the behaviour of G. maculosus 

was not modified in the presence of mucus trails from either sympatric 

(i.e. L. marginata) or allopatric (i.e. D. reticulatum) slug species.  

Gastropod trail mucus differs chemically between species (Skingsley 

et al., 2000) and it is considered highly likely that exaptation has 

occurred in many species, with mucus trails evolving novel functions 

relatively rapidly in response to diverse ecological conditions (Ng et 

al., 2013). Mucus is known to play an important role in predator-prey 

interactions between terrestrial slugs and their predators (Pakarinen, 

1994; Digweed, 1994; Mair and Port, 2002), and mucus trails in 

particular have been shown to facilitate prey-searching behaviour by 

gastropod predators (Cook, 1985; Coupland, 1996; Shaheen et al., 

2005; Mc Donnell et al., 2007). The identity and concentrations of 

behaviourally-relevant substances required to elicit avoidance of 

heterospecific mucus trails remain unknown. The duration of activity 

of behaviourally-relevant molecules in trail mucus also remains largely 

unknown; although Mc Donnell et al. (2007) found that the larvae of 

two malacophagous marsh-flies (Diptera: Sciomyzidae) showed weak 

or no responses to Lymnea stagnalis (Linnaeus, 1758) mucus trails 

after only 45 minutes compared with fresh trails, which strongly 

stimulated following behaviour. Whether behaviourally-relevant 
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molecules may evaporate with trail mucus in the field is unknown, 

although Cook (1994) found that multiple low molecular weight 

substances were responsible for eliciting trail-following behaviour in 

the slug Limacus maculatus (Kaleniczenko, 1851), and considered 

that these substances may be volatile, as well as water-soluble. 

Detailed investigations of the molecular composition of trail mucus will 

therefore yield further insights into the ways in which behaviourally-

relevant substances are expressed differently among gastropods, and 

perhaps among age-classes and seasons, analogous to the variations 

in aggression levels previously reported for competing terrestrial slugs 

(Rollo and Wellington, 1979). Bioassays involving such substances 

will be of particular relevance for pestiferous gastropods (Cordoba et 

al., 2018) and for studies examining community interactions of 

gastropods of conservation interest.  

 

3.5.3. Conclusion 

This study found a negative association between field populations of 

the EU-protected (but possibly introduced) G. maculosus and the 

native L. marginata in a conifer forest where both species co-occur. 

Behavioural observations found no evidence of direct aggressive 

interactions but instead found that L. marginata exhibits a strong 

aversion to indirect cues (mucus trails) from G. maculosus. Although, 

other sympatric species and environmental conditions may also 

influence the abundances of both species, and the effects of 

competition may be more pronounced in modified habitats than in 

natural habitats (Lodge, 1993), this study nevertheless found that L. 

marginata and G. maculosus interact in a manner consistent with 

interference competition, which is most likely due to avoidance of G. 

maculosus mucus trails by L. marginata. The distribution of Irish G. 

maculosus is expected to expand further under future climate 

predictions (Coll et al., 2012). Most species predictive models, 

however, fail to incorporate biotic interactions when considering 
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climate change impacts on future species distributions (Araújo and 

Luoto, 2007). There is concern that climate change will lead to an 

increase in biological invasions (Hellmann et al., 2008) and, although 

G. maculosus is not viewed as an invasive species in Ireland, its 

ecological interactions with sympatric terrestrial gastropods in natural 

habitats will need to be studied further to predict any consequences of 

possible species displacements, while still affording conservation 

status to this globally rare slug.  
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(a) Geomalacus maculosus leaving behind a highly viscous mucus 

trail; (b) Pterostichus niger cleaning slug mucus from its mandibles. © 

Aidan O’Hanlon  

(a) (b) 
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4.1. Abstract 

Predation is a key selective force in the evolution and maintenance of 

multiple traits in prey animals. Terrestrial slugs (Mollusca: Gastropoda) are 

an interesting group in which to study anti-predator behaviour because few 

predators are mollusc-specialists. Ground beetles (Coleoptera: Carabidae), 

however, are important slug predators and slugs appear to possess general 

defences when carabids are encountered. Slugs may avoid areas recently 

visited by carabids (primary defence) or, when attacked, exude highly 

viscous mucus (secondary defence). Slugs are, however, a polyphyletic 

group which are present in diverse habitats with varying predation risk. We 

examined whether avoidance of cues from Pterostichus niger, a generalist 

carabid predator, is a primary defence shared by a number of slug species 

from different taxonomic families representing varying degrees of ecological 

specialization and found, for the first time, that multiple slug species appear 

to exhibit a general avoidance of carabid scents. Additionally, we examined 

whether mucus chemistry is altered in response to predation attempts, and 

whether this is a secondary defence common to multiple species. We found 

that calcium, a vital element for molluscs, is secreted in greater amounts 

when slugs are attacked. Choice experiments with P. niger demonstrated 

that calcium did not affect beetle feeding behaviour but that high-viscosity 

gel deterred feeding. We discuss how calcium secretion may contribute to 

mucus viscosity and represent an effective secondary defence mechanism 

common to slugs. Results from no-choice feeding trials suggest that carabid 

beetles may prevent slugs from exuding defensive mucus by attacking the 

mantle region. Overall, we show that slugs share common primary and 

secondary defences but that their expression varies among species, possibly 

reflecting the natural risk of predation experienced by each slug species. 

Additionally, some species-specific anti-predator traits were observed which 

cannot be explained as responses to carabids alone, highlighting the 

importance of considering multiple predators when interpreting anti-predator 

behaviour in prey animals. 
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4.2. Introduction 

Predation has long been recognised as an important selective force in 

the evolution and maintenance of multiple traits in prey animals. 

Predation directly influences the organization of biological 

communities by affecting resource use and habitat choice in prey 

populations (Verdolin, 2006), and imposes selection for anti-predator 

adaptations in the morphology and behaviour of prey species over 

evolutionary timescales (Vermeij, 1994). Anti-predator adaptations are 

broadly categorised as either primary or secondary defences 

(Edmunds, 1974). Primary defences are behavioural or morphological 

traits which minimise the likelihood of a prey animal encountering 

potential predators, whereas secondary defences are behavioural or 

morphological traits which increase the probability of a prey animal 

defending itself successfully and escaping after a predation attempt. 

Behavioural avoidance of potential predators is one of the most 

common primary defence strategies adopted by prey species across 

a number of taxa (Kats and Dill, 1998). Secondary defences, on the 

other hand, may be either permanently fixed, or induced by 

environmental cues (Harvell, 1990). Theoretical work suggests that 

permanently-fixed secondary defences are most effective in 

environments with predictably high predation rates, whereas inducible 

defences benefit prey animals where the risk of predation is 

intermittent (Clark and Harvell, 1992; Broom et al., 2005).  

Terrestrial gastropods (Mollusca) are an interesting group in which to 

examine predator-prey relationships. Very few animals are 

malacophagous (specialised mollusc-eaters) but slugs and snails are 

nevertheless consumed by diverse species from major terrestrial taxa 

including insects, arachnids, amphibians, reptiles, birds and mammals 

(Barker, 2004). There is much evidence to suggest that ground beetles 

(Coleoptera: Carabidae) are important predators of terrestrial slugs 

(Symondson et al., 2002a). Even generalist carabids, which consume 

a wide range of other invertebrate prey, have been shown to influence 
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slug densities in the field (Symondson et al., 2002b). There is some 

evidence to suggest that slugs possess effective primary defence 

mechanisms to detect and avoid encounters with potential carabid 

predators. The terrestrial slug Deroceras reticulatum (Müller, 1774), 

for example,  is capable of detecting residual chemical cues from a 

number of polyphagous carabid species which influences foraging 

decisions and habitat use (Armsworth et al., 2005; Bursztyka et al., 

2013; Bursztyka et al., 2016), demonstrating that anti-predator 

behaviour can evolve in response to generalist predators. Whether this 

primary defence mechanism (avoidance) is common to other 

terrestrial molluscs or is specific to D. reticulatum remains unknown. 

Since escape-driven dispersal is slow for slugs relative to the speed of 

their predators, slugs should additionally possess secondary defence 

mechanisms when attacked.  

Slug mucus might act as a permanent secondary defence by deterring 

predators such as carabids (e.g. by fouling their mandibles and limb-

joints: Pakarinen, 1994; Mair and Port, 2002; Foltan, 2004). Terrestrial 

slugs spend approximately ten times more energy per meter moved 

than any other terrestrial animal of similar size, which is mostly due to 

the high energy costs required for mucus production (Denny, 1980; 

Henderson and Triebskorn 2002). Consequently, the defensive 

properties of mucus might be induced as a response to external cues 

such as mechanical stimulation via predator attacks, given the 

energetic costs already associated with continuously producing mucus 

for locomotion and avoiding dehydration. Mucus has been reported to 

change consistency in some gastropods depending on the behavioural 

state of the animal. When the animal is at rest, the mucus is a clear, 

low viscosity gel but an opaque, highly viscous glue-like substance 

when stressed (Campion, 1961; Rollo and Wellington, 1979; 

Pakarinen, 1992). This suggests that mucus chemistry changes due 

to predator attack, possibly representing at once a permanently fixed 

but inducible secondary defence mechanism. In a recent study, Braun 
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et al. (2013) provided evidence that calcium directly contributes to the 

stiffness of slug mucus. The authors demonstrated that when calcium-

containing cross-links of Arion subfuscus (Draparnaud, 1805) mucus 

were disrupted, the mucus became less viscous and lost its glue-like 

properties. Since calcium is an essential element and limiting factor for 

molluscs (Fournié and Chétail, 1984), it is possible that the release of 

calcium is induced by external stimuli linked to predation risk, and may 

contribute to the defensive properties of mucus. When small predatory 

invertebrates like carabids feed on relatively large prey like slugs, 

handling time can make up a significant proportion of the total foraging 

effort; especially if the prey animals are well-defended. Prey choice by 

generalist carabid predators may, therefore, be strongly influenced by 

the effectiveness of slug defences, which may vary among species.      

This study aims to: (1) examine whether the detection and avoidance 

of residual chemical cues from carabids is a primary defence 

mechanism common to multiple slug species; (2) investigate whether 

predation attempts influence mucus chemistry; and (3) examine the 

predatory tactics of a generalist carabid when handling a slug. We 

investigated the primary and secondary defence mechanisms of three 

terrestrial slug species representing distinct taxonomic families and 

different degrees of ecological specialization (Deroceras reticulatum 

(Agriolimacidae), a highly pestiferous open habitat specialist; 

Lehmannia marginata (Müller, 1774) (Limacidae), an arboreal 

woodland specialist; and Geomalacus maculosus (Allman, 1843) 

(Arionidae), a globally-rare woodland and open-habitat species of 

conservation concern)  to potential and actual predation by the 

generalist carabid beetle Pterostichus niger (Schaller, 1783), which is 

highly abundant in Irish agroecosystems (O’Sullivan and Gormally, 

1998), peatlands (McFerran et al., 1995; Day, 1987) and forested 

habitats (Williams and Gormally, 2010).  
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4.3. Materials and Methods 

4.3.1. Collection of study organisms 

Deroceras reticulatum and L. marginata were collected using refuge 

traps (DeSangosse, France) from different locations around Co. 

Galway, Ireland from May to August 2015 for behavioural assays / 

predation trials and from May to August 2016 for the collection of 

mucus samples for elemental analysis (described below). Refuge 

traps are 0.25 m2 sheets of absorbent material covered with a 

reflective upper layer and a perforated underside which maintains 

stable temperature and moisture conditions, and have been previously 

demonstrated as a highly effective method for live-trapping both G. 

maculosus (Mc Donnell and Gormally, 2011) and L. marginata (Reich 

et al., 2017). Deroceras reticulatum was collected from refuge traps 

placed on the ground on a patch of amenity grassland on the National 

University of Ireland Galway (NUIG) campus (N53˚16ʹ45.9ʺ 

W9˚3ʹ31.8ʺ alt. 10 m), and L. marginata was collected from refuge 

traps placed on European beech Fagus sylvatica (Linnaeus, 1753) 

trees at Barna Woods (N53˚15ʹ34.4ʺ W9˚8ʹ0.1ʺ alt. 30 m). Geomalacus 

maculosus was collected from refuge traps placed on Sitka spruce 

(Picea sitchensis (Carrière, 1855) in a conifer plantation near 

Oughterard (N53˚22ʹ33.2ʺ W9˚24ʹ40.9ʺ alt. 175 m) in December 2015, 

and housed in captivity with permission from the National Parks and 

Wildlife Service, Department of Arts, Heritage and the Gaeltacht 

(Licence No. C097/2015). All slugs were maintained in species 

monocultures in plastic containers (17 cm × 11 cm × 6 cm) holding up 

to 5 individuals, and animals in captivity were fed a standard diet of 

organic carrots for at least one month prior to the collection of mucus 

for elemental analysis (September to October 2016; discussed below).   

Beetles were collected from a lightly-wooded area on the NUIG 

campus between April and August 2016 (for no-choice predation trials) 

and between April and August 2017 (for choice trials examining the 

defensive mode of slug mucus) using dry pitfall traps (6 cm × 12 cm) 
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covered with a corriboard sheet (10 cm × 10 cm). Beetles were then 

maintained in mixed-sex cultures at a density of five individuals per 

plastic container (17 cm × 11 cm × 6 cm) with a 2 cm layer of 

moistened compost as substrate, and a 3 cm × 3 cm section of 

corriboard as shelter. Since P. niger is a dark-active species (Thiele, 

1977), beetle colonies were maintained on a 16: 8hr light: dark cycle 

so that predatory behaviour could be examined during the nocturnal 

phase of the animal. Beetles were kept in these conditions and fed 

dried cat food pellets twice per week for a minimum of one month 

before feeding trials were conducted (discussed below). 

 

4.3.2. Experiments 

4.3.2.1. Slug primary defence mechanisms  

The methods used to examine the primary defence mechanism 

(avoidance) of each slug species follow Armsworth et al. (2005). Trials 

were carried out in 21 cm × 21 cm wooden arenas, the floor of which 

was covered in a base layer of dampened paper. Two additional test 

papers, each measuring 10.5 cm × 21 cm were then prepared and 

placed over this base layer, effectively dividing the experimental 

arenas into two treatment zones of equal size. Test papers were 

prepared by allowing P. niger individuals (n = 5) to crawl over the 

moistened paper inside a plastic container for two hours. Control 

papers were also moistened and placed inside containers for 2 hours 

but were not exposed to any animals. Before being placed in both 

beetle-exposed and control containers, all paper sections were 

moistened using a spray bottle to standardize moisture levels across 

treatments. Water was sprayed 5 times from a distance of 

approximately 30 cm so that 15 ml of water was uniformly applied 

across all paper sections.  

Prior to behavioural trials, slugs (n = 15 individuals of each species) 

were selected randomly and isolated in separate containers for two 

hours. Test slugs were then placed into arenas along the dividing line 
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between the beetle-exposed and control paper sections. The slug’s 

initial north-south orientation was consistent at the beginning of all 

trials but the left-right positions of paper sections were switched before 

the next trial. The response of individual slugs to residual scents from 

P. niger was never tested more than once. Slug behaviour was 

recorded in trials (duration: two hours) using EthoVision® XT10 

tracking software. Beetle-exposed and test papers were defined in-

program as zones, and slug activity was measured as the cumulative 

duration (s) and crawl speeds (velocity of movement: cm/s) of 

individual slugs in each zone. 

 

4.3.2.2. Slug secondary defence mechanisms 

4.3.2.2.(a) Collection and elemental analysis of trail mucus 

Slug mucus may differ chemically among species (Cook, 1987; 

Skingsley et al., 2000) and depending on the part of the body from 

which it is collected (Skingsley, 2010) so only trail mucus was 

examined for this study. Mucus was collected from slugs before and 

after a simulated attack (hereafter: non-stressed and stressed mucus, 

respectively). 

Non-stressed mucus was collected by allowing slugs (n = 20 

individuals per species) to crawl into and within individual sterile glass 

petri dishes (diameter: 9 cm). After sufficient quantities (mean weight 

± SE = 5.1 mg ± 2.0) of mucus had been secreted on the floor of the 

petri dish (typically after a duration of 5-10 minutes), the slug was 

enticed out of the petri dish by presenting a chopped carrot outside 

(slugs were not removed manually to avoid inducing stress 

responses). To prepare stressed mucus, the same individuals were 

placed into individual sterile glass petri dishes 24 h later and beetle 

attack was simulated by firmly pinching the mid-section and tail of the 

slug repeatedly with a forceps without breaking the skin (after: 

Pakarinen, 1992) which resulted in increased crawling speed and the 

production of highly viscous mucus (which is a combination of dorsal 
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and trail mucus). Both non-stressed and stressed mucus preparations 

were scraped from the petri dishes using plastic straws and transferred 

into 0.5 ml Eppendorf tubes. Samples were freeze-dried to remove 

water (molluscan mucus is composed of up to 80-99% water: Davies 

and Hawkins, 1998), so that they could be gold-coated for SEM 

imaging, which is required prior to EDX analysis (discussed below). 

Slugs and mucus samples were weighed before and after simulated 

attacks. Mucus samples were further weighed after freeze-drying to 

calculate water content.  

Non-stressed and stressed mucus samples were imaged under 

scanning electron microscopy and analysed using energy dispersive 

x-ray (SEM-EDX) spectroscopy (a quantitative measure of the identity 

and relative abundances of chemical elements in a sample [Goldstein 

et al., 2003]). Samples were imaged under high (x 300) magnification 

with acceleration voltage at 15 kV. Spectra were measured from three 

points of each mucus sample using INCA software (Oxford) and 

means of these spectra were used as an average elemental profile for 

each sample per individual. The reflectance of gold was removed, and 

the percentage weights of each element were calculated in-program. 

 

4.3.2.2.(b) Effect of calcium and mucus viscosity on carabid feeding 

behaviour 

Test beetles were isolated and starved for 48 h prior to feeding trials. 

The weight and sex of each beetle was recorded. Individuals were then 

given a choice between cat food pellets (mean weight: 0.21 g ± 0.03) 

coated in a solution of distilled water and elemental calcium (99% 

granular: Sigma) or cat food pellets coated with distilled water only. 

The concentration of the calcium/water solution was selected based 

on the mean percentage weights of calcium obtained from EDX 

analysis of stressed mucus (3 g Ca per 100 ml distilled water).  

Feeding trials (n = 15, duration: two hours) were carried out using male 

and female beetles. Beetle behaviour was recorded using Ethovision® 
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XT10 software. Trials were conducted in darkness during the beetle 

nocturnal phase in plastic boxes (15 cm × 15 cm × 25 cm), the floor of 

which was lined with damp white chromatography paper to maximise 

detection by the tracking software (i.e. by allowing the software to 

discriminate between dark coloured animals and a plain white 

background). Each food treatment was defined in Ethovision® XT10 

as a zone, and feeding behaviour was assessed by beetle activity in 

each zone (i.e. the time spent in contact and number of interactions 

with each food treatment). Since all three slug species were observed 

to exude highly viscous mucus during the collection of stressed mucus 

samples, we undertook additional trials to test for possible effects of 

mucus viscosity on P. niger feeding behaviour. Artificial slug mucus 

was created using odourless, non-toxic Xanthan gum powder (Freee 

Foods, UK) to provide relatively low and high viscosity treatments. Cat 

food pellets (mean weight: 0.20 g ± 0.02) were then coated with one 

of two treatments: low viscosity (0.5 g Xanthan gum powder / 100 mL 

distilled water), representing ‘normal’ mucus, and high viscosity (2 g 

Xanthan gum powder / 100 mL distilled water), representing ‘stressed’ 

mucus. Both treatments were offered to a mix of male and female P. 

niger in n = 15 choice trials which were recorded and tracked in 

darkness using Ethovision® XT10 software, with each food treatment 

defined as a zone, and feeding behaviour assessed by beetle activity 

(time spent in contact and number of interactions with each food 

treatment) in each zone. 

 

4.3.2.2.(c) Innate escape responses of slugs 

Individual slugs of each species (D. reticulatum n = 58; G. maculosus 

n = 108; L. marginata n = 66) were shaken in-hand for 5 seconds and 

then placed into the centre of a petri dish (diameter: 9 cm). The 

duration taken to escape (i.e. to crawl completely out of the petri dish) 

was recorded (in seconds) with a stopwatch. Each slug species 

possesses specific startle responses, the expressions of which were 
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also recorded when individuals were placed into petri dishes: D. 

reticulatum exhibits a tail-wagging behaviour, whereas G. maculosus 

and L. marginata each exhibit different degrees of conglobation 

(curling up into a ball); with G. maculosus bending its sole in half to 

form a tight ball, and L. marginata curling to form a ‘c-shape’ (Rowson 

et al., 2014).       

 

4.3.3. Predation tactics of P. niger in no-choice feeding trials 

Beetles used in no-choice feeding trials were maintained in the same 

conditions as those used to examine the defensive mode of slug 

mucus described above. Beetles were starved for one week 

(Symondson et al., 1997) and then placed into a Parafilm®-sealed 

petri dish (diameter: 9 cm) with a single individual of either D. 

reticulatum (n = 20), G. maculosus (n = 20), or L. marginata (n = 20). 

The behaviour of n = 60 P. niger individuals (33 females, 27 males) 

and their potential prey was recorded in darkness for 24 h. Video files 

were analysed manually by point-sampling every 2 minutes and 

recording the behavioural states of carabids and slugs as well as 

specific events (mantle attacks, tail attacks and aversions) occurring 

within a 1-minute period following the point-sample (Table 1). Beetles 

and slugs were weighed immediately prior to each feeding trial and 

beetles were re-weighed after each trial.  
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Table 1. Descriptions of carabid and slug behavioural categories observed in no-choice feeding trials 

 

Carabid behaviour 

 

Description 

Mantle attack P. niger visibly biting the mantle or head-region of a slug 

Tail attack P. niger visibly biting distally from the mantle to the sides and tip of the tail of the slug 

Aversion P. niger cleaning mucus from mandibles, antennae or limb-joints following a mantle or tail attack  

  

Slug behaviour Description 

Hunched Slug immobile in a hunched, bell-shaped posture: tentacles retracted beneath mantle 

Moving Slug actively crawling  

Not Moving Slug body extended but immobile  

Dead Slug dead; immobile with mouthparts distended and/or slug lying laterally  
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4.3.4. Statistical Analyses 

Slug primary defences: Parameters of slug activity (i.e. crawl speeds 

[cm/s] and durations [s] spent in treatment zones) were normally 

distributed and paired t-tests were used to determine if these 

parameters differed significantly between beetle-exposed and 

untreated control zones. General Linear Models (GLMs) were 

performed to simultaneously assess the effects of the treatment zone 

and slug species identity on slug crawl speeds and the durations spent 

in each treatment zone, assuming Gaussian error distribution. The 

combined effect of treatment zone and slug species identity was 

included in the GLM as an interaction term, and the individual ID of 

slugs was added as a random factor to account for the fact that each 

test zone was nested in the same experimental arena.  

Slug secondary defences (mucus elemental analysis): In total, 10 

elements were detected from both stressed and non-stressed mucus 

samples of all slug species (Appendix 6). Of these, only 3 elements 

were present in every sample collected from each individual of all three 

slug species (carbon, oxygen and calcium). The effects of simulated 

attack and species identity on the percentage weight of each element 

were examined simultaneously using GLM analysis assuming 

Gaussian error distribution. The combined effect of attack stimulus and 

slug species identity was included as an interaction term, and the 

individual ID of each slug was added as a random factor (for each slug 

species). For elemental analyses, potential changes in the percentage 

of water from non-stressed and stressed mucus samples were 

assessed using a generalized linear model assuming a beta-binomial 

error distribution. The effects of attack stimulus and slug species 

identity were included as fixed effects, and the combined effect of 

attack stimulus and slug species identity were included as an 

interaction term. Individual ID was included as a random factor.  Slug 

secondary defences (innate escape responses): Species differences 

in mean escape times were also examined using a GLM. Escape time 
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was modelled as the dependent variable, with slug species and 

individual weights included as fixed factors. The interaction between 

species and individual weight was included in the GLM, and no random 

factors were necessary since each individual was only tested once. 

Carabid feeding behaviour (effects of calcium and viscosity): The 

potential effect of calcium on beetle feeding behaviour (duration in 

contact and frequency of interactions with a food choice) was 

examined using generalized linear modelling. The duration in contact 

with either food type was normally distributed and was assessed using 

a model assuming Gaussian error distribution. The frequency of 

interactions with either food type was assessed in a model assuming 

a Poisson error distribution. The effects of food type and the sex of P. 

niger were included as fixed factors, with beetle weight as a covariate 

in both models, and individual ID was added as a random factor to 

account for repeated observations. The effect of mucus viscosity on 

the duration in contact with, and frequency of interactions with 

relatively low- and high-viscosity gel treatments, was investigated 

using the same statistical procedures as described to examine the 

effects of calcium.       

Carabid feeding behaviour (predation tactics): Binary logistic 

regression was performed to assess the impact of multiple factors on 

the likelihood of predation occurring in no-choice feeding trials. The 

model contained five independent variables (the frequency of tail 

attacks per 24 hour predation trial; the frequency of mantle attacks per 

24 hour predation trial; the weight difference between beetles and 

slugs per trial; the species identity of slugs; and the sex of each 

beetle). The success of the binary logistic model in determining which 

independent variables best predicted predation success was 

interpreted with reference to both Cox and Snell’s R and Nagelkerke’s 

R values, which provide a measure of the significance of the model.  

Data from trials where successful predation occurred (i.e. n = 25 trials 

where slugs were successfully killed and consumed) were 
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subsequently pooled to characterize the general predation behaviour 

of P. niger in further detail. A General Linear Model (GLM) was 

performed to assess the impacts of multiple independent variables on 

the duration taken until a slug was killed and consumed by P. niger. 

The GLM examined the effects of the frequency of tail and mantle 

attacks, the species identity of the slugs, and the sex of the beetles on 

the duration taken until a slug was killed and consumed. The 

interaction between the sex of P. niger and the slug species identity 

was included in the GLM.    

Spearman’s correlation was used to test whether the frequency of 

mantle and tail attacks per 24h period (both normally distributed, 

continuous variables) were significantly associated with the duration 

taken until a slug died (an ordinal variable). Pearson’s correlation was 

used to examine whether tail and mantle attacks were significantly 

correlated with the number of aversive behavioural responses. A 

Student’s t-test was used to test whether P. niger differed significantly 

in the mean frequency of tail or mantle attacks performed on slugs.           

 

4.4. Results 

4.4.1. Slug primary defence mechanisms 

All slugs spent significantly less time and exhibited significantly greater 

velocities (cm/s) in areas exposed to P. niger compared with control 

areas (Table 2). A GLM analysis found that treatment zone (i.e. beetle-

exposed or control areas) significantly contributed to the model 

examining the duration spent by slugs in each zone (F(1, 84) = 87.07, 

P < 0.001), whereas the species identity of the slug alone was non-

significant (F(2, 84) = 0.005; P = 0.995). The interaction between slug 

species identity and treatment zone significantly contributed to the 

model (F(2, 84) = 4.95, P = 0.009). Individual ID (added as a random 

factor to account for repeated measures) was non-significant (F(42, 

84) = 0.001, P = 1.000).   
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An additional GLM analysis found that slug species identity (P = 0.002) 

and treatment zone (P < 0.001) contributed significantly to the model 

examining slug crawl speeds in each zone, whereas the interaction 

between slug species identity and treatment zone was non-significant 

(F(42, 84) = 0.44, P = 0.644). Individual ID was non-significant (F(42, 

84) = 0.54, P = 0.977).       
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Table 2. Behaviour of each slug species in zones exposed to P. niger or control zones (s = seconds), with results from 

hypothesis tests (paired t-tests) to examine mean differences in movement parameters across experimental treatments   

  Beetle-exposed  Control     

 Species Mean SD  Mean SD  Mean Diff. t (14) P 

Time in zone (s) 

D. reticulatum 1937.13 1163.90  5262.87 1163.90  -3325.73 -5.53 <0.001 

G. maculosus 2502.53 1139.56  4644.00 1144.19  -2141.47 -3.64   0.003 

L. marginata 2874.73 1212.45  4317.80 1199.91  -1443.07 -2.32   0.036 

           

Velocity in zone (cm/s) 

D. reticulatum 0.09 0.01  0.06 0.02  0.03 4.75 <0.001 

G. maculosus 0.08 0.02  0.05 0.02  0.03 3.35   0.005 

L. marginata 0.07 0.02  0.04 0.01  0.04 4.92 <0.001 
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4.4.2. Slug secondary defence mechanisms 

4.4.2.(a) Elemental analysis of trail mucus 

The percentage water content of mucus samples did not differ 

significantly between slug species (χ2(2) = 0.014, P = 0.993) or with 

attack stimulus (i.e. between stressed and non-stressed treatments: 

χ2(1) = 0.023, P = 0.881). The combined effect of slug species and 

attack stimulus was non-significant for percentage water content (χ2(2) 

= 0.001, P = 0.976). 

A GLM analysis found that attack stimulus had a significant effect on 

the percentage weights of calcium recorded from mucus samples (F(1, 

114) = 209.31, P < 0.001). Slug species identity also had a significant 

effect on the percentage weights of calcium (F(2, 114) = 25.89, P < 

0.001). The combined effect of attack stimulus and slug species 

identity was also significant for percentage weight of calcium (F(2, 

114) = 9.49, P < 0.001).  The percentage weight of calcium was greater 

in stressed mucus samples from all slug species (Appendix 6), and the 

increase (non-stressed: stressed) was greatest in G. maculosus 

(2.17% ± 0.25 SE: 5.87% ± 0.32 SE) followed by D. reticulatum (2.88% 

± 0.21 SE: 4.83% ± 0.22 SE) and L. marginata (1.49% ± 0.13 SE: 

3.62% ± 0.29 SE). 

GLM analyses were carried out on the two other elements (carbon and 

oxygen) which accounted for the greatest % weights of all elements 

detected via EDX analysis. These were recorded from every non-

stressed and stressed sample from each individual slug to determine 

the individual and combined effects of attack stimulus and slug species 

identity (Appendix 6). Slug species identity had a significant effect on 

the percentage weight of carbon recorded from mucus samples (F(2, 

114) = 10.52, P < 0.001) although attack stimulus did not significantly 

affect the percentage weights of carbon (F(1, 114) = 0.05, P = 0.830). 

The combined effect of slug species and attack stimulus was 

significant (F(2, 114) = 4.33, P = 0.016). Neither attack stimulus (F(1, 

114) = 0.071, P = 0.791) nor slug species identity (F(2, 114) = 0.79, P 
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= 0.457) had a significant effect on the percentage weights of oxygen 

recorded from mucus samples although the combined effect of attack 

stimulus and slug species identity was significant (F(2, 114) = 17.21, 

P < 0.001).   

 

4.4.2.(b) Effect of calcium and viscosity on beetle feeding behaviour 

In trials examining the potential effect of calcium on P. niger feeding 

behaviour, food type (treated with either 3% calcium solution or 

distilled water) did not significantly affect the duration of time which P. 

niger spent in contact with, or frequency of interactions with either food 

option (χ2(1) = 0.025, P = 0.874; χ2(1) = 0.852, P = 0.356, respectively). 

The sex of P. niger also had no significant effect on the duration in 

contact with, or frequency of interactions with either food treatment 

(χ2(1) = 0.118, P = 0.731, χ2(1) = 0.012, P = 0.914). Beetle weight had 

a significant effect on the duration in contact with either food treatment 

(χ2(1) = 5.48, P = 0.019) but did not significantly affect the frequency 

of interactions with either calcium- or water-treated food options (χ2(1) 

= 3.152, P = 0.076). In trials examining the potential effect of mucus 

viscosity on P. niger feeding behaviour, food type (treated with 

relatively low or high viscosity gel) had a significant effect on the 

duration of time which P. niger spent in contact with, and frequency of 

interactions with either food option (χ2(1) = 9.056, P = 0.003, χ2(1) =, 

P =). The sex of P. niger had no significant effect on the duration in 

contact with either food treatment (χ2(1) = 0.032, P = 0.858) but did 

have a significant effect on the frequency of interactions with food 

treated with either low or high viscosity gel (χ2(1) = 26.78, P < 0.001), 

with female P. niger exhibiting a greater mean number of interactions 

(31.44 ± 6.82 SE) with either food treatment per trial than male P. niger 

(25.14 ± 7.25 SE). Beetle weight had no significant effect on the 

duration in contact with either gel treated foods (χ2(1) = 1.596, P = 

0.206) but did have a significant effect on the frequency of interactions 
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with food treated with either low or high viscosity gel (χ2(1) = 23.468, 

P < 0.001).  

 

4.4.2.(c) Innate escape responses of slugs 

Deroceras reticulatum exhibited the fastest mean escape time (37 s ± 

4 s SE) from a petri dish following handling for 5 seconds followed by 

G. maculosus (55 s ± 3 s SE) with Lehmannia marginata exhibiting the 

slowest mean escape time (70 s ± 6 s SE). Slug species identity 

contributed significantly to a GLM analysis modelling escape times 

from a petri dish following 5 seconds of handling (F(2, 226) = 51.24, P 

< 0.001). Slug weight was non-significant for escape time (F(1, 226) = 

3.81, P = 0.052). The interaction between slug species identity and 

slug weight contributed significantly to the model (F(2, 226) = 4.85, P 

= 0.009).  

Intra-specific behavioural differences in escape response were 

observed in D. reticulatum, with 24 out of 58 individuals (41%) 

exhibiting a ‘tail-wagging’ response prior to escape. Conglobation 

(curling into a ball or ‘c-shape’) was observed prior to escape in 100% 

of G. maculosus and L. marginata individuals tested.  

 

4.4.3. Predation tactics of P. niger in no-choice feeding trials  

In a binary logistic regression analysis, the null model containing all 

predictors of predation success was statistically significant, (χ2[6, n = 

60] = 51.90, P < 0.001), indicating that the model successfully 

distinguished between trials where slugs were and were not killed and 

eaten by P. niger. The model explained between 58% (Cox and Snell 

R square) and 78% (Nagelkerke R square) of the variance in predation 

success, and correctly classified 91.7% of cases. Three of the 

independent variables made a significant contribution to the model 

(the frequency of tail attacks per 24 hour predation trial [P = 0.004]; 

the frequency of mantle attacks per 24 hour predation trial [P = 0.003]; 

and the species identity of slugs [D. reticulatum: P = 0.007; G. 
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maculosus: P = 0.025; L. marginata: P = 0.002]; Table 3). The 

frequency of tail and mantle attacks were both the strongest predictors 

of predation success, recording almost equal odds ratios (tail attacks: 

1.06; mantle attacks: 1.09).  



116 
 

Table 3. Binary logistic regression predicting the likelihood of successfulpredation by P. niger.  

Abbreviations: B = unstandardized Beta (regression slope); SE = standard error; Wald = significance test for 

individual coefficients; df = degrees of freedom; P = probability; OR = odds ratio; CI = confidence interval  

 B SE Wald df P OR  95% CI for OR 

Independent variables        Lower Upper 

          

Tail attacks 0.06 0.02 8.15 1 0.004 1.06  1.02 1.11 

          

Mantle attacks 0.09 0.03 8.64 1 0.003 1.09  1.03 1.16 

          

Weight difference -1.20 1.16 1.09 1 0.297 0.30  0.03 0.29 

          

D. reticulatum   9.83 2 0.007     

          

G. maculosus* -4.64 2.07 5.02 1 0.025 0.01  0.00 0.56 

          

L. marginata* -8.52 2.73 9.73 1 0.002 0.00  0.00 0.04 

          

Sex of beetle -0.22 1.22 0.03 1 0.855 0.80  0.07 8.77 

          

Constant -4.58 1.64 7.80 1 0.005 0.01    

*The coefficients for G. maculosus and L. marginata are set relative to the effects of D. reticulatum 
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Of the variables examined in GLM analysis, the frequency of mantle 

attacks was the only significant predictor of the time taken for a prey 

slug to be killed and consumed by P. niger (P = 0.001). Species identity 

of the slugs was marginally non-significant (P = 0.063; Table 4). 

 

Table 4. General Linear Model assessing the contribution of multiple 

factors to the duration taken until slugs were successfully killed and 

consumed by P. niger. Abbreviations: SS = sum of squares; df = 

degrees of freedom; MS = mean square; F = test statistic; P = 

probability 

 SS df MS F P 

Main effects      
      
Tail attacks 4.36 1 4.36 0.53 0.477 
      
Mantle attacks 146.58 1 146.58 17.75 0.001 
      
Sex of beetle 5.15 1 5.15 0.62 0.440 
      
Slug species 53.61 2 26.81 3.25 0.063 
      
      
Interaction terms      
      
Sex of beetle ×  
slug species 

18.79 1 18.79 2.28 0.149 

Error 148.67 18 8.26   

 

The frequency of mantle attacks was significantly and negatively 

correlated with the time taken for a prey slug to be killed (Spearman’s 

rho = -0.633, P < 0.01; Fig. 1a). There was a significant and positive 

correlation between tail attacks by P. niger and time until death for 

slugs across each successful feeding trial (Spearman’s rho = 0.697, P 

< 0.01). The frequency of tail attacks was also significantly and 

positively correlated with the frequency of aversive behavioural events 

displayed by P. niger (Pearson’s r = 0.855, P < 0.01; Fig. 1b). There 
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was no significant correlation between the frequency of mantle attacks 

and aversive behavioural events (Pearson’s r = -0.354, P = 0.083). 

There was no significant difference between the mean number of 

mantle attacks and tail attacks performed by P. niger over n = 25 

feeding trials where predation was successful (t = 1.395, P = 0.171).    
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Figure 1. (a) The frequency of mantle attacks (i.e. rate of attacks per 24 h) performed on slugs by Pterostichus niger was 

negatively correlated with the time taken until death for slugs; and (b) the frequency of tail attacks by Pterostichus niger was 

positively correlated with the number of aversive behavioural events in no-choice feeding trials where predation was 

successful. Statistics based on Spearman’s (a) and Pearson’s (b) correlations (given in-text). Symbols: ○ = Deroceras 

reticulatum; × = Geomalacus maculosus; △= Lehmannia marginata 

(a) (b) 
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4.5. Discussion 

4.5.1. Primary defence mechanisms 

All slug species spent less time and exhibited greater crawl speeds in 

areas previously exposed to P. niger. This is in agreement with past 

studies of D. reticulatum which exhibits an aversion to residual scents 

from carabid beetles (Armsworth et al., 2005; Bursztyka et al., 2013; 

Bursztyka et al., 2016). However, this study is the first to demonstrate 

that taxonomically and ecologically distinct slug species share a 

common capacity for olfactory-based risk discrimination. Predator 

avoidance can profoundly affect the organisation of biological 

communities (Weissburg et al., 2014) although the responses of prey 

species can vary greatly. Mammalian prey, for example, may respond 

weakly to predator scents on the one hand, only slightly modifying their 

behaviour by reducing non-defensive activities or, on the other hand, 

may respond strongly to predator cues by greatly reducing foraging or 

mate-searching times, resulting in ‘area effects’ where prey species 

are deterred for some distance from the predator scent (Apfelbach et 

al., 2005). Most invertebrates use olfaction as their primary sensory 

modality and possess extremely sensitive olfactory systems to detect 

minute concentrations of behaviourally-relevant signals (Krieger and 

Breer, 1999). Invertebrate prey should therefore show the same 

variation in sensitivity to scents from predators which are observed in 

other animal systems depending on their likely predation risk, and the 

results from this study suggest that this is the case in terrestrial slugs. 

Deroceras reticulatum, for example, showed the strongest aversion to 

P. niger residual cues in this study, followed by G. maculosus and L. 

marginata. This may reflect the risk of D. reticulatum to high predation 

rates by carabids in open habitats, relative to G. maculosus, which 

occurs in both open and forested habitats, and L. marginata which is 

an arboreal forest specialist. However, anti-predator behaviour is not 

expected to evolve in response to a single generalist predator species 

because the selection pressure is presumably weak (Armsworth et al., 
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2005), and because prey do not respond as strongly to olfactory cues 

from generalists as they do for specialists (Scherer and Smee, 2016). 

Since avoidance of P. niger scents was a shared response among all 

slugs, this suggests that terrestrial slugs form a major component of 

the diet of many carabid species generally. Slugs may represent a 

particularly important food source for carabids during seasons when 

alternative prey (e.g. earthworms or insect larvae) are unavailable 

(Jelaska et al., 2014). Generalist carabids could therefore be 

considered a trophic species (Sih et al., 1998) insofar as multiple 

carabid species may elicit similar behavioural responses in multiple 

slug species, which may have led to the evolution of general avoidance 

behaviour observed in each slug species in this study. This general 

avoidance behaviour may be elicited from some molecule which is 

shared but modified slightly among related carabid species, analogous 

to the way in which mammalian prey can exhibit defensive behaviour 

in response to molecules which are shared among multiple predator 

species (Apfelbach et al., 2015).  

 

4.5.2. Secondary defence mechanisms 

The importance of mucus as a defence against generalist predators 

such as carabids has been examined previously (Pakarinen, 1994; 

Mair and Port, 2002; Foltan, 2004) but the current study is the first 

demonstration that mucus changes chemically after exposure to 

attempted predation, suggesting that slug mucus represents an 

induced secondary defence mechanism. 

Simulated predation significantly affected the amounts of calcium 

measured from the mucus of all slugs and, although the percentage 

weights of calcium also differed among slug species, the general 

response (elevated levels of calcium and increased mucus viscosity) 

was common to all species. Sticky secretions serve defensive 

purposes in other terrestrial invertebrates, such as honeybees 

(Duangphakdee et al., 2005) and other Hymenoptera, lepidopteran 
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larvae, rove beetles and saldid bugs (Betz and Kolsch, 2004), and in 

mucus-secreting marine taxa such as sea slugs (Greenwood et al., 

2004) and hagfish (Zintzen et al., 2011). However, in all cited 

examples from other taxa, sticky secretions represent a permanent, 

fixed secondary defence mechanism. In contrast, terrestrial slug 

mucus appears to represent both a fixed secondary defence, insofar 

as mucus must be permanently produced to facilitate locomotion and 

avoid dehydration, and an induced secondary defence, since its 

chemical composition and viscosity are altered post-attack. Although 

sticky secretions also occur as an induced secondary defence in 

onychophoran velvet worms (Baer et al., 2014), terrestrial slugs 

appear to be unique among prey animals to our knowledge, insofar as 

they possess simultaneously a fixed and induced defensive secretion.       

Since mucus production is energetically costly (Denny, 1980) and 

calcium is a vital element for molluscs (Fournié and Chétail, 1984), 

slugs should possess an ability to regulate calcium secretion. Predator 

attack may cause calcium glands in slug epithelia to rupture and 

release calcium into a defensive mucus cocktail, and mechanical 

stimulation has been previously shown to increase calcium levels in 

sac preparations of slug body wall (Deyrup-Olsen and Martin 1982). 

Past studies which reported a change in gastropod mucus consistency 

(Dexheimer, 1951) and colour (Campion, 1961; Castell and 

Sweetman, 1997) may also indicate the contribution of calcium 

secretions to secondary defence mechanisms in other gastropod 

species. Whether calcium is secreted as part of a larger molecule 

remains unknown, as the elemental analysis performed in this study 

cannot provide molecular information. Two other elements, carbon 

and oxygen, which were detected from all samples, were recorded in 

greater concentrations in stressed mucus samples for all species, and 

were significantly greater for L. marginata. These increases may be 

linked to calcium through the secretion of calcium carbonate granules, 



123 
 

which Campion (1961) hypothesised was responsible for the white 

colour of irritated mucus from the snail Cornu aspersum Müller, 1774).   

Elemental calcium did not affect P. niger behaviour. Instead, increased 

viscosity deterred feeding. Braun et al. (2013) demonstrated the 

importance of calcium in determining mucus viscosity from the slug A. 

subfuscus, and the results from our study demonstrated significantly 

greater calcium levels in stressed mucus.  

Geomalacus maculosus exhibited the greatest calcium increase in 

stressed mucus relative to the other species examined. This could 

reflect the likely greater diversity of potential predators faced by G. 

maculosus, which lives in both open and forested habitats, as it is 

known from other taxa that predation from multiple sources can 

impose stronger selection for anti-predator behaviour than would be 

expected from a single predator class (e.g. in birds: Morosinotto et al. 

[2010]; in fish: Templeton and Shriner [2004]). Alternatively, the high 

percentage weights of calcium recorded in stressed G. maculosus 

mucus are related to skin thickness. As a medium-large sized arionid 

slug, G. maculosus possesses thicker skin than limacid (e.g. L. 

marginata) or agriolimacid (e.g. D. reticulatum) slugs, and may 

possess a relatively higher proportion of epithelial mucus and calcium 

glands. Generalist carabids prefer thin-skinned slug species 

(Pakarinen, 1994; Foltan, 2004) and often successfully consume thick-

skinned arionid slugs only once the mucus supply is exhausted 

(Pakarinen, 1994).  

Escape times also varied significantly among species, with D. 

reticulatum possessing the fastest escape time, followed by G. 

maculosus and L. marginata, respectively; and all species exhibited 

innate startle responses. Intra-specific behavioural variation was 

observed in D. reticulatum, in which a ‘tail-wagging’ response was 

recorded in 41% of the slugs examined. Rollo and Wellington (1979) 

observed that tail-wagging in D. reticulatum was an effective strategy 

in defending against aggressive sympatric slugs. Tail-wagging may 
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similarly focus predator attention towards the tail region, thereby 

limiting the amount of attacks targeted at the vulnerable mantle. A 

conglobation startle response was recorded in all G. maculosus and 

L. marginata individuals observed. Interestingly, when conglobation 

occurs, mucus on the dorsal surface of the slug changes to a low 

viscosity, slippery state (in contrast to the high viscosity, sticky mucus 

secreted upon a pinching stimulus). Conglobation could be an 

adaptation to avoid predation by birds, as it is only expressed when 

the slugs are completely removed from their substrate and may, in 

combination with the secretion of slippery body mucus, render the 

slugs difficult for a bird to handle. Additionally, G. maculosus 

possesses background matching camouflage (O’Hanlon et al., 2017) 

and L. marginata also closely resembles the visual properties of tree 

trunks (i.e. it is brown with dark lateral bands and mottling) which is 

consistent with evolution by selection from visual predators such as 

birds. This might explain the slow escape times of these species 

relative to D. reticulatum since slow-moving camouflaged prey should 

be less detectable than conspicuous highly mobile prey (Hall et al., 

2013).  

 

4.5.3. Predation tactics of P. niger in no-choice feeding trials 

The frequency of mantle attacks was the only variable which 

significantly predicted the duration taken for a prey slug to be killed 

and consumed. Furthermore, the frequency of mantle attacks was 

negatively correlated with the time it took a slug to be killed, and it 

appears that handling times (tail and mantle attacks) by P. niger 

differed among slug species (with D. reticulatum requiring less 

handling time than either G. maculosus or L. marginata). Carabids 

which are specialist gastropod-feeders can prevent even large, thick-

skinned species from secreting defensive mucus by stabbing the 

mantle of the slug with their mandibles which may paralyze the slugs 

either by delivering a toxin or by mechanically destroying the cerebral 
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ganglia, whereas generalists do not target a specific body region 

(Pakarinen, 1994). The results from the present study similarly found 

that P. niger showed no preference for attacking either the mantle or 

tail region. The frequency of tail attacks was positively correlated with 

the number of aversive behavioural events (e.g. mandible and 

antennal cleaning) displayed by P. niger in feeding trials, which is 

probably due to the secretion of viscous mucus. This indicates that the 

inducible nature of slug defensive mucus may be an adaptation to 

predation attempts from multiple generalists but not to malacophagous 

specialists. Generalist carabids which consume slugs also consume 

many other invertebrates (Jelaska et al., 2014) and the release of 

highly viscous mucus may afford attacked slugs sufficient time to 

escape by causing attacking carabids to increase the frequency of 

non-predatory behaviour (e.g. cleaning), and subsequently switch their 

attention to alternative prey.  

Slug species was a predictor of predation success in no-choice 

feeding trials and, despite their relatively low calcium secretions and 

slow escape responses, L. marginata was eaten least often (in only 

20% of trials). Anti-predator adaptations which are costly or are no 

longer beneficial are predicted to be lost rapidly (Blumstein, 2006). The 

relatively weak expression of primary and secondary defences may, 

therefore, reflect the likely low predation risk of the arboreal L. 

marginata to ground beetles in forested habitats. This hypothesis is 

supported by recent work by Saeki et al. (2017) who demonstrated 

that seasonal migration into tree canopies by the snail Euhadra 

brandtii sapporo (Ijima, 1891)  is directly influenced by ground beetle 

predation. Intense selection by ground beetles in the past may have 

similarly contributed to the evolution of arboreality in L. marginata and 

G. maculosus.  
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4.5.4.Conclusions 

The results of this study indicate that different slug species possess 

common primary and secondary anti-predator defences. However, the 

expression of these defence mechanisms varies among species. This 

appears to reflect the ecology of each slug species examined: D. 

reticulatum, as a numerically dominant open habitat-specialist 

probably encounters carabids frequently and, as such, it appears to 

possess the strongest primary defence, and the fastest escape time. 

Lehmannia marginata, as an arboreal forest specialist, probably 

encounters predation from ground beetles only relatively rarely. 

Geomalacus maculosus, as a niche generalist, is likely to be exposed 

to a greater number of potential predators from both open and forested 

habitats, explaining its intermediate primary and secondary defences.  

Most of our knowledge regarding predator-prey evolutionary ecology 

comes from considering single species pairings. Although the common 

secondary and primary responses observed in this study can be 

explained as adaptations to avoid a single trophic species (generalist 

carabids), species-specific primary (camouflage) and secondary 

(conglobation) defence mechanisms of both G. maculosus and L. 

marginata cannot be satisfactorily explained by considering a single 

predator class, and instead point to the role of visual predators such 

as birds. This highlights the importance of considering predation from 

multiple sources when investigating anti-predator adaptations and the 

spatial distribution of prey species, and adds to the growing body of 

evidence that multiple predators have effects on the behaviour, 

morphology and ecology of species over evolutionary timescales.   
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Chapter 5: General Discussion 

Although information regarding the behaviour of an animal species can 

contribute significantly to conservation strategies, many management 

plans fail to address animal behaviour, despite the obvious importance 

of such data in relation to, for example, captive breeding and 

translocation programmes, control of natural enemies, or the ways in 

which species respond to anthropogenic disturbance (Sutherland, 

1998). This thesis aims to increase our knowledge of the behavioural 

ecology of the internationally-protected G. maculosus by examining 

traits which may be related to its survival, and therefore contribute to 

its abundance and distribution in Ireland. In particular, the aims were 

to investigate if and how density-dependent factors, such as predation 

and competition, influence the ecology of G. maculosus by examining 

its interactions with: (1) the environment, (2) sympatric gastropods and 

(3) potential predators, as follows:  

(1). The colouration of G. maculosus populations living in open and 

forested habitat types was quantified to determine whether this 

species exhibits habitat-specific camouflage. Rearing experiments 

were also conducted to investigate the biological basis of skin 

pigmentation. 

(2). Interactions between G. maculosus and L. marginata were studied 

in the field and laboratory to determine: (a) whether evidence of 

competition exists between sympatric populations of these species; 

and (b) what behavioural mechanisms may be responsible for 

facilitating interspecific interactions. 

(3). The antipredator behaviour of G. maculosus was studied in 

response to predation by the generalist carabid beetle P. niger to 

determine the susceptibility of G. maculosus to predation.  
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The key findings of each study in relation to G. maculosus ecology, 

and the implications of these findings for conservation strategies, are 

discussed below.  

 

5.1. Key findings 

 

Key Finding 1: Geomalacus maculosus exhibits background-

matching colouration (crypsis) which is expressed differently 

depending on the developmental environment of the animal 

 

Standardised digital photography of field populations of G. maculosus 

from open and forested habitats revealed that the colour properties of 

each morph (black or brown) were strongly and positively correlated 

with the colour properties of the substrate upon which they are found, 

suggesting that G. maculosus exhibits a high degree of phenotype-

environment matching consistent with cryptic camouflage (Endler, 

1978). Furthermore, the colour properties of each G. maculosus 

morph were not correlated with the colour properties of alternative 

habitat types. This suggests a ‘mismatch’ between animal and 

substrate in alternative habitats and demonstrates that each G. 

maculosus colour morph provides habitat-specific camouflage. In 

other words: brown colour morphs from forested habitats may appear 

conspicuous on black and white boulder substrates in bog habitats, 

whereas black colour morphs from open habitats may appear 

conspicuous against the brown background substrates in forested 

habitats. It is predicted that conspicuous ‘mismatched’ colour morphs 

should experience a higher probability of detection by predators 

relative to ‘correctly’ camouflaged individuals (Merilaita et al., 2017), 

and this variation in camouflage effectiveness subsequently maintains 

the relative frequencies of different colour morphs within populations 

(for example, this appears to be the case for the famous ‘industrial 

melanism’ of peppered moths [Cook et al., 2012]). Populations of a 
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single species persisting as two or more distinct colour morphs in 

broadly different habitat types is common throughout the animal 

kingdom and, in general, visual predation is considered to be a major 

source of selective pressure which maintains the relative frequencies 

of different colour morphs (Stevens, 2007). Allen (2004) considered 

birds, which are visual foragers, to be the most important source of 

selective pressure for the evolution of cryptic colour morphs in prey 

species generally, and stated that predation by birds was the reason 

why most woodland-associated gastropod species, for example, tend 

to exhibit brown colouration (to match the general colour properties of 

tree trunks and dead vegetation on the forest floor). Although 

terrestrial snails are known to be a crucial component of the diet of 

some passerine birds (particlularly as a source of calcium [Graveland 

et al., 1994]), the relative importance of terrestrial slugs as a source of 

food for birds is virtually unknown. Some avian predators appear to 

occasionally kill and consume slugs as part of a much broader 

generalist diet (e.g. crows [Porter, 1979], red grouse [Wild and 

Lawson, 1937], starlings [South, 1980], woodpeckers [Koval, 1976]), 

whereas other bird species tend towards higher levels of 

malacophagy. The thrushes, for instance, (Turdidae), in particular 

blackbirds (Turdus merula [Linnaeus, 1758]) and redwings (Turdus 

iliacus [Linnaeus, 1758]) frequently consume slugs. Allen (2004) 

summarized older published records of avian predation on terrestrial 

slugs and found that thrushes have been reported to feed on a diverse 

range of slug species including Limax maximus, Limacus flavus 

(Linnaeus, 1758), Deroceras reticulatum, Arion hortensis and A. ater. 

It is reasonable to consider, therefore, that avian predation provides 

an important source of selective pressure for apparently cryptic slug 

colour morphs. It is also worth considering that many other woodland-

associated slug species found in Ireland exhibit brown or olive-green 

skin colouration, with additional dark pigmentation organised in 

various configurations across the body. Many woodland species, for 
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example, exhibit darkly pigmented patterns ranging from diffuse lateral 

bands, (e.g. Arion subfuscus, Arion owenii [Davies, 1979], juvenile G. 

maculosus) and dark mottling (e.g. Lehmannia marginata), to spotted 

patterning (e.g. Limax maximus, L. cinereoniger, Limacus maculatus, 

G. maculosus) in addition to a body colour which matches the visual 

properties of the background substrate of the animal. The ecological 

function of disruptive patterns (spots, stripes, mottling etc.) is to 

conceal the outline of a prey animal against its background substrate, 

thereby decreasing the probability of detection by a visually-hunting 

predator. Avoidance of predation increases the fitness of an 

undetected prey animal, and species which possess disruptive 

patterning, as well as background-matching colouration, are optimised 

to avoid detection by potential predators (Stevens and Merilata, 2009).            

Geomalacus maculosus is, however, highly unusual in relation to other 

animal species which exhibit multiple colour morphs because the 

underlying skin colour of G. maculosus appears to be determined by 

the spectral properties of its developmental habitat (in particular, in 

response to UV-irradiation or a lack thereof), rather than disruptive 

selection over many generations (e.g. imposed by visually-foraging 

predators). Instead, the different colour morphs found in G. maculosus 

populations appear to be an example of phenotypic plasticity which 

describes how phenotypic traits (e.g. pigmentation) can be expressed 

differently from the same genotype in response to environmental 

variation (West-Eberhard, 1989). Interestingly, a study of the genetic 

variability between Irish and Spanish G. maculosus populations (Reich 

et al., 2015) found no differences in 16s RNA or CO1 genes between 

black (bog-collected) and brown (forest-collected) Irish specimens (I. 

Reich, pers. comm.). This further suggests that skin pigmentation in 

G. maculosus is plastic and is environmentally  determined. Rearing 

experiments with newly-hatched G. maculosus specimens 

demonstrated that diet had no effect on the development of slug 

pigmentation. This was unexpected, since the only other study to have 
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investigated changes in slug skin pigmentation found that diet 

influenced body colour (Jordaens et al., 2001). Instead, exposure to 

UV-lighting induced the ‘bog’ (black) phenotype in laboratory-reared 

G. maculosus, whereas slugs reared in darkness remained brown. 

Subsequent stereological examination of skin sections from both UV- 

and darkness-reared slugs demonstrated that UV-reared (black) 

individuals possessed significantly greater concentrations of melanin-

like pigments than darkness-reared individuals. Iberian populations of 

G. maculosus also show skin colour variation from various shades of 

brown in woodlands (Castillejo et al., 1994) to black in open 

mountainous regions (Simroth, 1891). Synanthropic G. maculosus 

populations in Spain are often a very pale yellow-brown colour (J. 

Iglesias, pers. comm.), and are almost exclusively nocturnal (Castillejo 

et al., 1994), which further implicates the importance of UV radiation 

in determining G. maculosus colouration (since nocturnal Spanish G. 

maculosus would receive little or no UV exposure).    

The ability of G. maculosus to alter its pigmentation in response to UV 

exposure may have evolved relatively recently. The only two genetic 

studies involving G. maculosus to-date estimate that this species 

originated between approx. 14Mya (Reich et al., 2015) and 8Mya 

(Cuhna et al., 2017) during the Miocene. Furthermore, Reich et al. 

(2015) suggested that G. maculosus populations could have survived 

in mountain valleys in Iberia during the periodic growth and retreat of 

ice sheets which characterise the Quarternary period (Denton et al., 

2010), which may reflect the association between upland regions and 

contemporary G. maculosus populations. Hewitt (1996) considered 

that animal and plant populations survived this period of glacial cycles 

by migrating up and down mountains. During warming phases when 

ice sheets were retreating, G. maculosus populations would have 

access to higher mountain ranges, allowing them to increase their 

range altitudinally but also exposing populations to relatively higher 

levels of UV radiation. Exposure to UV radiation is known to damage 
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DNA, and melanin acts as a protective filter in skin against the effects 

of intense UV-exposure (Ahmed and Setlow, 1993; Jablonski and 

Chaplin, 2000; Svobodova et al., 2012). Migration up and down 

mountain ranges over thousands of years as ice sheets periodically 

expanded and retreated may therefore have fixed in ancestral G. 

maculosus populations the ability to cope with altitudinal differences in 

UV-exposure, and this may explain the ability of contemporary G. 

maculosus populations to increase the epithelial concentration of 

melanin-like pigmentation in response to UV-irradiation in open habitat 

types. Dark populations of some other arionid species (e.g. A. ater, A. 

rufus [Linnaeus, 1758] and A. lusitanicus [Mabille, 1868]) and limacid 

species (e.g. L. marginata) have been similarly reported to 

predominate at high altitudes, which may be a result of climatic 

selection (Taylor, 1907; Chevallier, 1976; Rowson et al., 2014). Skin 

colour in G. maculosus, therefore, possibly originated as a photo-

protective adaptation, later providing incidental camouflage in different 

habitat types. Geomalacus maculosus slugs in woodlands may be 

relatively paler than those found in open habitats because far less UV 

radiation would be capable of penetrating woodland canopies. The 

spotted patterning of both G. maculosus colour morphs may 

additionally enhance the efficacy of incidental camouflage by further 

concealing the shape of the animal against a heterogeneous 

background substrate (as discussed above). Hall et al. (2013) showed 

that disruptive markings (such as spotted pattering) can increase the 

success of crypsis in multiple habitat types. Spotted patterning, as well 

as variation in skin colouration, may therefore provide G. maculosus 

with highly effective habitat-specific camouflage.  

Taylor (1907) considered that G. maculosus was an open-habitat 

species, which was seldom found on trees, whereas Platts and 

Speight (1988) speculated that G. maculosus may have originated as 

a woodland species which subsequently colonised open habitats as 

early humans began to clear large swathes of woodland. Results from 
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the study in Chapter 2, and consideration of these results in relation to 

other species within the Geomalacus genus, may provide support of 

the latter scenario (a woodland origin). The observation, for example, 

that all G. maculosus juveniles hatch as the brown colour morph, 

regardless of whether they subsequently develop black pigmentation 

or retain juvenile colouration into maturity, possibly represents a subtle 

atavism (i.e. the expression of an ancestral characteristic in 

subsequent descendent species). Furthermore, the expression of 

brown pigmentation in mature life-stages by woodland G. maculosus 

is possibly a result of paedomorphosis (the retention of juvenile 

characteristics into adulthood). Morphological traits associated with 

paedomorphosis appear to be common among gastropod molluscs, 

with larval or juvenile traits persisting into adult forms for many species 

(Ponder and Lindberg, 1997). The brown shell colouration in the 

terrestrial hygromiid snail Trochoidea simulata (Ehrenberg, 1831), for 

example, is considered a consequence of paedomorphosis, whereby 

juveniles are born with a brown shell, and adults may subsequently 

either retain brown shell colouration or develop white shells in 

response to variations in soil calcium carbonate concentrations (Ward 

and Slotow, 1997). For G. maculosus, both possibilities are consistent 

with the idea that black pigmentation represents an apomorphic trait 

(i.e. an evolutionarily advanced character state), and that brown 

colouration is plesiomorphic, or ancestral. Furthermore, the other 

species of Geomalacus (G. anguiformis, G. oliveira and G. 

malagensis) inhabit woodlands, exhibit brown skin pigmentation, and 

all retain dark lateral banding into maturity (Castillejo et al., 1994), 

whereas lateral banding is greatly reduced or completely absent in 

adult G. maculosus [Platts and Speight, 1988]). Additionally, G. 

maculosus is the only Geomalacus species to exhibit spotted 

patterning (Castillejo et al., 1994). Brown skin colouration and the 

occurrence of dark lateral bands may therefore be plesiomorphic 

characteristics in Geomalacus, whereas the expression of black skin 
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colouration and spotted patterning may be apomorphic and unique to 

G. maculosus. However, it is also possible that the three other 

Geomalacus species are more evolutionarily derived than G. 

maculosus and that the ability to produce melanin in response to UV 

radiation and spotted patterning was lost in a common ancestor. If this 

were the case, the dark lateral banding present in mature forms of the 

other Geomalacus species may represent paedomorphic traits in 

reference to juvenile G. maculosus, which may more closely resemble 

an earlier Geomalacus ancestor. Further morphological, as well as 

genetic research (suggested in Chapter 5.3) involving all Geomalacus 

species is therefore needed to answer the puzzling question as to 

whether spotted patterning and the ability to develop black 

pigmentation in response to UV exposure represents a recent 

innovation for G. maculosus, or whether this trait is ancient but was 

subsequently lost in the other Geomalacus species.  

Based on the study detailed in Chapter 2, and on previous research 

regarding the genetic origins of Irish G. maculosus populations, the 

most likely model to describe the process of camouflage development 

in G. maculosus can be summed up in three steps as follows: (1) 

juvenile slugs hatch from eggs in either open or forested habitats; (2) 

if juveniles mature in open habitats, they develop melanin in response 

to the high degree of UV-exposure whereas if juveniles mature in 

relatively sheltered forested habitats, they remain brown; (3) black or 

brown skin pigmentation, in addition to spotted patterning, provides 

incidental cryptic camouflage against dark lichen-dotted boulder 

outcrops and moss-covered tree trunks, respectively.  

This is the first demonstration of phenotypre-environment matching in 

a terrestrial slug species (which is an indication of camouflage: Endler, 

1978; Stevens, 2007), and the first demonstration that the skin 

pigmentation of a land mollusc can change in response to its 

environment within the lifetime of an individual. In laboratory rearing 

trials, slugs exposed to UV-lighting developed black pigmentation after 
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approximately three months. Although slugs were provided with a 

shelter area and the UV light-source was set to reflect natural light:dark 

hours, it may take longer for this black phenotype to develop in nature, 

given that UV radiation, although capable of passing through cloud 

cover, may vary in intensity seasonally as well as with prevailing 

weather conditions (Calbó et al., 2005). Furthermore, although 

reversible colour change is known to occur in other molluscs (e.g. in 

cephalopods [Hanlon and Messenger, 1988]) and has recently been 

demonstrated in a range of arthropods (Umbers et al., 2014), it 

remains unknown whether adult G. maculosus with black pigmentation 

can subsequently revert back to a completely brown phenotype in the 

absence of UV exposure or vice versa (although black G. maculosus 

specimens maintained in captivity for periods greater than three 

months were observed to develop light brown pigmnentation in the 

grooves between tubercles [pers. obs.]). Juvenile G. maculosus found 

in open habitats are frequently observed to exhibit an intermediate 

dark brown colour form (pers. obs.; see Fig. 3 in Chapter 1). 

Geomalacus maculosus takes two years to reach sexual maturity 

(Oldham, 1942) and, since brown adult slugs do not occur in open 

habitats, and black adult slugs do not occur within forested habitats, a 

reasonable conclusion is that colour change in the wild could take no 

longer than two years (although it could be considerably quicker than 

this, as laboratory rearing experiments induced black pigmentation in 

less than three months).  

Skin colour in terrestrial slugs can vary greatly among species and 

even within populations (Cameron, 2016), and for many species 

melanin appears to be the pigment responsible for determining this 

variation. Melanin, for example, is the primary pigment responsible for 

determining the black colour of the ‘common black slug’ Arion ater 

(Linnaeus, 1758) (Kennedy, 1959) and the ‘blue-black soil slug’ Arion 

hortensis (Férussac, 1819) (Dyson, 1964) and melanin has also been 

detected in the epithelium of field slugs Deroceras reticulatum (Lainé, 
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1971). It is also possible that melanin development is associated with 

the expression of different intraspecific behavioural types. For 

instance, in populations of vertebrate species with melanin-based 

colour polyphenisms, increased melanin concentration appears to 

have pleiotropic effects on a suite of behavioural traits including 

increased exploratory behaviour, boldness, stress resistance and 

mating success (Ducrest et al., 2008). Similarly, black G. maculosus 

specimens collected from a clear-felled site were previously found to 

exhibit significantly greater meander rates than forest-collected brown 

specimens when foraging in laboratory trials (Johnston, 2016), which 

may reflect a greater degree of exploratory behaviour with regard to 

food-searching strategies. Furthermore, G. maculosus is generally 

trapped less successfully in open blanket bog and clear-felled habitats 

than in mature forestry (Johnston et al., 2016; pers. obs.) which could 

reflect trapping efficacy in different habitat types but may also suggest 

that melanised G. maculosus in open habitats are less ‘trappable’, and 

may therefore possess greater rates of mobility and exploration. The 

discovery that G. maculosus possesses an ability to change colour to 

better adapt to the visual properties of its surroundings suggests that 

this species is well adapted for survival in multiple habitat types. 

However, this discovery also has implications for the conservation of 

G. maculosus populations, which are discussed later in section 5.2.  

 

Key Finding 2: Geomalacus maculosus may compete 

(successfully) with sympatric slugs in commercial conifer 

plantations  

 

Further evidence that G. maculosus possesses traits that enable it to 

survive in a wide range of ecological contexts comes from the study 

described in Chapter 3, which investigated interactions between G. 

maculosus and L. marginata in a commercial conifer forest. A long-

term negative association was observed between field populations of 
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sympatric G. maculosus and L. marginata. Negative associations can 

reflect the existence of interspecific competition (Schoener, 1983). For 

instance, in a well-known demonstration of interspecific competition, 

Connell (1961) found that the distribution and abundance of the 

barnacle Semibalanus balanoides (Linnaeus, 1767) was negatively 

associated with the presence of the sympatric barnacle Cthalamus 

stellatus (Poli, 1791), on which basis it was suggested that the 

presence of C. stellatus regulated the distribution of S. balanoides via 

asymmetric territorial competition. It is possible that interspecific 

competition influences the distributions of G. maculosus and L. 

marginata in a similar way. Geomalacus maculosus was numerically 

dominant in all seasons with the exception of both winter periods when 

L. marginata was more abundant. Different species-specific 

phenologies or tolerances for seasonal variation in temperature may 

have influenced this observed pattern. The effect of season 

contributed significantly to models examining the abundances of both 

L. marginata and G. maculosus, suggesting the activity patterns of 

both species vary seasonally. Lehmannia marginata may be a cold-

tolerant species (Rowson et al., 2014) whereas G. maculosus can 

tolerate temperatures of up to 29˚C (Patrão et al., 2015). One possible 

explanation for the observed pattern of seasonally-fluctuating 

abundances of both species is that temperature exerts a stabilizing 

influence and that competition is reduced in winter when L. marginata 

and G. maculosus are relatively more and less active, respectively. 

Species-specific differences in phenology are considered as one of the 

most important mechanisms to reduce niche overlap (and, by 

extension, reduce potential competitive interactions) between 

otherwise ecologically analogous sympatric species (Connell, 1983). 

Jennings and Barkham (1979) found evidence of niche partitioning in 

contemporary woodland slug communities suggesting that past 

woodland-associated slug species evolved in a highly competitive 

environment. The authors found that the different feeding heights of 
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slug species co-occurring on tree trunks generally did not overlap and 

suggested that this was a result of competitive exclusion (i.e. that each 

species evolved to occupy a slightly different niche which 

consequently minimised competitive interactions). More recently, the 

finding that sympatric slugs exhibit different life-cycles (Hutchinson et 

al., 2017), such that relative abundances of adult and juvenile age-

classes vary among seasons, similarly hints at the influence of past 

interspecific competition in shaping the distributions of sympatric 

species in contemporary communities. Differences in temperature 

tolerances between G. maculosus and L. marginata could similarly 

result in a sort of temporal niche partitioning so that potential 

competitive interactions are minimized or avoided completely during 

the winter. Johnston et al. (2016) frequently observed that G. 

maculosus sheltered within clumps of moss at the base of conifer trees 

in low temperatures during winter and in dry summer conditions (this 

observation was in-fact exploited to collect many of the individuals 

used as subjects in behavioural experiments throughout this thesis). It 

is possible, therefore, that reduced activity of G. maculosus during 

winter results in an increase in the abundance of the cold-tolerant L. 

marginata, especially given that G. maculosus was numerically 

dominant in all other seasons throughout this field study. Although 

Kappes and Schilthuizen (2014) recovered no L. marginata individuals 

from a large number of conifer forest sites across north-western 

continental Europe, L. marginata dominates the malacofauna of 

conifer forests in western Ireland (Reich et al., 2017b), except where 

it co-occurs with G. maculosus. This is consistent with interspecific 

competition and, although it is not direct evidence of competitive 

interference in the wild, the results from Chapter 3 provide further 

support to the idea put forward by Reich et al. (2017a) that competition 

may exist between these species in conifer forestry. It is also 

interesting that L. marginata can be more abundant than G. maculosus 

in semi-natural woodland habitats (Mc Donnell and Gormally, 2011a). 
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Connell (1975) considered that interspecific competition is more likely 

to occur in environments where the potentially competing species are 

not hindered from reaching very high population densities. It is 

possible that some parameter which regulates G. maculosus 

population densities in semi-natural woodlands, for example predation 

or infection by parasites, is absent in commercial conifer forestry, 

which enables G. maculosus to reach high densities, which in turn 

might regulate the densities of L. marginata through interspecific 

competition. Lodge (1993) similarly stated that the competitive effects 

of introduced species on native species are likely to be greatest in 

modified or disturbed habitats. Although G. maculosus is not 

considered an invasive species in Ireland, both G. maculosus and L. 

marginata were most likely unintentionally introduced to the study site 

in Cloosh Forest (e.g. G. maculosus may have been transported by 

forestry machinery [Reich et al., 2017b] and there are no deciduous 

woodlands nearby from which L. marginata could naturally colonise, 

suggesting a similar human-mediated introduction). There are some 

conceptual frameworks developed to better understand the ecological 

impacts of invasive species which may be useful when considering the 

behavioural ecology of G. maculosus in Irish conifer forests. 

Geomalacus maculosus may, for example, exhibit traits consistent 

with what Richards et al. (2006) refer to as a ‘Jack-of-all-trades’ 

scenario. Under a Jack-of-all-trades model, species exhibiting a high 

degree of phenotypic plasticity are predicted to be capable of 

increasing their fitness in both stressful and favourable environments 

by possessing an ability to tolerate a broader range of environmental 

variables than ecologically similar native species with more restricted 

habitat requirements. Although usually applied to invasive plant 

species, Knop and Reusser (2012) have demonstrated that this Jack-

of-all-trades framework can be applied to animals species and found 

that phenotypic plasticity allowed an invasive slug species (Arion 

lusitanicus [Mabille, 1868]) introduced beyond its natural range to 
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Switzerland to survive better than a native species (Arion fuscus 

[Müller, 1774]) in stressful environments. Since we now know that G. 

maculosus exhibits a high degree of plasticity in camouflage 

expression (O’Hanlon et al., 2017), habitat associations (Mc Donnell 

et al., 2013) and diet (Reich et al., 2012; Johnston, 2017; O’Hanlon 

and Gormally, 2018), it could be considered as a Jack-of-all-trades 

species which is capable of tolerating a broad range of environmental 

conditions.  

Alternatively, some process which naturally regulates G. maculosus 

population densities in ‘natural’ habitats (e.g. predation) is absent in 

commercial conifer forestry (as previously mentioned). Another 

conceptual model originally developed for a better mechanistic 

understanding of exotic plant invasions is the ‘enemy release 

hypothesis’, which describes how plants introduced beyond their 

native range experience rapid population increases in the absence of 

regulation imposed by their herbivores and other natural enemies 

(Keane and Crawley, 2002). Like the ‘Jack-of-all-trades’ framework, 

the enemy release hypothesis has been subsequently applied to 

explain the mechanisms which allow non-native animal species to 

become established and thrive beyond their natural range. It is 

generally considered that commercial forestry is significantly less 

supportive of biodiversity than semi-natural woodlands (Brockerhoff et 

al., 2008) and it is possible, as a result, that predators which normally 

regulate G. maculosus densities are absent from commercial forestry. 

Therefore, although it is tempting to speculate that the (probably) 

introduced but legally protected G. maculosus is capable of 

‘outcompeting’ a native but unprotected slug species, the pattern of 

possible competition observed in this field study may be an artefact of 

the habitat in which species interactions were studied. More interesting 

was the finding that G. maculosus did not exhibit any behavioural 

characteristics consistent with an aggressive behavioural type in 

laboratory trials examining behavioural interactions between G. 
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maculosus and L. marginata. This was surprising since the only other 

study to have explicitly examined the potential role of interference 

competition in organising slug communities found that aggressive 

behaviour directly contributed to the spatial distributions of co-

occurring species (Rollo and Wellington, 1979) and that interference 

by aggressive slug species has been demonstrated to affect 

reproductive and feeding rates in non-aggressive species (Rollo, 

1983). Instead, trail mucus was found to be an important mechanism 

of indirect interference competition between G. maculosus and L. 

marginata. More importantly, Chapter 3 showed that L. marginata 

consistently avoided areas treated with G. maculosus mucus but that 

G. maculosus behaviour was unaffected by the presence of mucus 

trails from other slug species (i.e. L. marginata and D. reticulatum). 

This implies that, if interference competition exists between these two 

species in the wild, it is asymmetric and imposed by G. maculosus. 

Both species also showed a preference to orient towards areas treated 

with conspecific mucus trails in the absence of any other cues (as has 

also been shown for D. laeve [Jordaens et al. 2003]), which suggests 

homing behaviour. In this sense, G. maculosus trail mucus could 

function in a manner analogous to scent-marking in vertebrates 

(Alberts, 1992), insofar as some compound(s) in mucus trails may 

provide information about the identity of the trail-layer (e.g. whether it 

is a conspecific) while simultaneously signalling territorial ‘ownership’ 

to heterospecifics. Terrestrial slugs have poor eyesight (Zieger et al., 

2009) but possess extremely sensitive olfactory capabilities, and have 

long been used as model organisms to study the neural basis of 

olfaction in animals (Watanabe et al., 2008). As a result, the 

neurological basis of olfaction in slugs has been well understood for a 

long time, for example, in the context of homing behaviour (Gelperin, 

1974). However, surprisingly few studies have sought to identify 

behaviourally-relevant compounds in molluscan trail mucus, despite 
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the obvious ecological significance of trail mucus for virtually all 

gastropods (Ng et al., 2013).  

Since olfaction is the primary sensory modality of gastropods, it is likely 

that mucus trails contain olfactory signals responsible for eliciting 

various ecologically-important behavioural responses from the signal 

receiver. Of the few studies that have conducted molecular analyses 

on slug mucus trails, it is apparent that: (a) trail mucus differs 

chemically between species (Skingsley et al., 2000); and (b) the 

substances involved in eliciting a behavioural response in the signal 

receiver may involve a cocktail of multiple low molecular weight 

compounds (Cook, 1994) although the identities and ecological 

functions of behaviourally-relevant compounds remains unexplored. 

Additionally, little is known about the persistence of behaviourally-

important substances in trail mucus over time although Mc Donnell et 

al. (2007) were able to show that mucus trails from the freshwater snail 

Lymnaea stagnalis (Linneaus, 1758) failed to elicit a response from 

the snail-killing larvae of two marsh fly (Diptera: Sciomyzidae) species 

after a period of 45 minutes, whereas fresh mucus trails were highly 

attractive. It is possible that mucus from terrestrial gastropods is 

optimised to persist for relatively longer time periods than those of 

aquatic gastropods such as L. stagnalis, although this also remains 

unexplored. 

It appears that some noxious substance is expressed in the trail mucus 

of G. maculosus, which may enable it to gain access to, for example, 

limited resting sites via interference competition. The competitive 

abilities of G. maculosus may reflect past selective pressures 

associated with evolving in a highly competitive environment, as has 

been suggested to explain niche partitioning in contemporary 

woodland slug communities (Jennings and Barkham, 1979). While 

there is, for example, very little geographic overlap in the distributions 

of most Geomalacus species on the Iberian Peninsula (Castillejo et 

al., 1994; Patrão et al., 2015), the distributions of G. maculosus and 
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G. oliveira overlap in the south-eastern Serra de Estrella mountains. 

This is greater than geographic overlaps between any other 

Geomalacus species pairings. Current theory predicts that competitive 

interactions over evolutionary timescales can result in non-overlapping 

contemporary distributions, even at large geographic scales (Godsoe 

et al., 2015), which is in agreement with earlier theory (e.g. the familiar 

Lotka-Volterra model of coexistence) describing how competition 

negatively affects the distribution of a competitively inferior species. 

Investigations into species interactions at the south-easternmost point 

of G. maculosus distribution (where it overlaps geographically with G. 

oliveira) would therefore greatly increase our understanding of 

whether competition has significantly influenced the distribution of G. 

maculosus in Iberia, and perhaps whether a lack of effective 

competitiors can explain its apparent success in Irish conifer forests. 

 

Key Finding 3: Geomalacus maculosus is well-defended against 

predaceous ground beetles, relative to other common Irish slug 

species 

 

Chapter 4 identified carabid beetles as possible natural enemies of G. 

maculosus. It is especially interesting that P. niger, a polyphagous 

species which consumes a diverse range of prey taxa (Thiele, 1977), 

was capable of successfully killing and consuming G. maculosus. By 

investigating the responses of G. maculosus to predation in relation to 

two other common Irish slug species (D. reticulatum and L. marginata) 

which are open and woodland habitat specialists (respectively), it was 

possible to determine whether anti-predator responses of G. 

maculosus might reflect its natural degree of exposure to predation by 

ground beetles.    

Chapter 4 found that all three slug species exhibited aversive 

behaviour insofar as their activity was modified in response to residual 

scents from P. niger, suggesting that slugs possess a general 
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olfactory-based primary defence. Primary defences are considered to 

be behavioural or morphological characteristics which reduce the 

probability of a prey species encountering potential predators 

(Edmunds, 1974). Behavioural avoidance of potential predators (i.e. 

some form of vigilance) appears to be the most common primary 

defence strategy adopted by prey species across many taxa (Kats and 

Dill, 1998) and, while other studies have demonstrated that D. 

reticulatum exhibits an aversion to residual scents from multiple 

carabid species including Pterostichus melanarius (Armsworth et al., 

2005), Carabus nemoralis (Bursztyka et al., 2016), C. auratus, C. 

hispanus and C. coriaceus (Bursztyka et al., 2013), the study outlined 

in Chapter 4 is the first to have considered that this primary defence is 

shared among multiple slug species. Deroceras reticulatum exhibited 

the strongest response to residual P. niger scents, whereas L. 

marginata exhibited the weakest response. This could reflect the 

degree of habitat specialisation of both species. Deroceras 

reticulatum, an open habitat specialist (Rowson et al., 2014), should 

be exposed to carabid predators frequently whereas L. marginata, a 

woodland specialist, should encounter carabid predators relatively 

less often due to its arboreal habits (Jennings and Barkham, 1979; 

Rowson et al., 2014). Geomalacus maculosus, on the other hand, 

exhibited responses intermediate to both D. reticulatum and L. 

marginata, possibly reflecting its association with both open and 

forested habitats. The fact that all three species possess a capacity for 

olfactory-based risk discrimination is especially interesting since, 

although carabids are considered an important predator class for 

terrestrial slugs (Symondson, 2004), most are nevertheless 

polyphagous. Anti-predator behaviour may not be expected to evolve 

in response to the weak selective pressure imposed by generalist 

predators (relative to the strong selective pressure imposed by 

specialist predators, for example [Dall and Cuthill, 1997]), unless the 

prey class forms a major component of the diet of the predator class. 
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Furthermore, prey species should show weaker responses to olfactory 

cues from generalist predators than from specialists, for the same 

reason (Scherer and Smee, 2016). Given that avoidance of a 

generalist carabid species was a common response shared among all 

slug species, including G. maculosus, this finding suggests that 

carabid beetles in general are a major source of predation for 

terrestrial slugs. In this sense, carabids could be considered as a 

‘trophic species’ (Sih et al., 1998) insofar as multiple carabid species 

clearly elicit the same avoidance behaviour in multiple slug species.  

Another shared response was the ability of all slug species examined 

to alter the chemistry of their mucus in response to (simulated) 

predator attack, which constitutes a secondary defence mechanism. 

In particular, it was found that calcium was expressed in significantly 

greater concentrations post-attack. This is interpreted as being 

involved in determining the viscosity of slug mucus, since: (a) 

elemental calcium did not affect carabid feeding behaviour in this study 

whereas high viscosity artificial mucus did; and (b) a past study 

examining the physical properties of A. subfuscus mucus found that 

calcium-containing cross-links played an important role in determining 

the consistency of mucus such that, when calcium was removed, the 

slug mucus lost its glue-like properties and became ‘watery’ (Braun et 

al., 2013). The ability of slugs to regulate the viscosity of their mucus 

in response to predator attack is consistent with a secondary defence 

mechanism (i.e. a characteristic of prey animals which increases the 

probability of surviving an encounter with a potential predator). 

Secondary defences are, however, relatively costly compared to 

avoiding predation altogether via primary defence (i.e. avoidance). 

Mucus is energetically expensive for slugs to produce (Denny, 1980) 

and calcium, a vital element, is limiting for molluscs generally (Fournié 

and Chétail, 1984). Therefore, primary avoidance of potential 

predators should be favoured over the secretion of energetically 

costly, highly viscous mucus.  



146 
 

Predators are known to inflict non-consumptive effects on prey 

populations. Non-consumptive effects can occur where prey species 

respond to the presence of potential predators by altering their 

behaviour such that it leads to a reduction in, for example, time spent 

feeding or searching for mates. Such non-consumptive effects can 

influence the spatial dynamics of prey communities, since vigilant prey 

will be less likely to remain in areas where they have detected the risk 

of predation (Orrock et al., 2008). Such indirect predator effects 

contribute to the ecological phenomenon known as the ‘landscape of 

fear’, which is now understood to profoundly influence the spatial 

distributions of prey species (Bleicher, 2017). Additionally, the non-

consumptive effects of predators may be greater on prey animals for 

which movement is costly, leading to a more sensitive level of vigilance 

in such species (Gallagher et al., 2016). Since terrestrial gastropods 

must spend ten times more energy per meter moved than any other 

terrestrial animal of comparable size (Denny, 1980), it is perhaps 

unsurprising that slugs should exhibit a finely-tuned capacity for risk-

based olfactory discrimination. In natural communities, this sensitivity 

may be further enhanced by past predation events, since slugs are 

capable of learning to associate specific odours with aversive stimuli 

(Kimura et al., 1998), which may have contributed to the evolution of 

olfactory predator discrimination in slugs generally.            

Geomalacus maculosus exhibited intermediate primary responses 

(i.e. predator avoidance) to both D. reticulatum and L. marginata but 

exhibited the greatest increase in mucus calcium concentration post-

attack. Qualitatively, G. maculosus mucus is noticeably more viscous 

than that of either D. reticulatum or L. marginata and, upon attack, it is 

secreted copiously. Geomalacus maculosus exhibits a strong 

secondary defence mechanism which suggests that this species is 

relatively well-defended against predaceous insects such as carabid 

beetles. This also suggests that past predation by carabids has led to 

the evolution of this ability (to secrete highly viscous mucus when 
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attacked). This is also consistent with the idea that G. maculosus 

exhibits ‘Jack-of-all-trades’ characteristics which enable it to survive in 

both open and forested habitat types. Although D. reticulatum 

exhibited the strongest aversion to carabid scents, G. maculosus is 

additionally defended by the possession of habitat-specific 

camouflage which is interpreted as a primary defence against birds. 

Since G. maculosus also appeared to possess the strongest 

secondary defence in response to (simulated) attack, this suggests 

that ground beetles have similarly influenced the behaviour and 

ecology of this species, and may have influenced the arboreal habits 

of woodland G. maculosus. Saeki et al. (2017), for example, 

demonstrated that predation by ground beetles contributed to the 

evolution of arboreality in another terrestrial gastropod (the land snail 

Euhadra brandtii [Ijima, 1891]). Together, these defences reflect past 

selection by multiple predator types which have contributed to the 

ability of contemporary G. maculosus populations to successfully 

exploit multiple habitats.  Since it appears to be well-defended against 

potential carabid predators (as well as visually-foraging predators such 

as birds), it is possible that the presence of G. maculosus, where 

introduced beyond its natural distribution, indirectly affects predation 

rates on sympatric slug species. Theory predicts that introduced prey 

species can indirectly enhance predation on native sympatric prey 

populations by either attracting more predators to an area, or by 

successfully avoiding predation which results in predators shifting their 

attention to relatively ‘easier’ prey species (Noonburg and Byers, 

2005). The bivalve mollusc Arcuatula senhousia (Benson, 1842), for 

example, was introduced to Californian estuaries where it is known to 

attract native predators to an area which, in-turn, consume relatively 

poorly-defended sympatric native bivalve species (Castorani and 

Hovel, 2015). Carabids are attracted to aggregations of slugs in the 

field via olfactory cues which possibly derive from body or trail mucus 

(McKemey et al., 2004). Future research regarding whether olfactory 
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cues from G. maculosus are more or less attractive to carabids relative 

to other slugs may, therefore, help determine whether G. maculosus 

can indirectly influence predation on poorly-defended sympatric slugs.     

 

Endangered or invasive? 

Although once thought to be a highly sensitive species which was 

restricted only to a handful of pristine habitats in the south-west of 

Ireland, the results presented and discussed throughout this thesis 

indicate that G. maculosus has a broader ecological niche and 

capacity for survival than previously understood. In particular, this 

thesis has shown that G. maculosus appears to be well-adapted to 

survive in multiple habitat types, that it can compete (asymmetrically) 

with a native sympatric species and that it appears to be well-defended 

against an important group of slug predators – the Carabidae. Since 

previous research has suggested that G. maculosus can be 

unintentionally transported into novel environments by human activity 

(Reich et al., 2017b), and since we now understand from the study 

outlined in Chapter 3 that G. maculosus may compete asymmetrically 

with native species where introduced beyond its natural range, it is 

worth asking the question: is this protected species actually an 

invasive species?  

Kolar and Lodge (2001) considered that a number of criteria must be 

met before a species can be considered invasive. Firstly, the species 

must have been introduced beyond its native range into a novel area, 

where it can survive due to certain life history traits which provide it 

with either great phenotypic plasticity or an ability to undergo rapid 

population expansions. Furthermore, an invasive species must also 

possess an ability to live off a large variety of food types for which it 

may compete for access with native species. If these criteria were 

examined in isolation, G. maculosus could potentially be considered 

as an invasive species in Ireland. However, other traits which are 

crucial to the survival and proliferation of invasive species beyond their 
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natural range include: rapid reproduction and fast growth rates, a high 

dispersive capacity and evidence of past successful invasions (Kolar 

and Lodge, 2001). Geomalacus maculosus possesses an extremely 

long maturation time for an invertebrate (two years [Oldham, 1942]) 

and, although reproduction can occur in Autumn as well as Spring 

(Platts and Speight, 1988), most G. maculosus individuals observed 

laying eggs in captivity have died following a single breeding season 

(Wisniewski, 2000). 

Although terrestrial gastropods are active dispersers (Dahirel et al., 

2015), their mobility is limited relative to other terrestrial animals and, 

while very little remains known about the dispersive capabilities of G. 

maculosus, Mc Donnell and Gormally (2011a) found that wild G. 

maculosus specimens covered an average distance equating to only 

0.55m per day, based on a mark-recapture study, and suggested that 

G. maculosus exhibits a strong affinity for specific trees. Cuhna et al. 

(2017) considered that low dispersal rates, rather than evolutionary 

age, was responsible for the relatively low species richness observed 

within the Geomalacus genus compared with the highly diverse Arion 

genus. Furthermore, given that the genetic variability within Irish 

populations is low (Reich et al., 2015), the capacity for rapid 

evolutionary change (a trait which is also generally considered to be 

strongly associated with predicting invasiveness [Sakai et al., 2001]) 

is probably significantly reduced in Irish G. maculosus populations 

relative to the continental metapopulation. Low genetic variability, 

limited dispersal capabilities and long generation times are, in fact, all 

traits which are associated with an increased risk of extinction 

(Beissinger, 2000).  

Therefore, although it is currently listed as being of ‘Least Concern’ in 

Ireland (NPWS, 2013) and undoubtedly exhibits a significantly more 

robust phenotype than previously considered, G. maculosus embodies 

many more traits which are consistent with an endangered species 

than an invasive species. The reasons for its apparent success in 
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conifer forests remain unknown. It is possible that G. maculosus 

adapts to conifer plantations relatively more quickly than native Irish 

woodland-associated species because it is capable of exploiting a 

wide range of food sources and possibly competing successfully for 

access to limited sheltering sites. Therefore the traits discussed above 

which might make G. maculosus look like an invasive species are 

probably only specific to its success in heavily modified habitats such 

as commercial plantation forests.  

    

5.2. Implications of key findings for G. maculosus conservation 

Camouflage and colour-change: 

Irish G. maculosus populations are now known from a number of 

commercial conifer forests in the south-west of Ireland (Mc Donnell et 

al., 2013; Johnston et al., 2016) as well as in Co. Galway (Kearney, 

2010). One of the biggest threats facing G. maculosus populations in 

such habitats is logging which has been demonstrated to reduce 

populations by up to 90% - at least at a local scale (Johnston et al., 

2017). Aside from reducing G. maculosus densities, logging activities 

change the ecology of conifer forests drastically. Logging removes 

vertical structure and leads to succession in plant communities due to 

increased light levels (Widenfalk and Weslien, 2009). Clear-felled 

areas consequently become open habitats with increased UV-

exposure (relative to intact forestry). This means that G. maculosus 

individuals surviving in an area post-logging come to exist in a habitat 

with different spectral, as well as structural and vegetative properties. 

Only black adult G. maculosus are found in clear-felled areas 

(presumably because they developed in an open habitat). 

Interestingly, black individuals are often found resting conspicuously 

on the tops of felled tree stumps where (to the human eye) they appear 

to be mismatched. Since mismatched prey animals are likely to appear 

conspicuous to potential predators, it is possible that predation on 

black G. maculosus specimens is relatively higher in clear-felled 
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habitats than in either peatland or forested habitats (where black and 

brown morphs accurately match the colour properties of each 

respective substrate). A similar increase in selective pressure by visual 

foragers in post-disturbance habitats was found for pygmy 

grasshoppers (Tetrix subulata [Linnaeus, 1761]). This species occurs 

as either green or black (melanistic) colour forms, and Karpestam et 

al. (2012) demonstrated that melanistic forms dominated in post-fire 

habitats due to the increased conspicuousness of the now-

mismatched green colour morphs. While translocation of G. 

maculosus populations is a possible mitigation measure post-felling 

(Johnston et al., 2017), the possibility that increased predation on 

mismatched individuals could further reduce G. maculosus densities 

needs to be considered. Furthermore, as UV-radiation is expected to 

increase under climate change models (Manney et al., 2011; Min et 

al., 2011), it is possible that black G. maculosus will possess a 

selective advantage over brown conspecifics, as Roulin (2014) 

predicts that melanistic individuals (in species with relatively pale and 

dark colour morphs) will be better-adapted to climate change due to 

their increased protection against UV-radiation and increased ability to 

warm up (for ectotherms). 

 

Competition: 

Results presented in Chapter 3 showed that G. maculosus was least 

active in winter, which is in agreement with Johnston et al. (2017) who 

suggested that G. maculosus tends to take refuge in clumps of moss 

at the bases of conifer trees during cold conditions. Johnston et al. 

(2017) suggested that logging operations should therefore be carried 

out during winter periods where possible, and the results from Chapter 

3 also suggest that logging would be least harmful to adult G. 

maculosus in winter. Juveniles may be relatively unaffected during 

winter periods because they are likely to be active on the forest floor 

or inside Russula mushrooms (O’Hanlon and Gormally, 2018; 
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Appendix 1). However, since only juvenile G. maculosus were 

recovered from inside Russula mushrooms, it is possible that juvenile-

stage G. maculosus are also competitively capable in some way, since 

macrofungi are known to be a seasonally-important resource for many 

woodland slug species (Jennings and Barkham, 1975; Keller and 

Snell, 2002). 

If competition with sympatric slugs in conifer forestry ever became a 

serious concern (e.g. if G. maculosus was found to displace the red-

listed Limax cinereoniger, which also occurred in the study site from 

Chapter 2), methods to increase habitat heterogeneity should be 

considered as an option. Slug densities are typically extremely sparse 

in European conifer plantations compared with semi-natural 

woodlands (Kappes and Schilthuizen, 2014), and this may be due to 

a lack of structural diversity within homogenous monoculture tree 

stands. Previous work has shown that providing even small-scale 

structural complexity within planted conifer and mixed-deciduous 

habitats, for example by retaining deadwood, can benefit gastropod 

communities (Kappes, 2005; Kirchenbaur, 2017). It does not appear 

as though G. maculosus dominates the malacofauna of semi-natural 

woodland habitats in the same way as it apparently dominates conifer 

forests in which it occurs (Mc Donnell and Gormally, 2011a), so 

increasing habitat heterogeneity and tree species richness in 

commercial forestry might mirror the heterogeneous conditions of 

semi-natural woodlands and reduce the potential for interspecific 

competition.  

Identification of the compound(s) expressed in G. maculosus which 

are attractive to conspecifics, and therefore most likely provide a 

homing function, could significantly aid in G. maculosus conservation 

by allowing for the anthropogenic creation of ‘home areas’ post-

felling or post-translocation. Additionally, synthesis of behaviourally-

relevant molecules to create artificial mucus trails could help to 

increase G. maculosus densities by inducing mate-searching, as has 
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been proposed as a potential conservation strategy for endangered 

rainforest snails in Hawaii (Holland et al., 2018).  

 

Predation by ground beetles: 

Although we now know that logging negatively affects G. maculosus 

abundances (Johnston et al., 2017), some studies have conversely 

found that carabid beetle diversity and abundance may be greater in 

recently clear-felled areas than in stands of mature forestry (Fahy and 

Gormally, 1998; Huber and Baumgarten, 2005; Lin et al., 2007), 

especially when clear-felled areas begin to develop successional 

vegetation (Butterfield et al., 1995; Butterfield, 1997). Further pressure 

on G. maculosus populations may therefore come from increased 

predation rates post clear-felling (possibly from birds as well as ground 

beetles), and this should be considered a priority for future studies 

examining the applied ecology and conservation of this species. 

 

 

5.3. Opportunities for future research 

Camouflage and colour-change: 

Although it is expected that black G. maculosus colour morphs are 

likely to be conspicuous to avian predators in conifer plantations post-

felling, there are currently no quantitative data available for bird 

feeding rates on any slug species. This is probably due, in part, to the 

fact that slugs do not usually leave traces in the faeces or gut contents 

of predators which can be identified via relatively simple microscopic 

analysis (Symondson, 2002a). Instead, identification of slug remains 

in the faeces of birds could be conducted via molecular analysis. This 

would address the relative importance of slugs for the diets of many 

passerine birds. It is possible, for example, that birds rely on slugs as 

an important food source during winter periods when there is limited 

choice of alternative prey. This would also help to answer whether 

avian predators may have imposed selection for apparently cryptic 
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slug colour morphs as discussed above. It is highly likely, based on 

theory, that many other terrestrial slugs similarly exhibit striking 

examples of background-matching camouflage, but that it simply has 

not been previously considered. To determine whether black G. 

maculosus  morphs are likely to suffer high predation rates post clear-

fell, simple computer-based choice experiments could be run using 

human ‘predators’ who must locate G. maculosus specimens from 

photographs of clear-felled areas. This method has been used 

successfully in past studies investigating camouflage efficiency 

(Karpestam et al., 2012; Hall et al., 2013) and would tell us whether 

black G. maculosus are likely to be more conspicuous post-logging 

and, therefore, whether this is something that needs to be seriously 

considered from the perspective of G. maculosus conservation. A 

simpler method would be to create pastry baits resembling both black 

and brown G. maculosus colour morphs and scoring predation rates 

from field observations of avian choice (Wennersten and Forsman, 

2009). 

Furthermore, the ability of other Geomalacus species to change colour 

should be addressed to help understand the evolutionary history of this 

unusual trait. Additionally, the potential relationship between melanin 

development and individual behavioural variation should be further 

examined to investigate whether clear-fell and blanket bog-associated 

G. maculosus populations are likely to exhibit greater rates of mobility 

in a flat, two-dimensional environment relative to the apparently 

stenoecious woodland G. maculosus morphs. Melanin-based 

intraspecific behavioural variation may also be present in other slug 

species, and studying their occurrence could have useful practical 

implications. Deroceras reticulatum, for example, exhibits highly 

variable skin pigmentation on a spectrum of very pale to deep brown-

coloured individuals, even within populations (Rowson et al., 2014). 

The degree of melanisation in D. reticulatum may well be influenced 

by UV exposure as has been demonstrated in this thesis for G. 
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maculosus. Furthermore, the highly invasive slug A. lusitanicus is 

darker at high altitudes. It is possible that darker forms are at least in 

part melanised due to higher UV-exposure for A. lusitanicus, D. 

reticulatum and potentially a host of other terrestrial slugs in which 

colour polyphenisms were previously believed to be unimportant. It 

may therefore be useful for researchers interested in developing pest 

control protocols to investigate whether melanisation could also be 

used as a predictor of boldness or exploratory behaviour in pestiferous 

and invasive slugs, as has been speculated to be the case in G. 

maculosus in this study. 

 

Competition and mucus trail chemistry: 

The role of G. maculosus within the gastropod communities of semi-

natural woodland and peatland habitats should be examined in detail 

to determine whether competition similarly appears to occur in these 

relatively more stable environments. Potential aggressive behaviour 

should also be investigated across different seasons, and different 

age-classes, and at different densities since slug densities are likely to 

be higher in heterogenous, structurally diverse woodland 

environments compared with plantation forestry (Kappes and 

Schilthuizen) or two-dimensional peatland habitats. Similarly, future 

work could examine whether black and brown G. maculosus colour 

morphs exhibit differences in aggressive behaviour, and examine the 

effects of mucus trails from G. maculosus collected from peatland 

habitats. Examination and identification of behaviourally-relevant 

compounds in the trail mucus of G. maculosus would be particularly 

useful. If noxious compounds can be characterised and then 

synthesized artificially, this could aid significantly in designing 

environmentally-friendly biological control substances, as has similarly 

been done previously to deter pestiferous or problematic mammals 

(Apps et al., 2012) and insects (Chandler et al., 2011). Similarly, a 

reverse-engineering approach could be also taken to first identify then 
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synthesize attractant pheromonal compounds which could be used to 

mark and create suitable home areas for G. maculosus post-

translocation, as has been suggested for other gastropods of 

conservation concern (Holland et al., 2018).  

 

Predation by ground beetles 

Further research should be focussed on the effects of carabid 

predators on the distribution of G. maculosus in the field. By analysing 

the gut contents of carabids collected from G. maculosus habitat using 

molecular methods, it would be possible to determine the identities of 

multiple natural enemies (Symonsdson, 2002a) as well as gain 

estimates of predation rates on G. maculosus relative to other 

sympatric slug species (Hatteland et al., 2011). Identification of key 

periods where predation pressure may be relatively higher or lower 

would help inform conservation strategies by addressing whether 

predation by carabid beetles, or predator avoidance by G. maculosus, 

can be used to predict the spatial distributions of G. maculosus at 

different times of the year, as has been possible to determine for other 

slug species using DNA analysis (Hatteland et al., 2013). Furthermore, 

accurate estimates of mortality due to predation would contribute 

significantly to population growth models of G. maculosus, and future 

work should seek to examine whether the potential regulating effect of 

predation on G. maculosus differs among semi-natural woodland and 

peatland habitats, and modified conifer forestry and clear-felled areas.  
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Appendix 1: Juvenile Kerry slugs (Geomalacus maculosus) 

observed living inside fungal fruiting bodies for the first time 

 

Published as a short communication in: Journal of Conchology, 43(1): 

109-110 

 

Note: literature cited here is included in the main list of references of 

this thesis (pp 158 – 196) 

 

The Kerry slug Geomalacus maculosus Allman is listed on Annexes II 

and IV of the EU ‘Habitats Directive’ (92/43/EEC) on the basis of its 

globally rare distribution (occurring in the West of Ireland and North-

Western Iberia only). The species was previously believed to be 

associated with pristine oak-ash woodlands and peatlands in the 

South-West of Ireland (Taylor, 1907; Platts and Speight, 1988) but 

planted conifer forests have recently been recognised as an important 

additional habitat for Irish G. maculosus populations (Kerney, 2010; 

Mc Donnell and Gormally, 2011a; Reich et al., 2017a; Johnston et al., 

2017). Within forested habitats, G. maculosus has been reported to 

feed predominantly upon epiphytic lichens and liverworts, and 

occasionally on mosses and fungi (Platts and Speight, 1988). Here we 

describe observations of juvenile G. maculosus feeding on, and living 

within fruiting bodies of mushrooms in a commercial conifer plantation 

in Co. Galway, Ireland. The mushrooms were identified as ‘brittle-gills’ 

belonging to the genus Russula Persoon but it was not possible to 

determine species due to the advanced age of the specimens (Phillips, 

2006). 

Geomalacus maculosus juveniles (body lengths between 0.5 – 2cm) 

were observed feeding on the mushrooms on 18/10/2017 in a 

monoculture stand of Sitka spruce Picea sitchensis (Carrière, 1855). 

A qualitative survey for G. maculosus was then undertaken on all 

Russula spp. mushrooms in the immediate vicinity (an area of approx. 
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100m2). Five clusters of Russula spp. mushrooms were found in this 

area with each cluster consisting of 2-5 individual Russula spp. 

mushrooms. In total, 16 individual mushrooms were examined for the 

presence of G. maculosus. In every case, juvenile G. maculosus 

specimens were found on the external surface of the mushrooms and 

no other animal species were observed. Five of the larger Russula 

spp. mushrooms were also noted to have cavities leading inward from 

the hymenium (e.g. Fig. 1a). Juvenile G. maculosus were found resting 

inside the Russula spp. fruiting body when mushrooms containing 

these cavities were manually broken apart (e.g. Fig. 1b). Each of these 

five mushrooms contained juvenile G. maculosus feeding internally at 

densities of between 3-5 slugs per mushroom. This is a newly 

described feeding behaviour for G. maculosus and suggests that 

juveniles may use Russula mushrooms as a habitat, as well as a food 

source during Autumn.  

 



 

  

Figure 1. (a) Entrance cavities (arrows) caused by juvenile G. maculosus; and (b) the same Russula spp. 

mushroom broken open to show juvenile G. maculosus (arrow) resting inside 

(a) (b) 



 

Geomalacus maculosus populations undergo two reproductive events 

annually: once in mid-Autumn and once in mid-Spring (Taylor, 1907; 

Platts and Speight, 1988). The timing of reproductive events in slugs 

is influenced by a combination of interacting external cues such as 

temperature, photoperiodicity and moisture (South, 1992). Many 

animals have evolved phenological patterns that optimally match the 

seasonal occurrences of crucial ecological resources, so that the 

timing of reproductive events, for example, corresponds to an 

abundance of available food resources for newly-recruited juveniles 

(Nakazawa and Doi, 2012).  

Jennings and Barkham (1975) observed that the diet of arboreal 

woodland slugs changed from predominantly plant material to fungi in 

Autumn which was explained by the seasonal abundance of 

mushrooms as well as wetter, cooler weather conditions which 

encouraged feeding activity on fungi on the forest floor. Macrofungi are 

known to be an important food source for many terrestrial molluscs 

(South, 1992; Keller and Snell, 2002) but to our knowledge the utility 

of mushrooms as a possible habitat for developing juveniles has not 

been previously reported in the literature. In this sense, mushrooms 

may act as “nurseries” or shelters for juvenile slugs, and provide a high 

source of protein and carbohydrates to facilitate the rapid phase of 

post-embryonic development occurring within the first 3-6 months of 

growth in arionid slugs (South, 1992; Abeloos, 1944).         

Iberian Geomalacus maculosus populations are red-listed due to 

declines in their Iberian distribution and abundance (Verdu et al., 

2011) which places greater international significance on maintaining 

Irish populations as they become increasingly more important in a 

global context. The discovery of juvenile G. maculosus living inside 

Russula mushrooms can contribute to the conservation of this 

internationally-protected species in two ways, pending further 

replicated surveys. Firstly, forestry managers could consider 

postponing tree-felling operations in Autumn when Russula 



 

mushrooms are abundant in forests where G. maculosus occurs. 

Secondly, examining the conspicuous red Russula mushrooms for 

juvenile slugs could be a useful and relatively rapid additional survey 

technique for professional ecologists who may need to confirm the 

presence of G. maculosus as part of environmental assessment 

procedures.         

  



 

Appendix 2: Description of study sites 

 

Site name Site number  Coordinates Altitude Habitat type KLx Dominant vegetation 

       

Oughterard 1 N53˚22ʹ33.2ʺ W9˚24ʹ40.9ʺ 195m Conifer forest 0.98 Picea sitchensis Carr.  

 

Oughterard 2 N53˚21ʹ49.5ʺ W 9˚25ʹ17.3ʺ 199m Blanket bog 14.46 Molinia caerulea L & granite boulder 

outcrops 

Tooreenafersha 3 N51˚54ʹ7.1ʺ W9˚47ʹ18.9ʺ 110m Conifer forest 2.91 

 

Picea sitchensis Carr.  

 

Uragh 4 N51˚48ʹ5.7ʺ W9˚40ʹ34ʺ 50m Blanket bog 11.68 Molinia caerulea L & sandstone boulder 

outcrops 

Glengarriff 5 N51˚45ʹ14.8ʺ W9˚34ʹ2.2ʺ 19m Deciduous 

woodland 

0.88 Quercus patraea Liebl  

 

Leahill  6 N51˚42ʹ1.6ʺ W9˚37ʹ17.2ʺ 77m Blanket bog 15.01 Molinia caerulea L & sandstone boulder 

outcrops 

       

Altitude=m above sea level, KLx=luminosity measured from centre of each site on first day of sampling 

 

 



 

Appendix 3: Results of a one-way ANOVA comparing mean slug and substrate RGB reflectance values between 

sites of the same habitat type 

 

 

 

aForested sites (N=3) 

 

bBlanket bog sites (N=3) 

       

       

 Channel F(2, 121) P  F(2, 68) P 

 
 

R 

 

1.877 

 

0.157 
 

 

0.330 

 

0.568 

Slug G 2.349 0.100  0.671 0.416 

 B 4.003 0.021  2.293 0.135 

       

 R 1.507 0.226  2.389 0.127 

Substrate G 2.593 0.079  0.206 0.652 

 B 2.394 0.096  0.010 0.921 

       

aN=124 images of slug/substrate from forested sites; bN=71 images of slug/substrate from blanket bog sites 

 

 



 

Appendix 4: Results of a one-way ANOVA comparing mean RGB reflectance values between groups prior to diet 

experiments; and results of an independent samples t test comparing RGB reflectance values between groups prior 

to UV and darkness experiments 

 

  

Diet groups (N=3) 

 

UV and darkness groups (N=2) 

 

 Channel F(2) P  t P 

  

R 

 

0.308 

 

0.737 

  

-0.297 

 

0.769 

Slug  

G 

 

0.129 

 

0.879 

  

-0.461 

 

0.648 

  

B 

 

0.214 

 

0.809 

  

-0.305 

 

0.763 

 

Means ± SD are presented in main text in Table 3 

 



 

Appendix 5: Mean times (sec ± SE) and crawl speeds (cm/sec ± SE) of 

Deroceras reticulatum across n = 6 experimental pairings examining the 

effects of con- and heterospecific trail mucus on activity. Results of significance 

tests (paired t-test) are shown between treatment zones 

D. reticulatum behaviour Experimental Treatment t(19) P 

 G. maculosus Control   

Mean time (s)  3335.35 ± 574.94 3864.65 ± 574.94 -0.460 0.651 

Mean velocity (cm/s)  0.13 ± 0.02 0.14 ± 0.02 -0.186 0.855 

     

 G. maculosus L. marginata   

Mean time (s)  3293.95 ± 626.56 3522.1500 ± 626.56 -0.488 0.631 

Mean velocity (cm/s)  0.10 ± 0.02 0.10 ± 0.01 0.092 0.928 

     

 L. marginata Control   

Mean time (s)  3522.15 ± 603.79 3677.85 ± 603.79 -0.129 0.899 

Mean velocity (cm/s)  0.10 ± 0.01 0.12 ± 0.01 -0.642 0.529 

     

 G. maculosus D. reticulatum   

Mean time (s)  3266.00 ± 589.03 3934.00 ± 589.03 -0.567 0.577 

Mean velocity (cm/s)  0.11 ± 0.02 0.11 ± 0.02 0.100 0.922 

     

 L. marginata D. reticulatum   

Mean time (s)  3682.95 ± 629.16 3517.05 ± 629.16 0.132 0.896 

Mean velocity (cm/s)  0.11 ± 0.01 0.11 ± 0.01 0.098 0.923 

     

 D. reticulatum Control   

Mean time (s)  4101.50 ± 640.65 3098.50 ± 640.65 0.783 0.443 

Mean velocity (cm/s)  0.10 ± 0.01 0.09 ± 0.01 0.763 0.455 

 

 

 

 



 

Appendix 6: Mean percentage weights of all elements detected from 

EDX analysis of non-stressed and stressed mucus samples from D. 

reticulatum, G. maculosus and L. marginata. Values in bold show 

elements which were present in all mucus samples collected from all 

three slug species 

 Species Non-
stressed 

Stressed 

    
 D. reticulatum 45.69 ± 5.44 47.52 ± 2.32 

Mean % weight C G. maculosus 48.81 ± 3.86 49.88 ± 3.31 
 L. marginata 46.68 ± 2.94 50.43 ± 5.74 
    
 D. reticulatum 35.74 ± 2.36 36.76 ± 3.89 

Mean % weight O G. maculosus 36.07 ± 2.22 37.38 ± 4.29 
 L. marginata 37.89 ± 3.20 39.63 ± 2.59 
    
 D. reticulatum 1.96 ± 1.12 1.67 ± 0.76 

Mean % weight Na G. maculosus 0.51 ± 0.67 0.43 ± 0.76 
 L. marginata 1.38 ± 0.94 1.05 ± 0.76 
    
 D. reticulatum 0.56 ± 0.73 0.54 ± 0.44 

Mean % weight Mg G. maculosus 0.65 ± 0.38 0.65 ± 0.46 
 L. marginata 0.81 ± 0.12 1.14 ± 0.09 
    
 D. reticulatum 2.46 ± 2.75 1.59 ± 2.59 

Mean % weight Al G. maculosus 0.12 ± 0.06 undetected 
 L. marginata 0.54 ± 0.28 undetected 
    
 D. reticulatum undetected undetected 

Mean % weight P G. maculosus 1.84 ± 1.69 1.90 ± 1.41 
 L. marginata 1.84 ± 1.51 1.09 ± 1.36 
    
 D. reticulatum 4.06 ± 1.09 4.13 ± 1.49 

Mean % weight Cl G. maculosus 1.98 ± 1.48 2.04 ± 1.21 
 L. marginata 2.66 ± 2.05 2.69 ± 1.49 
    
 D. reticulatum 4.81 ± 1.96 5.40 ± 1.23 

Mean % weight K G. maculosus 2.95 ± 1.63 2.36 ± 1.04 
 L. marginata 4.71 ± 1.43 4.86 ± 2.26 
    

Continued on next page 



 

Appendix 6 continued 

 D. reticulatum 2.88 ± 0.92 4.83 ± 0.97 
Mean % weight Ca G. maculosus 2.17 ± 1.11 5.87 ± 1.45 

 L. marginata 1.49 ± 0.59 3.62 ± 1.32 
    
 D. reticulatum undetected undetected 

Mean % weight S G. maculosus undetected undetected 
 L. marginata 0.06 ± 0.06 0.42 ± 0.16 

 

 

 


