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“It is much to be regretted that 

naturalists have not given more 

attention to the [Coronella] and its 

ways, as it is a snake well worthy of 

careful study” 

 

A.L. Baldry, 1880
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by 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Pernetta 
Coronella austriaca is the United Kingdom’s rarest snake, being confined to the lowland 
heathlands of Dorset, Hampshire and Surrey. As a result, it remains the least understood; 
despite being listed as a key biodiversity action plan species. Substantial loss and 
fragmentation of its primary UK habitat - lowland heathland - has occurred in recent 
times, and yet research examining the population ecology and conservation genetics of 
this species remains limited. As a result, this PhD research was developed to fill this 
need. Based on three years of data collection, a combination of field studies, laboratory 
experiments, mathematical modelling and genetic analyses, were employed in an attempt 
to answer questions of relevance to the future conservation management of this species.  

Modelling smooth snake occupancy of remnant heathland patches using an 
information-theoretic approach showed patch size and the percentage of grassland in 
surrounding matrix habitats to be the primary determinants of smooth snake presence. 
Field-based studies based on 27 arrays of artificial refugia showed the size of trees and 
prey abundance to be important in determining mean smooth snake capture rates at 
occupied sites.   

Eight previously described microsatellite markers were used to complete the first 
assessments of the genetic population structure of C. austriaca at two spatial scales. 
Initial fine-scale analysis of structuring based on 11 sampling localities within a 
heathland/coniferous forest mosaic found significant population structuring as a result of 
isolation-by-distance effects, in addition to evidence of male-biased dispersal. At the 
wider scale, analysis of seven distinct populations across Dorset also found small but 
significant differences in genetic diversity. The observed patterns were not consistent 
with isolation-by-distance effects, nor was there any evidence of them being a result of 
habitat patch size or isolation. Phylogenetic analysis of the coarse-scale microsatellite 
data showed some evidence of population clustering based on their geographic locality in 
relation to the historical extent of Dorset’s heathland, suggesting they represent distinct 
management units.   

The reproductive ecology of C. austriaca was also examined using a combination 
of field data and microsatellite analysis. In contrast to continental populations, there was 
no relationship between female body size and litter size. However, there was a negative 
relationship between relative clutch mass and female body size, suggesting that there may 
be a trade-off between female survival and reproductive output. Microsatellite based 
genotyping of neonates from 16 litters born in the laboratory provides the first evidence 
of multiple paternity occurring in C. austriaca. 
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1.1 Introduction  

1.1.1 Species conservation in a changing world 

 

"The worst thing that can happen - will happen - is not energy 
depletion, economic collapse, limited nuclear war, or conquest by a 
totalitarian government. As terrible as these catastrophes would be for 
us, they can be repaired within a few generations. The one process 
ongoing…that will take millions of years to correct is the loss of genetic 
and species diversity by the destruction of natural habitats. This is the 
folly our descendants are least likely to forgive us.”   

E.O. Wilson, 1980 
  

Despite Wilson’s warning, written nearly thirty years ago, global biodiversity continues 

to face unparalleled challenges to its future survival. Environmental perturbations, as a 

result of anthropogenic pressure, have resulted in unprecedented levels of species 

extinction (Myers & Knoll, 2001), with rates of loss anywhere between 50 and 500 times 

background levels (Woodruff, 2001). Climate change, overexploitation, disease, invasive 

species and habitat loss and change have all been cited as factors contributing to the 

current biodiversity crisis (Dolman, 2000). Historical “shotgun” (wide-ranging and 

unfocused) approaches to conservation research have in recent times been dismissed 

(Ehrlich, 2002) with many arguing the case for “flagship” species or area conservation 

programmes (Meffe & Carroll, 1997; Leader-Williams & Dublin, 2000). As a result the 

need for focused, evidence-based, conservation programmes has been argued (Sutherland 

et al., 2004).  

Such arguments demonstrate the need for sound scientific research as an 

underpinning for the effective conservation management for species of concern. 

However, effective conservation management is reliant upon there being such an 

evidence-base in the scientific literature. For many taxa this is simply not the case (Figure 

1.1). Leading scientific journals continue to show a taxonomic bias in research towards 

birds and mammals in both ecology and conservation biology (Bonnet et al., 2002; Clark 

& May, 2002) despite their small contribution to global biodiversity in terms of described 

species (0.61% and 0.34% respectively; IUCN, 2009).  In contrast, amphibians and 

reptiles have the highest threat levels of all terrestrial vertebrates (IUCN, 2009). Research 

into the threats faced by amphibian species has expanded significantly in recent years 

(Beebee & Griffiths, 2005), whilst advances have been made in determining the current 

status and conservation threats for particular reptilian taxa at a national level (e.g. Italian 

snakes; Filippi & Luiselli, 2000). However, many reptile species remain poorly studied 
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(Gardner et al., 2007a), in spite of often being vulnerable to threats similar to those faced 

by amphibians (Gibbons et al., 2000).  

 

Figure 1.1.  The percentage of single species studies of different animal taxa published in Biological 

Conservation, Animal Conservation, Oryx and Conservation Biology between 1998 and 2004 (Pernetta, 

unpublished data). 

 

Unanimously seen as the proximate cause for global biodiversity loss, habitat 

change has become the single biggest threat to the conservation status of many taxonomic 

groups (Sala et al., 2000). As a result, understanding its consequences has become a 

cornerstone to conservation research (Haila, 2002), particularly given the insufficient 

global protected area network that currently exists (Rodrigues et al., 2004). This has led 

some researchers to argue that the persistence of many species will depend on the 

effectiveness of conservation strategies for biodiversity in human-dominated landscapes 

(Vandermeer & Perfecto, 2007). However, for effective conservation strategies to be 

developed, comprehensive research is needed that details the consequences of habitat 

alteration for biodiversity. Habitat fragmentation is one area of habitat change that has 

received considerable research attention for birds (Andrén, 1994; Dale, 2001; Lampila et 

al., 2004), mammals (Andrén, 1994; Laurance, 1997) invertebrates (Tscharntke et al., 

2002) amphibians (Gardner, 2001; Beebee & Griffiths, 2005; Cushman, 2006) and plants 

(Honnay et al., 2005; Lowe et al., 2005). However, evidence detailing the population and 

genetic consequences of habitat fragmentation for reptiles remain limited at present 
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(Gardner et al., 2007a).  As will be discussed later in this chapter, the process of habitat 

fragmentation is a complex multi-faceted process (Ewers & Didham, 2006), that can 

impact biodiversity at all levels from the community through to genetic diversity of 

individual species (Fahrig, 2003). The state of habitat fragmentation has been previously 

defined by Franklin et al. (2002)  as “...the discontinuity, resulting from a given set of 

mechanisms, in the spatial distribution of resources and conditions present in an area at a 

given scale that affects occupancy, reproduction, or survival in a particular species”. This 

definition suggests that both understanding, and therefore potentially mitigating, the 

impact of this process requires detailed knowledge of both the fragmentation process 

itself and its consequences for all aspects of a species’ ecology. Within the United 

Kingdom lowland heathland has undergone significant loss and fragmentation as a result 

of anthropogenic activities and, whilst the process itself has been studied in detail (Rose 

et al., 2000), few studies have examined the consequences of such change on populations 

of vertebrate species that are heathland specialists. The research undertaken and reported 

on in this thesis was conducted in a bid to provide such evidence for the smooth snake 

(Coronella austriaca) inhabiting the fragmented lowland heaths of Dorset in Southern 

England.  

1.2 Habitat fragmentation  

Habitat fragmentation is defined as the process during which “a large expanse of habitat 

is transformed into a number of patches of smaller total area, isolated from each other by 

a matrix of habitats unlike the original” (Wilcove et al., 1986). From this definition it is 

apparent that the effects of fragmentation are: (1) a reduction in total habitat area, (2) an 

increase in the number of habitat patches, (3) a decrease in the size of habitat patches and 

(4) an increase in the isolation of patches (Fahrig, 2003). In reality, habitat fragmentation 

is comprised of two components, habitat loss and habitat fragmentation per se (Andrén, 

1994; Fahrig, 1997). Whilst habitat loss can occur without fragmentation (Figure 1.2), the 

process of fragmentation always consists of both a reduction in the area of the original 

habitat and a change in the spatial configuration of what remains (Haila, 2002).   
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Figure  1.2.  A  schematic  representation  of  the  difference  in  the  effects  of  habitat  loss  and  habitat 

fragmentation  on  a  previously  continuous  habitat.  In  this  instance  the  area  of  remaining  habitat  (grey 

shaded areas)  is constant  in both scenarios and the effects of habitat  fragmentation per se  can clearly be 

seen.  Those areas  in white  represent  a matrix  of  habitats different  to  the original  and  the effect of  each 

process on patch characteristics are indicated by the arrows ( = Increased,  = decreased and  = no 

change). 

 

Research examining the effects of habitat fragmentation on biodiversity is rooted in 

classical island biogeography theory, which proposed that the number of species on an 

island was a function of the rate of immigration of new species and the rate of extinction 

of species from the island (MacArthur & Wilson, 1967). In essence, MacArthur and 

Wilson’s (1967) theory predicted that the equilibrium level for species richness on an 

undisturbed island was primarily a function of its size and isolation relative to its 

neighbours. Whilst this basic premise holds true for terrestrial habitat “islands” following 

fragmentation, it is now accepted that the spatial arrangement of remnant patches and the 

structure of the surrounding matrix of modified habitat are also significant determinants 

of the biodiversity in remnant patches (Laurence & Cochrane, 2001). As a result, the 

general consensus in the scientific literature is to consider fragmentation effects in the 

following five categories: (1) fragment area, (2) fragment shape, (3) edge effects, (4) 

fragment isolation and (5) matrix structure (Ewers & Didham, 2006).  
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(1) Fragment area 

Individual species may have minimum patch size requirements following fragmentation 

(Diaz et al., 2000), resulting in reduced community diversity in smaller habitat fragments 

(Debinski & Holt, 2000). In addition, individual species may be further impacted by 

pressures on population demographic processes such as survival, reproduction and 

migration rates in smaller habitat remnants. Smaller patches can result in species being 

exposed to an increased predation risk at all stages in their life cycle. For example, 

numerous studies have found reductions in patch size to correlate strongly with woodland 

bird nest predation and adult survival (reviewed in Lampila et al., 2005). In addition to 

direct predation, survival of a species on smaller fragments can be impacted by the 

creation of novel interspecific competition scenarios. For example, research examining 

the distribution of the Cape York rat (Rattus leucopus) and bush rat (R. fuscipes) in 

fragmented and continuous forests of the Atherton Tableland, Australia, has shown that, 

whilst there is always a negative correlation in the abundance of the two rat species in 

continuous forests due to their ecological similarity, the strength of this association is 

greatly increased in fragmented forests, resulting in a “checkerboard” pattern in their 

distribution (Laurance, 1994). Increased intra-specific competition may also occur as a 

result of the limited resources that remnant patches provide, and this coupled with the 

increased density of individuals, may result in animals altering behaviours that influence 

factors such as home ranges (Tamura, 2004), and competition for mates (Bayne & 

Hobson, 2001).  

(2) Fragment shape 

As a landscape continues to be altered through habitat fragmentation the remnant patches 

increase in number, with varying degrees of shape and size (Baskent & Jordan, 1995). As 

the complexity of a habitat fragment’s shape increases it is accompanied by a higher 

perimeter-to-area ratio, increased amounts of edge-affected habitat and a corresponding 

reduction in its core area (Laurance & Yensen, 1991). Reductions in the core area of 

unaltered habitat as a consequence of a fragment’s shape are known to have direct 

consequences for species composition and occurrence (Helzer & Jelinski, 1999; Heegaard 

et al., 2007) as well as their abundance (Temple, 1986). At a population level, the shape 

of a habitat fragment can determine levels of dispersal and emigration by individuals 

(Ewers & Didham, 2006). As patch shape complexity increases there is a corresponding 

increase in the proportional amount of that patch that is edge habitat. As a result, these 

patches are likely to have higher levels of colonization when species are able to traverse 
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the neighbouring matrix habitats (Bevers & Flather, 1999).  However, populations of core 

dwelling species within a single habitat fragment may be further fragmented into separate 

demes or populations in a complex shaped fragment (Ewers & Didham, 2007). 

(3) Edge effects 

The “edge effect” is the single most studied consequence of habitat fragmentation, since 

artificially created boundaries are a ubiquitous consequence of the fragmentation of a 

previously continuous area of habitat. In reality, the edge effect is a complex set of 

diverse physical and biotic alterations to a remnant patch that are associated with their 

borders to the novel habitats that surround them (Janzen 1983; Murcia, 1995).  Changes 

to the microclimate such as increased fluxes in radiation, wind and water (Saunders et al., 

1991), increased ingression of novel plant and animal species (Lovejoy et al., 1986) and 

changes in the interactions of those species already present (Leighton et al., 2008) may all 

impact upon a fragment’s inhabitants.  The extent to which these impacts extend into the 

core of fragments can show considerable variability. For example, eutrophication of soils 

and its subsequent impacts on the floral community of lowland heathland extended just 8 

m from the interface with adjacent crop and forest land uses (Piessens et al., 2006) whilst 

biotic changes such as an increased abundance of disturbance-adapted species may 

penetrate hundreds of metres from the edge of a habitat patch (Laurance et al. 1997). 

Although the physical width of an edge may be measured precisely, its functional value 

to the species that inhabit the patch may be considerably different. For example, research 

has shown that whilst the physical width of a forest edge was typically less than 13 m, its 

“functional width” based on the distribution of edge favouring bird’s nests was anywhere 

between 9 and 64 m (Gates & Mosher, 1980). Individual species often respond differently 

to the creation of such edge habitats, for example, transect based surveys of interior and 

edge habitats of Madagascan forest fragments have shown contrasting differences in 

abundance for different Lemur species. Two species, Hapalemur griseus griseus and 

Microcebus rufus showed a significant increase in abundance of individuals in edge 

habitats, whereas numbers of Cheirogaleus major were significantly reduced in edge 

habitats (Lehman et al., 2006). In this instance the authors believe H. g. griseus and M. 

rufus were able to exploit the change in food abundance and quality found in edge 

habitats, whilst C. major responded negatively to the increased air temperatures of edge 

habitats.  
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(4) Fragment Isolation 

The structure of a landscape following fragmentation will affect the dispersal, movement 

and gene flow of plant and animal populations (Kupfer et al., 2006).  As patches become 

more isolated the ability of animals to move between them is reduced (Östman et al., 

2006), leading to the potential for small isolated populations to be at a higher risk of 

extinction through stochastic events (Hanski & Oskavainan, 2000; Molofsky & Ferdy, 

2005). Many animals are particularly vulnerable to mortality during long distance 

dispersal events (Bonnet et al., 1999) and, as research on the root vole (Microtus 

oeconomus) has shown, matrilines of populations inhabiting the most isolated populations 

were significantly reduced during the breeding season as a result of the increased distance 

immigrants were required to travel to more isolated patches (Johannesen et al., 2000). 

However, the effects of isolation can be difficult to extract since, unlike true islands, 

terrestrial patches are not always completely surrounded by inhospitable habitat. Clearly 

the distance an animal has to travel between populations will impact upon whether such 

movements are successful and yet large scale meta-analyses of published research show 

patch isolation to be a poor predictor of species occupancy (Prugh et al., 2008) 

highlighting the importance of understanding the effects of matrix habitats (Franklin & 

Lindenmayer, 2009).  

(5) Matrix habitats 

Typically remnant patches are scattered through a matrix of modified habitat following 

fragmentation (Opdam & Wiens, 2002). Traditionally viewed as inhospitable habitats 

(Prugh et al., 2008), more recent research suggests that matrix habitats are likely to play a 

critical role in determining the persistence of particular species within a fragmented 

landscape (Laurance, 1991; Gascon et al., 2001). Often heterogeneous in their nature, 

matrix habitats are composed of several different types of land use and cover 

(Lindenmayer & Franklin, 2002), which, depending on its composition, can determine the 

extent to which exterior environmental conditions penetrate a fragment (Baskent & 

Jordan, 1995).  In addition, the effects of the presence of matrix habitats for individual 

species are dependent on their biological characteristics (Antongiovanni et al., 2005) for 

example, habitat generalists may be able to exploit the novel resources provided by 

matrix habitats for foraging (Kupfer et al., 2006) or reproduction (e.g. Schlaepfer, 2003). 

As a result, the expanded resource base of matrix habitats can determine the presence of 

specific species in habitat remnants (Sisk et al., 1997), whilst some species may move 
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away from fragments into the surrounding matrix altering species richness (e.g. Macip-

Rios & Munoz-Alonso, 2008). 

Typically, however, the creation of matrix habitats during the process of 

fragmentation results in negative effects for many species that exhibit high habitat 

specificity. Matrix habitats may not provide the ecological characteristics that a species 

requires to survive (Whitaker et al., 2008), they may represent an impassable habitat – 

preventing dispersal between patches (Stratford & Stouffer, 1999; Shine et al., 2004; 

Berry et al., 2005) and can result in increased levels of mortality through both predation 

and anthropogenic pressures (Rodríguez et al., 2003; Gibbs & Shriver, 2002). Despite the 

disparity observed between species in their response to matrix composition it is now 

accepted that the degree to which other fragmentation effects are exhibited is just as much 

a consequence of the matrix habitats as the fragments themselves (Kupfer et al., 2006).  

1.2.1 The consequences of habitat fragmentation for reptile populations.  

Despite the extensive literature that exists detailing the ecology of animals in fragmented 

habitats, obtaining generalised patterns of the consequences of such change remains 

difficult. Individual species respond differently to factors in the environment that are 

altered as a consequence of habitat fragmentation, hence animal species resident at the 

soil surface may be more affected by changes in emergent vegetation than those operating 

in the canopy. Most published studies on habitat fragmentation have focused on birds, 

mammals and invertebrates, with only 35 addressing the ecological and/or genetic 

responses of reptile populations over a 25 year period (Table 1.1) and even fewer 

examining the effects on reptile communities.  
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Table 1.1. Published responses of reptile populations following habitat fragmentation (+ = positive response, ‐ = negative response, N.E. = No Effect, M.B. = Male Biased and F.B. = 

Female Biased).  

Species Dispersal 

Demography & 

Population Persistence 

Behaviour & 

Habitat Use 

Reproduction 

& Inbreeding Morphological Change Source(s): 

Lizards       
Amphibolorus nobbi +     Driscoll & Hardy, 2005 
Coleodactylus amazonicus  -    Carvalho et al., 2008 
Egernia Cunninghami -   -  Stow & Sunnucks, 2004a; 2004b; Stow & Briscoe, 2005 
Gallotia galloti   - -   Garcia et al., 2007 
Gehyra variegata  N.E.   - Sarre et al., 1995; Sarre, 1996; Sarre, 1998 
Gnypetoscincus queenslandiae M.B. -   - Sumner et al., 1999; 2004;Sumner, 2005 
Gonatodes humeralis   -    Carvalho et al., 2008 
Norops polylepis  +  +  Schlaepfer & Gavin, 2001; Schlaepfer, 2003 
Oedura reticulata  -   N.E. Sarre et al., 1995; Sarre, 1996 
Oligosoma grande F.B.     Berry et al., 2005 
Plestiodon reynoldsi    N.E.   Pike et al., 2008 
Psammodromus algirus    -  Díaz et al., 2005 
Sceloporus woodi  - N.E. -  Hokit & Branch, 2003; McCoy et al., 2004 
Snakes       
Elaphe obseleta obseleta   + -  Prior et al., 1997; Blouin-Demers & Weatherhead, 2001 
Elaphe spiloides    N.E.   Foster et al., 2009 
Boa constrictor occidentalis   - -  Cardozo & Chiaraciglio, 2008 
Natrix natrix   +   Wisler et al., 2008 
Vipera aspis N.E.     Jäggi et al., 2000 
Vipera berus    -  Madsen et al., 1996 
Turtles & Tortoises       
Chrysemys picta  M.B. / -  N.E.   Marchand & Litvaitis, 2004a;2004b 
Geochelone carbonaria  +   - Aponte et al., 2003 
Gopherus agassizii -VE     Edwards et al., 2004 
Kinosternon subrubrum    -   Harden et al., 2009 
Psammobates geometricus N.E.     Cunningham et al., 2002 
Sternotherus depressus   -       Dodd, 1990 
Terrapene carolina carolina  - -   Iglay et al., 2007; Nazdrowicz et al., 2008 
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Herpetofaunal community composition and abundance has been shown to be 

significantly higher on remnant patches of primary forest, when compared with secondary 

and plantation habitats in heterogeneous landscapes of both Tropical Mexico and the 

Brazilian Amazon (Gardner et al., 2007b; Luja et al., 2008).  However, the few published 

studies of reptile communities in fragmented habitats show conflicting patterns of change. 

A study of the communities of 19 species of lizard on 24 remnants of gimlet woodland in 

Western Australia (Smith et al., 1996) found no significant relationship between 

biogeographic variables and the presence or absence of individual lizard species. 

However, species number was directly related to fragment area. Aspects of habitat 

fragmentation, such as patch size and isolation, have been shown to have no effect on 

lizard species richness in remnant bushland in Tasmania (Jellinek et al., 2004) and 

fragments of box-ironbark forest in Australia (MacNally & Brown, 2001). In contrast, 

Driscoll (2004) found that reptile community structure was significantly affected by 

fragment shape, with linear remnants containing fewer species of lizard than square 

reserves. The only two studies on the responses of snake communities to habitat 

fragmentation both showed species richness to be affected by patch area and isolation 

(Luiselli & Capizzi, 1997; Kjoss & Litvaitis 2001). Luiselli & Capizzi’s (1997) study on 

woodland fragmentation in the Mediterranean also indicated that the body size of a 

species might limit its distribution in habitat fragments, with larger species being less 

well distributed among the woodland fragments. However, this conflicts with the results 

of Kjoss & Litvaitis (2001) who found that larger-bodied individuals were 

proportionately more abundant on small habitat patches. Most studies on the effects of 

habitat fragmentation on reptiles have focused on the consequences for populations of a 

single species. Typically, studies have been concerned with examining one aspect of 

habitat fragmentation and its consequences, which can be broadly categorised into the 

following five broad groups: (1) dispersal, (2) demography and population persistence, 

(3) behaviour and habitat use, (4) reproduction and inbreeding, and (5) morphological 

change. 

(1) Dispersal 

Understanding the extinction and colonization dynamics of fragmented populations 

requires knowledge about the dispersal of individuals between sub-populations (Hanski, 

1999; Driscoll, 2004). Studying dispersal directly is often not feasible (Templeton et al., 

1990) and, as a consequence, some researchers consider any movement to be relevant to 

dispersal (Ide, 2002). There have been few studies detailing direct observation of reptile 
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dispersal in relation to habitat fragmentation. However, experimental manipulation of 

connectivity between pairs of enclosed patches containing common lizards (Lacerta 

vivipara) suggest that population sizes in pairs of patches become spatially more 

homogeneous with time (Lecomte et al., 2004). Unconnected patches were associated 

with either extinctions, or population explosions, that were quickly followed by sharp 

declines (Lecomte et al., 2004). In the same experiments Lecomte et al. (2004) observed 

density-dependent dispersal of juveniles from connected populations and density-

independent dispersal in unconnected populations. Thus, the presence of a barrier to 

dispersal effectively destabilizes population functioning by modifying the determinant 

mechanism. Such synchrony of local population extinctions would, in theory, ultimately 

lead to a lack of metapopulation viability (Levins, 1969).   

The dispersal ability of a given reptile species is a reflection of its ability to move 

across the matrix of “unsuitable” habitat surrounding a fragment. It is recognised that the 

matrix may be composed of habitats, which whilst ecologically distinct from the remnant 

patches, may vary in their influence on the connectivity of remnant patches. 

Mathematical models incorporating varying types of matrix show that improving the 

matrix habitat quality reduces the amount of patch habitat required for a species to exist 

(Fahrig, 2001).   

Whilst Driscoll’s (2004) study of mallee vegetation reptile communities failed to 

locate anything other than two blind snakes (Ramphotyphlops bituberculatus) in the 

surrounding matrix, other studies examining dispersal using molecular techniques suggest 

that a reptile’s response to the matrix is species specific. Comparison of three lizard 

species with contrasting habitat requirements in fragmented Florida scrub concluded that 

phylogeographic structuring is concordant with habitat specificity (Branch et al., 2003). 

Single species studies in Australia have also revealed sex-biased dispersal in fragmented 

populations of both Cunningham’s skink (Egernia cunninghami; Stow et al., 2001) and 

the prickly forest skink (Gnypetoscincus queenslandiae; Sumner, 2005). Both studies 

reported reduced male genetic relatedness compared with females, suggesting a greater 

ability of males to traverse matrix habitats. Conversely, female sex-biased dispersal of 

Oligosoma grande has been recorded between rock outcrops in grassland and pasture 

fields in New Zealand, (Berry et al., 2005). The maintenance of genetic diversity by 

dispersal is, for some species, likely to be dependent on the suitability of the microclimate 

of matrix habitats. Analysis of gene flow, in combination with radio-tracking data, 

suggests that for timber rattlesnakes (Crotalus horridus) dispersal direction, and therefore 

gene flow, can be significantly affected by the presence of suitable basking habitat 
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(Bushar et al. 1998). Variations in matrix permeability and reduced dispersal have also 

been shown to affect genetic diversity in a number of lizard species in Australia (Stow & 

Sunnucks, 2004b; Sumner et al., 2004; Driscoll & Hardy, 2005, Stow & Briscoe, 2005). 

In an extreme example, the urbanisation of former habitat between two North American 

black rat snake (Elaphe obsoleta obsoleta) hibernacula (1.6km apart) resulted in genetic 

structuring that was more similar to that found in sub-populations (15-50km apart; Prior 

et al., 1997).  

In contrast, the fragmentation of alpine forests and meadows through their 

conversion to agricultural land has, in the short-term, had no apparent detrimental effect 

on the genetic diversity of the snake Vipera aspis (Jäggi et al., 2000). However, the lack 

of genetic differentiation is likely to be a reflection of the time the populations have been 

isolated (ca. 50yrs or 10-12 snake generations) rather than evidence that the populations 

are panmictic (Jäggi et al., 2000). A similar result was found by Driscoll & Hardy (2005) 

for the lizard Amphibolurus nobbi in fragmented forests in Australia. By measuring the 

genetic diversity of fragmented and continuous populations using allozyme 

electrophoresis the researchers found no significant difference between the two 

conditions. Whilst this may be the result of high dispersal rates following fragmentation 

(Driscoll & Hardy, 2005), it may also be a reflection of the species’ ability to disperse 

through novel environments.  

The ability to disperse through a matrix is often hindered by the presence of 

physical barriers such as roads and fences. Snakes, tortoises and turtles have all been 

shown to have significantly altered movement patterns caused by the presence of roads. 

Those that move across roads are often subject to increased mortality (Gibbs & Shriver, 

2002; Shine et al., 2004; Andrews & Gibbons, 2005; Boarman & Sazaki, 2006; Szerlag 

& McRobert, 2006). For some species the construction of roads across former migration 

routes has totally prevented dispersal. For example, a radio-telemetry study of Gopherus 

agassizii in Arizona, USA, recorded a female tortoise moving 32km (Edwards et al., 

2004). However, this included researchers facilitating the female’s movement across 

man-made barriers including; fence lines, railway tracks and interstate highways. In the 

absence of this help the barriers would have been insurmountable. The capability for long 

distance dispersal by tortoises has been shown to help maintain genetic diversity and 

prevent the effects of isolation in fragmented populations of Psammobates geometricus. 

Cunningham et al. (2002) analysed eight microsatellite markers in three fragmented P. 

geometricus populations in the Western Cape region of South Africa and could find no 

evidence for differences in allelic diversity, genotypic frequency or heterozygosity 
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associated with population isolation, even though the Cape Fold Mountains bisected the 

populations.   

(2)Demography and population persistence. 

The size of a remnant, following fragmentation, often determines the number of 

individuals that it can sustain. Abundance or population sizes of Oedura reticulata, 

Gehyra variegata, G. queenslandiae, Psammodromus algirus and Sceloperus woodi are 

all negatively affected by decreasing patch size (Sarre et al., 1995; Sarre 1998; Sumner et 

al., 1999; Díaz et al., 2000; Hokit & Branch, 2003) and for some species this may be a 

reflection of the presence of particular structural habitat characteristics within patches. 

Suitable habitat, in the form of smooth-barked eucalypts for O. reticulata and the 

availability of dead wood in forest fragments for G. queenslandiae, both affected lizard 

abundances (Sarre et al., 1995; Sumner et al., 1999). However, both characteristics were 

strongly correlated with fragment size. Populations are subject to density dependence 

when limited by habitat availability and this was clearly demonstrated in a study of red 

footed Amazonian tortoises (Geochelone carbonaria) which persisted at high densities on 

an isolated habitat fragment resulting from the creation of a hydroelectric impoundment 

Aponte et al., 2003. The isolation subjected the population to “predator relaxation” 

allowing tortoises to attain high densities (Aponte et al., 2003). However, comparison of 

body growth rates of the isolated island population and mainland populations showed that 

after 16 years of isolation the tortoises grew at a significantly reduced rate, which the 

authors believed to be due to competition for limited resources (Aponte et al., 2003).   

Reduced survivorship in reptile populations subject to fragmentation has been 

attributed to reduced patch size (Sumner et al., 1999; Hokit & Branch, 2003) and 

variation in matrix composition (Marchand & Litvaitis, 2004a). In the case of aquatic 

turtles such as Chrysemys picta, increased mortality of females crossing roads during 

breeding dispersal events has resulted in skewed sex ratios in ponds, which may 

eventually lead to the extinction of local populations (Marchand & Litvaitis, 2004a; 

Aresco, 2005).  

(3) Behaviour and habitat use 

Fragmentation of formerly continuous habitat often results in significant changes to the 

micro-climate of remnant patches due to increased fluxes in radiation, wind and water 

(Saunders et al., 1991) Changes in any, or all, of these factors are likely to significantly 

affect reptile behaviour and use of patch habitats (e.g. Daltry et al., 1998; Fitzgerald et 

al., 2003; Ubrina-Cardona, et al., 2006). In some instances the changes in microclimate 
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may be positive for reptile populations. Radio tracking of black rat snakes (E. obsoleta 

obsoleta) in fragmented forests in Canada revealed that all the animals exhibited a strong 

preference for edge habitats, which provided simultaneous access to open sunny habitats 

to increase body temperatures and shaded forests to decrease body temperatures, a feature 

which mirrored that of their natural habitat preference (Blouin-Demers & Weatherhead, 

2001). Similarly lizards of the genus Norops were found to be significantly more 

abundant along fragment edges than fragment interiors (Schlaepfer & Gavin, 2001). 

Ectoparasite load for these reptiles was also found to be significantly reduced in 

individuals captured in edge habitats, which the authors speculate may be the result of 

alteration of climatic variables to situations which were unfavourable to Eutrombicula 

mites (Schlaepfer & Gavin, 2001). However, the exploitation of novel edge habitats can 

result in increased predation of reptilian species by predators that successfully forage in 

matrix habitats (Anderson & Burgin, 2008). Habitat fragmentation may also be 

accompanied by the establishment of invasive species, which can alter the vegetation 

structure and composition. Reduced lizard species richness has been observed in 

Tasmanian bushland fragments containing high ratios of exotic plants (Jellinek et al., 

2004). Variation in the structural complexity of remnant native habitat also has the 

potential to significantly affect nest site selection in many reptiles. The increased incident 

radiation received by potential nest sites of Bassania duperreyi following small scale 

forest clearance in the Brindabella mountain range of south-eastern Australia has resulted 

in lizards actively selecting those that achieved higher temperatures (Shine et al., 2002). 

In doing so the lizards were invariably selecting edge or matrix based nest sites.  

Increased edge effects also negatively affect reptile abundance by altering population 

dynamics. For example, encroachment of suburban habitats into desert sand dunes in 

California negatively affects flat-tailed horned lizard (Phrynosoma mcallii) abundance by 

increasing road associated mortalities and predation in edge habitats (Barrows et al., 

2006) 

(4) Reproduction and inbreeding 

Populations subject to complete isolation are at risk of inbreeding depression. As the 

isolation of remnants increases, the genetic difference between sub-populations typically 

increases, while genetic diversity within them decreases (Templeton et al., 1990; Young 

et al., 1996). Finite populations lose genetic variation as a consequence of genetic drift 

and at the same time become inbred (Reed & Frankham, 2003). Ultimately, populations 

with reduced genetic diversity have an increased risk of extinction due to inbreeding 
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depression or the accumulation of deleterious mutations, which may make them more 

susceptible to stochastic environmental events (Frankham, 1995; Lande, 1998). 

Continued perturbations of small reptile populations may ultimately drive the population 

towards an extinction vortex through a feedback loop of declines in population size and 

loss of genetic diversity (Gilpin & Soulé, 1986).   

Genetic homogeneity, as the result of inbreeding, has been observed in an isolated 

population of adders (Vipera berus) in Sweden (Madsen et al., 1996) and the remaining 

population of critically endangered Hungarian meadow vipers (Vipera ursinii rakosiensis; 

Újvári et al., 2002). However, such examples of inbreeding depression remain 

uncommon and it is likely that this is a result of active avoidance by related individuals 

during breeding. Studies of the Australian sleepy lizard (Tiliqua rugosa) and 

Cunningham’s skink (E. cunninghami) show that they avoid kin as mates but show high 

mate fidelity (Bull & Cooper, 1999; Stow & Sunnucks, 2004a; Stow & Sunnucks, 

2004b). Whilst inbreeding is the extreme result of reduced population size and increasing 

isolation, habitat fragmentation does impact on reproductive investment (Díaz et al., 

2005). Psammodromus algirus is known to have significantly reduced reproductive 

investment in fragments of evergreen and deciduous woodlands of Northern Spain (Díaz 

et al., 2005). By comparing the number and size of eggs from lizards in fragments and in 

continuous woodlands the research found that females originating in fragments produced 

significantly fewer eggs. However, these eggs were not significantly larger, suggesting 

that offspring survival was not increased as would be expected had the females produced 

fewer, larger eggs (Sinervo et al., 1992). Reproductive success may also be indirectly 

affected through increases in populations of generalist predators that benefit from human-

altered habitats (Wilcove, 1985). Studies conducted with artificial nests, designed to 

simulate freshwater turtle nests, showed predation to be significantly higher for those 

situated within 50m of pond edges compared with nests sited further away (Marchand et 

al., 2002). Limited dispersal, due to fragmentation, would result in increased nest 

densities in close proximity to breeding ponds and, as a result, “clumped” nests would 

suffer greater predation and potentially, lead to a decline in recruitment.  

Positive effects of habitat fragmentation on reproductive success have been shown 

in Norops polylepis in Costa Rican forest fragments. The experimental placement of 

captive bred eggs along 6 transects traversing a forest remnant and the surrounding 

matrix showed that eggs located in the matrix habitat exhibited higher survival rates and 

significantly shorter incubation times than those in forest remnants (Schlaepfer, 2003). 

Schlaepfer (2003) suggested that whilst the same suite of egg predators were present in 
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both the forest remnant and the surrounding matrix, egg losses to “whole egg” predators 

were significantly reduced in matrix habitats implying a reduction in foraging efficiency.   

(5) Morphological change  

Habitat fragmentation has the potential to impose new selection regimes, which may 

provoke, or impede, adaptive responses to other selection pressures. Historically isolated 

island populations of both tiger snakes (Notechis scutatus; Schwaner, 1990) and adders 

(V. berus; Merilä et al., 1992) have been observed to have increased ventral scale 

anomalies that are thought to have arisen from inbreeding. Such morphological change 

can significantly affect the locomotor performance of snakes (Jayne & Bennet, 1990) and 

may, in fragmented populations, impact upon the dispersal capabilities of affected 

species. Evidence of morphological change of reptile populations in relation to habitat 

fragmentation has, thus far, been limited to two studies.  The first of these examined 

populations of O. reticulata and G. variegata in fragmented versus continuous forests. No 

morphological divergence was recorded although fluctuating asymmetry, indicative of 

environmental or genetic stress, was found (Sarre, 1996). More recently, studies of G. 

queenslandiae in 11 forest fragments and eight continuous forest sites showed lizards 

from fragments to be smaller in all seven morphological characters analysed (Sumner et 

al., 1999).  

The lack of studies examining morphological variation is not surprising since 

changes in response to habitat fragmentation require time for natural selection to have an 

observable impact (Ewers & Didham, 2006). Studies of historical natural fragmentation 

events often reveal evolutionarily significant units, which may raise important points 

when considering suitable conservation management approaches. Berry & Gleeson’s 

(2005) study of O. grande in New Zealand revealed two genetically distinct clusters of 

populations separated by a distance of 120km. The clear genetic distinction, coupled with 

further anthropogenic fragmentation of their habitat, highlights the need for caution in 

any future management plans that involve translocating individuals. Whilst it might be 

argued that reduced genetic diversity may ultimately lead to new species through founder 

effects (Templeton, 1980), the accelerated rate at which diversity is lost during 

fragmentation, coupled with confounding factors acting upon remnant populations, 

suggests that the extinction of populations is the more likely outcome. 

1.2.2 Habitat fragmentation and reptile research needs  

The evident taxonomic bias in fragmentation research has resulted in a limited number of 

studies that have examined population-level responses for reptilian species. In addition, 
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these studies have been limited to a small number of species, predominantly in Australia 

and North America. Making generalisations regarding the impact of habitat fragmentation 

on reptile populations is further inhibited as a result of the contrasting responses observed 

between species. Data from studies conducted at the community level highlight the need 

for species-based research. For example, research on freshwater turtles in 35 localities 

within the Wabash river basin in Indiana, USA, show that whilst community level 

analysis of the dataset found no effect of habitat fragmentation, analysis of individual 

datasets results in clear differences in sensitivity of species to fragmentation of their 

habitats (Rizkalla & Swihart, 2006). The lack of published studies for snakes in 

fragmented habitats is of particular concern since the niche breadth of a species is likely 

to have a significant influence on their tolerance to loss and fragmentation of their habitat 

(Swihart et al., 2003).  Studies of snake communities on tallgrass prairies in Illinois, 

USA, have shown that different landscape factors determine the abundance of each 

species within a given community (Cagle, 2008). In addition, research examining changes 

in the snake community of a Mediterranean woodland following timber extraction 

showed a strong change in community composition, with  two already uncommon species 

(Elaphe quatrolineata and Natrix natrix) disappearing from the study site, whilst the 

already common Coluber viridiflavus showed a marked increase in abundance following 

timbering (Filippi, 2003). Trophically specialised reptiles tend to show high extinction 

proneness in fragmented habitats and their loss from a community can result in cascading 

effects (Watling & Donnelly, 2007). Trophic specialism is particularly apparent in snakes 

since intraspecific variation in diet composition of snake species is very low, even in 

geographically widespread species (Luiselli, 2006).  Given the evidence presented here, 

the need for detailed population-based studies of snakes is evident.  

1.2.3 Conservation genetics and the molecular toolbox  

Biodiversity is defined as “the variation of life at all levels of biological organisation” 

(Gaston & Spicer, 2004) and genetic diversity is one of the three levels recognised by the 

International Union for the Conservation of Nature (IUCN) as deserving of conservation 

(McNeely et al., 1990). The conservation of genetic diversity has been viewed as an 

attempt to protect the variation that has been produced through evolution over the 

previous 3.5 billion years on earth (Eisner et al., 1995). Described as the clay of 

evolution, genetic diversity provides the basis from which species are able to adapt to 

future threats such as disease or environmental change (Amos & Harwood, 1998). For 

species that have previously inhabited a continuous habitat, fragmentation can impose 
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changes on the rate at which such diversity is lost. Previously panmictic populations may 

become separate isolated populations, resulting in reduced gene-flow and smaller 

effective population sizes, leading to the erosion of neutral and adaptive variation 

(Johansson et al., 2007). The accelerated loss of this genetic diversity through processes 

such as inbreeding and genetic drift can result in an increased risk of extinction 

(Frankham, 1995). Therefore knowledge of the molecular genetics of such populations 

plays a critical role in the effective conservation management of such populations 

(O’Brien, 1994).  

In addition to the inherent importance of monitoring and conserving genetic 

diversity itself, the application of molecular techniques can answer pertinent ecological 

questions about species of conservation concern that are difficult to pursue in any other 

way (Beebee & Rowe, 2004). Genetic studies play a fundamental role in answering 

questions of speciation and evolution. More recently, the techniques of molecular ecology 

have become firmly established as viable methods to answer questions relating to a 

species’ dispersal ability (Mossman & Waser, 1999), reproductive ecology (Queller et al., 

1993), population structure (Bossart & Prowell, 1998) and the identification of an 

individual and its sex (e.g Waits et al., 2001). The popularity of genetic techniques in 

ecology is largely attributable to the development of microsatellite markers and 

polymerase chain reaction-based methods (PCR; Baker, 2000) 

Microsatellite markers  

Microsatellites have become the marker of choice for research examining intra-specific 

genetic variation (Goldstein & Schlötterer, 1999). Otherwise known as simple sequence 

repeats (SSRs), microsatellites are tandem repeats of 1-6 nucleotides, found in the nuclear 

genomes of all taxa examined to date (Hancock, 1999; Selkoe & Toonen, 2006). 

Typically microsatellites have high mutation rates, thought to result from slip-strand 

mispairing (DeYoung & Honeycutt, 2005), which ultimately gives rise to the observed 

high levels of allelic diversity necessary for genetic studies of processes that occur on 

ecological time scales (Schlötterer, 2000). The insertion or deletion of repeat units by 

mispairing during replication results in microsatellite alleles with varying length repeat 

sequences that can be easily measured via electrophoresis of polymerase chain reaction 

(PCR) amplified fragments (DeYoung & Honeycutt, 2005; Figure 1.3).  
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Figure 1.3 A  theoretical  example of  a microsatellite  sequence  showing  three allelic  variants. Dinucleotide 

repeats for each allele are highlighted by the solid colour whilst the flanking regions are in blue. The image 

on  the  right  shows how  these  three alleles  could be easily differentiated based on gel  electrophoresis of 

fragments from the polymerase chain reaction. 

 

PCR reactions allow in vitro amplification of specific DNA fragments in virtually 

unlimited quantity (Saiki et al., 1985). The PCR reaction uses enzymatic synthesis to 

produce copies of a particular DNA sequence, with the region of DNA amplified being 

determined by the base sequences of a pair of oligonucleotide primers included in the 

reaction (Birt & Baker, 2000; Figure 1.4). The specificity of the primers used to amplify 

the target DNA sequence means that low quality or degraded DNA samples can still be 

successfully amplified and there is little risk of cross-contamination of other species 

occurring (Scribner & Pearce, 2000). As a result, non-invasive samples from sources such 

as hair (Mowat & Paetkau, 2002), feathers (Pearce et al., 1997), buccal cells (Beebee, 

2008) and faeces (Kohn & Wayne, 1997) can be used making them particularly useful for 

studies of cryptic and/or endangered species. Despite microsatellite markers being 

developed there have not been any molecular ecology studies conducted for the smooth 

snake (Coronella austriaca; Bond et al., 2005).  
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Figure  1.4.  The  main  stages  of  the  polymerase  chain  reaction:  denaturation  of  the  template  DNA  and 

annealing of the primers to the regions flanking the target sequence, nucleotides are added by enzymatic 

processes  to  extend  the  sequence  from  the primers  and  generate  a  double  stranded DNA molecule.  The 

cycle  is  repeated  a  sufficient  number  of  times  to  for  products  to  be  successfully  visualised  using  gel 

electrophoresis (image from Allendorf & Luikart, 2007). 

1.3. Study species and locality 

1.3.1 Coronella austriaca  

The smooth snake is one of two species belonging to the genus Coronella, the second 

being the Southern smooth snake (Coronella girondica) found in the Iberian Peninsula, 

Southern France, Italy and North Africa (Uetz et al. 2006).  The European Molecular 

Biology Laboratory (EMBL) reptile database (Uetz et al., 2006) currently lists three 

subspecies of C. austriaca – C. a. austriaca, C. a. acutirostris and C. a. fitzingeri 

although the acceptance of C. a. fitzingeri remains contentious with many taxonomists. C. 

a. acutirostris was described recently based on specimens collected from the Iberian 

Peninsula (Malkmus, 1995). That author designated this sub-species based on cranial 

variation observed between individuals from the Iberian Peninsula and specimens from 

the rest of the smooth snake’s distribution. In particular, the specimens exhibited 
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narrower heads with more pointed and prominent snouts, as well as rostral plates, which 

were observed to penetrate deeply between the internasals (Malkmus, 1995). More recent 

examination of snakes caught on the Iberian Peninsula suggests that this sub-species may 

be restricted to the Toledo Mountains and Sierra del Aljibe (Donaire et al., 2001) and the 

taxonomic validity of this subspecies has been confirmed based on mitochondrial DNA 

studies (Santos et al., 2008).  

The smooth snake (Figure 1.5) is the least common of the three snake species 

indigenous to Britain. It was Britain’s last reptile to be discovered with the first record 

published by Dr J.E. Gray (1859) based on a specimen collected near Bournemouth by 

the Rev. O. Pickard-Cambridge and Frederick Bond in 1853 (Francis-Dalton, 1950). The 

common name is derived from the non-carinated scales, which make it readily 

distinguishable from Britain’s two other snakes - the adder (Vipera berus) and the grass 

snake (Natrix natrix). It is described as a slender viviparous colubrid, which rarely 

exceeds 70cm in length (Frazer, 1983) and shows a significant variation in colour and 

pattern. Whilst most animals usually have grey or brownish dorsal colouration with rows 

of small black spots (Frazer, 1983), there are records of individuals from populations in 

Germany having red coloured spots or brown stripes rather than spots (Mutz, 2005). 

Records of melanism have also been reported for two specimens collected near Poole, 

Dorset (Boulenger, 1913) and an individual from Spain (Hopkins, 1976). The second 

known occurrence of melanism in British smooth snakes was recorded during the 

production of this thesis (Pernetta & Reading, 2009a). The head and proximal dorsal 

patterns are thought to be unique to each individual and as a result have been used as a 

method of identification in previous studies (e.g. Goddard, 1981; Braithwaite et al., 

1989). 
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Figure 1.5. The smooth snake (Coronella austriaca), photograph by author. 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1.3.1.1 Distribution and conservation status 

The smooth snake is widely distributed throughout continental Europe and parts of 

Western Asia (Figure 1.6). The species can be found as far north as 65ºN in Scandinavia 

through west and central Europe to Austria, Northern Greece and the Caucasus (Frazer, 

1983). Throughout this distribution C. austriaca is known to occur in a number of 

different habitats including; sandy heathland, open woodland, forest edges and alpine 

massifs (Frazer, 1983; Luiselli et al., 1996; Drobenkov 2000; O’Brien, 2002). Within 

Britain the smooth snake is now confined to areas of lowland heath in Surrey, Hampshire 

and Dorset (Figure. 1.7; Nature Conservancy Council, 1983; Braithwaite et al., 1989; 

Arnold, 1995), having also previously been found in Devon, Berkshire, Wiltshire and 

Sussex  (Smith, 1964). Baldry’s (1880) account of smooth snakes being extraordinarily 

abundant on the moorlands surrounding the village of Bournemouth implies the smooth 

snake has been subject to sharp declines in Britain, following recent anthropogenic 

changes to the extent of lowland heathland. Population estimates for Britain are likely to 

be outdated and inaccurate since the most recent survey collected presence/absence data 

only for all sites surveyed (Braithwaite et al., 1989). 

 

 
Figure 1.6. The known distribution of Coronella austriaca in continental Europe (reproduced from Gasc et 

al., 1997). 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As a species, C. austriaca is likely to be classified as Least Concern, according to 

IUCN specifications, due to it is widespread distribution. However, at a national level, C. 

austriaca is known to have become extinct in Denmark and is thought to be declining in 

Italy, Norway, Finland, Poland, Germany, The Netherlands, Belgium, the Iberian 

Peninsula and Britain (Corbett, 1989, Santos et al., 2009). Declines on continental Europe 

are thought to be the result of increasing urbanisation of habitats and persecution by 

landowners (Corbett, 1989, Santos et al., 2009). In Britain the decline in smooth snakes 

has been attributed to the destruction, modification and fragmentation of its lowland 

heath habitat (Spellerberg & Phelps, 1977). 

 

 
Figure 1.7. The known distribution of the smooth snake (Coronella austriaca) in the British Isles (Reproduced 

from Arnold, 1995). 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1.3.1.2 General Biology 

Coronella austriaca is an ambush predator (Amo et al., 2004) that subdues its prey 

through constriction, before swallowing head first (Smith, 1964). Dietary information 

based on faecal analysis, regurgitated prey and direct observations have shown C. 

austriaca to feed on a number of prey species throughout their distribution. Studies 

conducted in continental Europe and Russia suggest that the primary prey is composed of 

lizards (Luiselli et al., 1996; Rugiero et al., 1995; Drobenkov, 2000). In contrast, past 

publications have differed in reports of British populations, with some authors suggesting 

smooth snakes to be primarily saurophages (Smith, 1964; Nature Conservancy Council, 

1983; Frazer, 1983), whilst others speculated that small mammals constitute the majority 

of their diets (Spellerberg & Phelps, 1977; Phelps 1978). Dietary observations obtained 

from regurgitated prey and faecal samples of snakes at three sites in the New Forest 

showed small mammals to be the primary food source (Goddard, 1984). However, sand 

lizards (Lacerta agilis) were known to be absent from these sites. More recent work has 

revealed prey lizard density, and in particular slow worm (Anguis fragilis) density, to 

have a significant effect upon the density of gravid female smooth snakes found at a site 

in Dorset (Reading, 2004b). Other prey recorded to have been taken by smooth snakes 

include; nestling birds, frogs, snakes and a small number of invertebrates. Although 

generally uncommon, cannibalism is also known to have occurred in populations studied 

in the UK (Phelps, 1978; Pickess, 2005), Italy (Luiselli et al., 1996), and to a greater 

extent, in populations found in Belarus (Drobenkov, 2000). Whether this may be 

affecting recruitment in populations remains unknown.   

Goddard (1984) has postulated that smooth snakes are generalist predators that 

adapt their feeding to prey availability within a site and captive studies suggest this may 

be true. Both adult and juvenile animals maintained in laboratory conditions consumed 

invertebrate prey including slugs, caterpillars, spiders and bush crickets as well as 

common lizards and slowworms in one study (Simms, 1975). However, two broods of 

juvenile smooth snakes maintained in captivity by Spellerberg (1977a) refused to feed 

upon invertebrates (spiders, crickets, flies and earthworms) placed in their vivaria. The 

author observed the snakes responding to the invertebrate prey by eliciting tongue-flicks 

however feeding responses were only elicited through the addition of a juvenile common 

lizard (Zootoca vivipara) to the vivaria.  Recent work has shown that smooth snakes are 

able to recognise chemical cues produced by wall lizards (Podarcis muralis; Amo et al., 

2004) enhancing their ability to forage underground as suggested by Goddard (1984). In 

addition, experimental studies with ingestively naive neonate smooth snakes have shown 
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them to exhibit an innate feeding response towards squamate and mammalian prey that 

constitute the majority of their adult diet (Pernetta et al., 2009). 

Mating has been observed on relatively few occasions in the wild, with only four 

published incidences occurring in May and August of 1987 and June, 2003 (Nature 

Conservancy Council, 1983; Drobenkov, 2000; Braithwaite et al., 1989; Reichholf & 

Sakamoto, 2005). Mating in the UK is thought to occur between March and May (Frazer, 

1983), although it has been suggested that mating may occur later in the season with 

females retaining embryos over winter and giving birth in the following spring 

(Spellerberg & Phelps, 1977). Long-term sperm storage (>450 days) has also been 

recorded in a captive female from Romania  (Strugariu, 2007)  

Male testicular activity is maximal in the months after spring mating. However, 

males contain enough spermatozoa to mate at any time during the active season (Duguy, 

1961). In contrast females are best described as “prudent opportunistic breeders” 

(Reading 2004b). Long term mark-recapture studies suggest that a female’s reproductive 

success in a given year is determined by their stored energy reserves, which enable them 

to capitalize on the additional energy during years of high prey density to maximise 

breeding success (Reading 2004b). As a result, variation is observed in the individual 

breeding frequency of smooth snake populations throughout their range. British 

populations tend to exhibit a biennial or triennial breeding cycle (Goddard & Spellerberg, 

1980; Reading 2004b), similar to those in Italy (Luiselli et al. 1996), but in contrast to the 

annual cycle observed in French snakes (Duguy, 1961). Individual breeding success in 

smooth snakes is determined by a female’s size and “body condition” (Luiselli et al. 

1996; Reading 2004b), with resulting litter sizes ranging from one to 16 young (Duguy, 

1961, Goddard & Spellerberg, 1980; Luiselli et al., 1996; Reading, 2004b). The 

proportion of these that are stillborn decreases with increasing female size (Luiselli et al., 

1996). Estimates of gestation length have ranged from 3-5 months (Goddard & 

Spellerberg, 1980; Goddard, 1984) to 6-7 months (Spellerberg & Phelps, 1977) in British 

populations, whereas European populations tend to exhibit gestation periods at the 

minimum of this range (Duguy, 1961; Drobenkov, 2000).   

Hatchling sex ratio tends to be 1:1 in litters produced from captive females 

(Goddard, 1981; Luiselli et al., 1996). However, Luiselli et al. (1996) noted that females 

that had delayed for longer between successive litters tended to produce a higher number 

of female offspring, although this trend fell just below the conventional level of statistical 

significance. Juvenile mortality is assumed to be high since few young individuals are 

captured in the field (Spellerberg & Phelps, 1977; Goddard, 1981; Reading, 2004a), but 
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those that do survive may live upwards of 17 years (Reading 2004a). Growth rates 

calculated by Reading (2004a) suggest snakes have an annual growth season of about 130 

days. Estimates of age at first breeding and size at sexual maturity vary with studies of 

populations throughout the smooth snakes range. In Britain, estimates of female size at 

sexual maturity and age at first breeding range from 30cm snout to vent length (Goddard 

and Spellerberg, 1980) to 43.5cm and approximately seven to eight years old (Reading, 

2004a). Continental studies have also exhibited considerable variation with Italian snakes 

attaining sexual maturity at 43.5cm total length and an estimated age of 4 years (Luiselli 

et al., 1996), whilst snakes from Belarus are described as adults when they reach 44cm in 

the case of males and 51cm for females (Drobenkov, 2000). 

1.3.2 Dorset’s Lowland heath habitat. 

The lowland heathlands of Europe are a plagioclimax community dominated by 

ericaceous dwarf shrubs (Chapman et al., 1989) restricted to acidic, infertile soils below 

300m (Gimingham, 1992). Forest clearance 3000-4000 years ago resulted in the spread of 

heathland vegetation (Chapman et al., 1989) and the subsequent anthropogenic use of 

these lands for grazing stock, cutting turves and supplying fuel checked secondary 

succession and woodland regeneration (Gimingham, 1979; Webb, 1986). At its peak, 

heathland extended over several million hectares of mainland Europe and Britain, but is 

now reduced to <10% of its former extent (Rose et al., 2000). Increasing agricultural 

intensification, afforestation, urbanisation of surrounding areas and natural encroachment 

of trees on abandoned heaths are continuing to further the decline of remnant patches 

(Moore, 1962; Webb, 1990; Bakker & Berendse, 1999).  

The importance of heathlands as a habitat for many species is internationally 

recognised and has resulted in their protection by numerous legislative agreements that 

include the EU Directive on the Conservation of Wild Birds (79/409/EEC) and the 

Directive on the Conservation of Habitats of Wild Fauna and Flora (92/43/EEC) (Rebane 

et al., 1997). Under these directives EU countries are required to implement management 

procedures to restore declining sites to favourable conservation status and, as a result, 

much effort has been placed on determining effective management procedures for the 

restoration and creation of heathland ecosystems (Gimingham, 1992). 

Changes in the heathlands of southern England, and in particular Dorset, have been 

the subject of intense study for over 40 years (Moore, 1962; Webb & Haskins, 1980; 

Chapman et al., 1989; Webb, 1990; Rose et al., 2000) and have resulted in the creation of 

the Dorset Heathland Survey database (Rose et al., 2000). Consequently the heathlands of 
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Dorset are one of the few British habitats for which vegetation change has been measured 

at the landscape scale (Figure 1.8). In the years encompassed by these studies the 

heathlands of Dorset have declined in area and have undergone increasing fragmentation. 

Moore’s (1962) seminal study of heathland loss suggested that almost 40,000 ha of 

heathland were present in 7 large fragments in Dorset around 1750 (Figure 1.8). By 1996 

this had been reduced by 81%, to approximately 7,500 ha in 151 fragments (Rose et al., 

2000; Figure 1.9).      

 
Figure 1.8. Changes in the extent and connectivity of lowland heathland occurring in Dorset between (A) 

1759 and (B) 1978 (reproduced from Webb & Haskins, 1980). 

 
Figure 1.9. The extent and connectivity of lowland heathland (green patches) in Dorset as recorded by the 

1996 Dorset Heathland Survey. 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The effects of heathland fragmentation on a variety of invertebrate groups and 

vegetation have been examined in a number of studies (Table 1.2). In the case of plant 

species, studies conducted both in the heathland fragments of Dorset (Webb & Vermaat, 

1990), and those of Flanders in Belgium (Piessens et al., 2005), have shown species 

diversity to be significantly reduced by decreasing patch area. Invertebrate diversity, and 

in particular coleopteran diversity, has also been shown in a number of studies to be 

significantly reduced in heathland fragments of smaller sizes and increased isolation 

(Table 1.2). Heathland species, such as those studied, have tended to have low dispersal 

capacities and this is thought to be the primary determinant of diversity on small, isolated 

heathland patches (de Vries et al., 1996). However, the fragmentation of heathlands has 

been synonymous with the increasing urbanisation of surrounding areas. Increasing 

human disturbance as a result of urbanisation, coupled with reduced area and increased 

isolation of patches, have severely affected nightjar (Caprimulgus europaeus; Liley & 

Clarke, 2003) and Dartford warbler (Sylvia undata; van den Berg et al., 2001) occupation 

of heathland fragments. Increasing urbanisation of surrounding areas also increases the 

likelihood of heathland fires and predation of vulnerable species by domestic pets (Liley 

& Clarke, 2003).  

The heathlands of Dorset are known to support populations of all six native reptile 

species and the declines of both the sand lizard (Lacerta agilis) and smooth snake 

(Coronella austriaca) have been associated with heathland fragmentation (Nature 

Conservancy Council, 1983). However, detailed studies of the population ecology and 

conservation genetics of reptile populations present on remnant heathland patches are 

lacking.  
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Table 1.2. A summary of published studies examining the effects of habitat fragmentation on heathland biodiversity in Europe. 

 

Study Location 
No. of 
patches 

examined 

Smallest patch 
(ha) 

Largest 
patch (ha) 

Average time 
since 

fragmentation 
(yrs) 

Biota examined Response examined 
Impact of 
decreasing 
patch size 

Impact of 
increasing 
Isolation 

Webb et al., 1984§ Dorset, UK 22 0.1 500 - Coleoptera 

      Phytophagous 
coleoptera 

      All spiders 
      Heathland spiders 

diversity in relation to vegetation surrounding heathland 
patches examined 

Dorset, UK 22 0.1 500 - Coleoptera diversity negative negative Webb & Hopkins, 1984 
     Aranae diversity no effect no effect 

      Hemiptera diversity no effect negative 
      Plants diversity negative negative 
Hopkins & Webb, 1984  

Dorset, UK 23 0.1 500 - Coleoptera variation in spp. composition significantly 
correlated 

significantly 
correlated 

      Aranae variation in spp. composition significantly 
correlated 

significantly 
correlated 

      Vegetation spp. richness and alpha 
diversity negative no effect 

          
de Vries et al., 1996 N.E. Netherlands 32 - - - Ground beetles species diversity negative* - 
Thomas et al., 1998 13 10 12,774 - Plebejus argus site presence negative no effect 
      total mass no effect no effect 
 

Hampshire, 
Surrey, Sussex, 

UK      relative thorax mass no effect no effect 
       relative abdomen mass no effect no effect 

       relative wing area no effect no effect 

       wing aspect ratio no effect no effect 
Piessens et al., 2005 153 0.0001 2 >200  Plants species richness negative negative 
 

Flanders, 
Belgium      diversity negative negative 

§Increasing structural diversity of surrounding vegetation significantly increased Coleoptera diversity only  
*Total ground beetle diversity showed no relationship to patch size or isolation. However, groups with low dispersal capability were shown to be affected. 
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1.4 Aims of this thesis  

As Britain’s rarest snake, significant gaps remain in our knowledge of C. austriaca’s 

population ecology and conservation genetics. This is of concern given the extensive 

landscape changes that have occurred within its distribution on the lowland heathlands of 

Southern England. As a result, the research that forms the basis of this thesis employs a 

combination of mathematical modelling, field-based surveys, genetic analyses and 

behavioural experiments to examine some of these gaps and inform future conservation 

management for this UK biodiversity action plan priority species.  

The remainder of this thesis is divided into seven chapters. Chapter two details the 

general methodology used during the collection of the data that forms the basis of this 

research. Chapters three to six present the results of this work whilst chapter seven 

summarises the main findings, their conservation implications and highlights 

opportunities for future work  

Specifically the aims of this thesis were:  

1. To predict C. austriaca occupancy of remnant heathland patches in Dorset, based 

on patch fragmentation characteristics and surrounding matrix habitats  

Chapter three employs an information-theoretic modelling based approach to 

determine which factors such as heathland patch size, shape, isolation and 

surrounding matrix habitat can be used to accurately predict C. austriaca 

occupancy of remnant heathland patches in Dorset, following habitat 

fragmentation. 

2. To determine how variation in heathland habitat and its constituent reptile 

communities influence the relative abundance of C. austriaca at occupied sites.  

3. To determine the presence of sexual-size dimorphism in C. austriaca and 

compare the morphology of captured individuals between sites to look for any 

evidence of geographic variation. 

Chapter four uses stepwise multiple regression techniques based on data from 

extensive field-based surveys conducted over three field-seasons. The results in 

this chapter focus on how well local variation in vegetation communities and 

structure, as well as sighting frequencies of other native reptile species, are able 

to explain the observed variation in relative abundance of C. austriaca at 27 

arrays of artificial refugia located on eight sites in Dorset and Hampshire. In 

addition morphological data collected during the first capture events are used to 

look for any evidence of geographic variation between populations that may have 

occurred as a result of heathland fragmentation..  
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4. To determine the population genetic structure of C. austriaca at two spatial scales 

and to determine whether the observed patterns are a result of anthropogenic or 

natural effects.  

5. To compare patterns of relatedness between the sexes to ascertain the presence, 

or absence, of sex-biased dispersal in C. austriaca.  

Chapter five uses previously described microsatellite markers (Bond et al., 2005) 

to examine the population genetic structure of C. austriaca at two spatial scales. 

The first of these examines the fine-scale structuring of 11 sub-populations within 

a single commercial coniferous forest plantation site, whilst the coarser scale 

study examine the population genetic structuring of C. austriaca between eight 

remnant heathland patches across Dorset. Data from Wareham Forest is also 

used to test the assumption that C. austriaca exhibits male-biased dispersal, as 

suggested in previous studies.  

6. To examine the influence of female body size on reproductive investment and 

clutch characteristics.  

7. To determine the incidence and frequency of multiple paternity in wild-caught C. 

austriaca from sites in Dorset.  

Chapter six uses a combination of field and laboratory methods to examine 

aspects of the reproductive ecology of C. austriaca in Dorset. In particular, this 

chapter focuses on female reproductive investment, based on clutch 

characteristics in relation to body size and the results are compared with those of 

previously published continental studies. DNA samples collected from those 

litters born in the laboratory are used to determine the incidence and frequency 

of multiple paternity in C. austriaca.  
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CHAPTER 2 

GENERAL METHODOLOGY 
 

 

“Once the data are in, the theory has to follow 

along meekly.” 

Gregory Dale Bear, 1983. Hardfought, In: The 

Wind from a Burning Woman, Arkham House, 

Wisconsin.  
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2.1 Introduction  

This chapter provides details of the study sites and general methods used during this 

research. Methods and statistical analyses that relate to specific results presented in this 

thesis are outlined in subsequent chapters. 

2.2. Study sites   

The data used in this study were collected from 27 arrays of artificial refugia located at 

seven sites in Dorset and one site in Hampshire (Table 2.1, Figure 2.1). Sites for data 

collection were based on prior records of smooth snake presence and permission to 

survey being obtained.  

 
Table  2.1.  Locations  of  the  27  arrays  of  artificial  refugia  surveyed  during  the  course  of  this  study.  The 

colours refer to the symbols used in Figure 2.1. 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Figure 2.1. The geographic location of the eight study sites where fieldwork was undertaken. Details of the arrays located at each site are presented in Table 3.2. 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2.2.1.  Wareham Forest  

Wareham Forest is a large heathland/coniferous plantation mosaic that is actively 

managed by the Forestry Commission as a timber production site with Corsican pine 

(Pinus nigra var. maritima) and Scots pine (Pinus sylvestris) dominating the stands. 

Interspersed between plantations are areas of dry, humid and wet heathland. The forest 

attracts relatively large numbers of recreational visitors, although few have been observed 

walking off the paths that are found throughout the forest. A total of eleven arrays were 

laid within Wareham Forest (Table 2.1 Figure 2.2) and these were located in stands of 

varying age in order to maximise the number of habitats surveyed whilst also covering a 

significant area of the site. 

 
Figure  2.2.  The  location  of  the  eleven  arrays  studied  within  the  Forestry  Commission  controlled  site  of 

Wareham Forest (bounded in red). Each of the eleven arrays consisted of 37 artificial refugia  (red hexagons) 

located in an area of homogeneous habitat. 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2.2.2. Puddletown Forest  

Puddletown Forest was the most westerly site selected for study (Figure 2.1). This site is 

also controlled by the Forestry Commission and it was known to contain a population of 

smooth snakes. The forest itself contains a mixture of both broad-leaved woodland and 

coniferous plantation. Two arrays of refugia were laid within the forest boundaries on the 

only two areas of heathland that were large enough to accommodate them (Figure 2.3).  

Array P2a was located on a patch of heathland near to the centre of the forest, and was 

dominated by Calluna vulgaris and Erica cinerea. Interspersed within the heather were 

large bushes of Ulex europeas and young Betula pendula.  Array P2b was located on a 

section of land that had been recently clear-felled (2004) and was dominated by Molinea 

caerulea and U. europeas with small C. vulgaris plants growing through. Large amounts 

of deadwood and tree stumps remained on the site. 

 
Figure  2.3.  Ortho‐rectified  aerial  photograph  of  Puddletown  Forest.  The  boundary  of  the  Forestry 

Commission land is highlighted in red and the area of heathland on which the arrays were located is shaded 

in purple.  The  red hexagons depict  the approximate area of heathland  covered by each array of  artificial 

refugia. 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2.2.3. Hethfelton Forest 

Hethfelton Forest is another Forestry Commission owned coniferous forest/heathland 

mosaic that was selected for study based on previous records of smooth snake presence 

(Figure 2.4). Two arrays were laid at the site on areas that differed in their vegetation. 

Array HF1 was located on an area of wet heathland that was dominated by M. caerulea 

interspersed with small amounts of Erica tetralix and C. vulgaris. The site was bisected 

by a drainage ditch, which did not contain water during the fieldwork season. HF2 was 

located on an area of dry heathland approximately 150 metres away known as battery 

bank. The heath was dominated by C. vulgaris and contained a number of mature Scots 

pine trees (P. sylvestrus). Neither of the arrays at Hethfelton Forest were surveyed during 

2007 due to unlawful squatters living on the site during the entire field season.  

 
Figure  2.4.  Ortho‐rectified  aerial  photograph  of  Hethfelton  Forest.  The  boundary  of  the  Forestry 

Commission lands is highlighted in red and the area of heathland on which the arrays were located is shaded 

in purple.  The  red hexagons depict  the approximate area of heathland  covered by each array of  artificial 

refugia. 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2.2.4. Arne 

Arne nature reserve is an area of heathland and mudflats that borders Poole harbour and 

is actively managed by the Royal Society for the Protection of Birds (RSPB). The two 

arrays of artificial refugia used in this study had previously been the subject of a long-

term mark-recapture study of smooth snakes by a former RSPB warden. The area of 

heathland on which the arrays were located is dominated by C. vulgaris and E. tetralix 

interspersed with a number of mature Scots pines (Figure 2.5). Due to the large 

population of sika deer (Cervus nippon) present within the reserve the heathland is 

subject to intense grazing and as a result is comprised of woody-stemmed plants with 

significant areas of bare ground in between. 

 
Figure 2.5. Ortho‐rectified aerial photograph of “grip heath” on the RSPB controlled Arne Nature Reserve. 

The  area  of  heathland  (bounded  in  red  and  shaded  purple)  is  surrounded  my  mature  P.  sylvestrus  and 

managed grassland. The red hexagons depict the approximate area of heathland covered by each array of 

artificial refugia. 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2.2.5. Godlingston Heath  

Godlingston Heath is a large remnant of lowland heathland on the Studland peninsula 

owned and managed by the National Trust (Figure 2.6). The heathland has undergone 

active management, including mowing, which has resulted in vegetation of a relatively 

uniform height dominated by C. vulgaris interspersed with Erica spp. and small amounts 

of M. caerulea.  There are very few trees present on the site as a result of its exposed 

aspect. Those that are present, are small and exhibit stunted growth. Three arrays were 

located towards the eastern edge of Godlingston Heath. The arrays were located in an 

area of heath that, whilst being away from areas frequently used by the general public, 

were still within walking distance from the nearest access gate. The arrays were separated 

by a minimum of 100 metres in order to minimise the likelihood of movement of marked 

animals between them. 

 
Figure 2.6. Ortho‐rectified aerial photograph of Godlingston Heath on the Studland peninsula. The boundary 

of the National Trust lands is highlighted in red and the area of heathland on which the arrays were located 

is shaded in purple. The approximate areas of heathland covered by each array of refugia are marked by the 

red hexagons. 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2.2.6. Dunyeats Heath  

Dunyeats Heath is a relatively large area of heathland/scrubland mosaic that is 

surrounded by conurbations (Figure 2.7). Actively managed by the Amphibian and 

Reptile Conservation Trust (ARCT) this site is frequently used by dog walkers and is 

likely to be subject to relatively intensive disturbance. Two arrays were laid at this site in 

areas of homogeneous heathland that were away from potential public disturbance. The 

heath was again dominated by C. vulgaris with frequent patches of Ulex spp. and sapling 

Betula spp. 

 
Figure 2.7. Ortho‐rectified aerial photograph of Dunyeat’s Heath. Note the large urban area to the west of 

the site. The boundary of the area managed by the Amphibian and Reptile Conservation Trust is marked in 

red and the extent of heathland is shaded purple. The area of heathland covered by each array of artificial 

refugia is shown by a red hexagon. 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2.2.7. Noon Hill  

Noon Hill nature reserve is a small site that is owned by the ARCT. As a result, the site is 

actively managed to optimise the habitat for all six reptile species that occur there. 

Management includes clearing of Pinus and Betula species during the winter months to 

check succession. Only two arrays were used on this site due to its size and these were 

located so as to cover a large amount of the heathland present on the site. Surveys were 

not undertaken during the 2006 field season, as unlawful squatters living on the site made 

surveying impossible. 

 
Figure 2.8. An Ortho‐rectified aerial photograph of Noon Hill nature reserve (bounded in red). The extent of 

heathland  is  shaded  in  purple  and  the  red  hexagons  show  the  area  of  ground  covered  by  each  array  of 

artificial refugia. 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2.2.8. The New Forest 

Three arrays of refugia were laid within the New Forest in an attempt to sample a smooth 

snake population from the single biggest area of heathland in Southern England as an 

example population for a continuous area of heath habitat. However, due to limitations 

imposed by the Forestry Commission, only one area within the New Forest could be 

used. Verderers had expressed concern over the safety implications for grazing cattle and 

ponies of laying metal refugia in the New Forest. As a result, permission was specifically 

granted to lay metal artificial refugia at Dur-Hill Down - an area of heathland within the 

western New Forest that is surrounded by fencing to prevent grazing by cattle and ponies 

(Figure 2.9). This site contains typical lowland heathland vegetation and is dominated by 

C. vulgaris interspersed with Erica spp. and M. caerulea. Above the ground-level 

vegetation there were a small number of mature P. sylvestrus trees and occasional clumps 

of U. europeas present on the site. Due to the small size of the available survey area the 

three arrays were separated by a maximum of 40 metres. 

 
Figure 2.9. An Ortho‐rectified aerial photograph of Dur‐Hill down (bounded in red) within the New Forest, 

Hampshire.  The  extent  of  heathland  is  shaded  in  purple  and  the  red  hexagons  show  the  area  of  ground 

covered by each array of artificial refugia. 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2.3 Field data collection  

2.3.1. Reptile surveys 

Hexagonal arrays of artificial refugia were utilised at all sites following the methods of 

Reading (1997). Each array was randomly located within the habitat fragment and 

consisted of 37 rectangles of corrugated iron (90cm x 75cm) spaced 10 metres apart, 

covering an area of 0.284 ha (Figure 2.10). In this study the refugia used were not painted 

black, as recommended by Reading (1997), due to the inhibitive costs involved. As a 

result, they were left in the grey primer colour in which they were received. Previous 

research has shown C. austriaca to be a relatively sedentary species, with an average 

observed hourly movement rate of 0.54m h-1, with radio-tracked individuals typically 

having daily movement rates of less than 100m day-1 (Gent & Spellerberg, 1993) and so 

replicate arrays at each study site were spaced at a minimum interval of 80 m, where 

possible, to limit the movement of individual snakes between arrays  

 

 

 
Figure  2.10. A  schematic  showing  the  hexagonal  arrangement  of  artificial  refugia  (grey  squares)  and  the 

typical path walked between refugia (arrows). The distance between each refugia was 10 m in all directions. 

Reptile surveys were carried out between April and October of each year from 

2006 to 2008. All reptile survey work was completed under licence from Natural 
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England. Arrays were surveyed between 09:00 hrs and 14:00 hrs on all suitable days (i.e. 

warm with intermittent sunshine and occasional clouds; Spellerberg & Phelps, 1977), 

with a typical survey rate of five arrays per day. The sequence in which the five arrays 

were surveyed on any given day was rotated between each visit to ensure that surveys 

were conducted on all sites at different times during the day. Surveys involved walking a 

standardised transect between refugia (Figure 2.10), and recording all sightings of reptiles 

observed, whether under refugia or out in the open. Observations of other reptile species 

were limited to the locality of the sighting, the species, age class (i.e. neonate, juvenile or 

adult) and sex where possible. All smooth snakes observed during surveys were captured 

by hand. 

2.3.2. Morphometrics and individual identification 

Following capture, the time and locality (array and refuge number) were noted and all 

snakes were measured for a number of morphological variables. Smooth snakes were 

sexed using tail shape and length as previously described (van Gelder et al., 1998; 

Reading, 2004a). In addition, Snout-Vent Length (SVL; Tip of the snout to the posterior 

edge of the cloacal scales) and Tail Length (TL; distance from the posterior edge of the 

cloacal scales to the tip of the tail) were recorded to the nearest millimetre using a ruler. 

A number of head measurements were recorded to the nearest 0.05 millimetres using a 

pair of vernier callipers (Figure 2.11). Mass (M) was recorded to the nearest gram using a 

300g Pesola® balance. The number of supra- and infra-labial scales on each side of the 

head was noted. The reproductive status of all females was determined by palpation of 

the abdomen to record the presence and number of developing embryos. Observations of 

the stage in sloughing cycle, any external injuries (e.g. Pernetta & Reading, 2009a), tail 

damage, unusual colouration (e.g. Pernetta & Reading, 2009b) and external parasites 

were also noted. Attempts were made to collect a faecal sample, by gentle palpation of 

the abdomen, from all snakes captured. When successful, the samples were collected in 

an Eppendorf® tube and preserved with the addition of 70% ethanol. However, due to the 

small number of samples acquired during fieldwork the samples were not analysed and 

data from these samples are not presented within this thesis.   
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Figure  2.11. Dorsal  and  lateral  aspects  of  a  smooth  snake  showing  the  six  head measurements  recorded 

using vernier callipers (±0.05 mm) from each individual captured. 

All smooth snakes that exceeded 200 mm SVL at the time of their first capture 

were permanently marked by using Passive Integrated Transponders (UKID Systems 

Model: UKID 122 IJ, 12mm long, 2.12mm wide) inserted under the skin on the side of 

the snake 2-5cm anterior of the cloaca (Figure 2.12; Reading & Davies, 1996). 

Individuals below 200 mm SVL were not marked using ventral scale clipping (sensu 

Spellerberg, 1977b) as this was classified as an invasive procedure, which was not 

covered by the project’s Home Office licence. Head and upper body patterns were also 

recorded at each capture event by photographing animals using a Canon EOS 350D 

camera and Sigma 28-70mm ƒ2.8 EX DG lens combination. Finally DNA sampling was 

carried out (under Home Office Licence) on all snakes during their first capture event 

(Detailed in section 2.6.1.). All snakes were then released underneath the refugia from 

which they were captured, approximately 15 minutes after they were first captured. 

 
Figure 2.12. Permanently marking a smooth snake by inserting a Passive Integrated Transponder under the 

skin, approximately 5cm anterior of the cloaca. 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2.4 Captive husbandry  

Gravid females observed during surveys from mid-August to mid-September were 

collected (under licence from English Nature and subsequently Natural England) and 

brought back to the laboratory until parturition to allow shed skins to be obtained from 

their litters for genetic analysis. Females were maintained in a private room with the 

temperature raised to a maximum of 26°C during the day, and allowed to reach ambient 

temperature at night. A natural light/dark cycle was observed. Females were individually 

housed in vented plastic vivaria (Internal dimensions: 38cm x 28cm x 16.5cm) furnished 

with a paper-towel substrate, and plastic plant pot refugia. Water was provided ad libitum 

and commercially available defrosted new-born mice were offered every two days. 

Females were measured and weighed every day prior to, and immediately after, 

parturition. Females were then returned to their capture localities post-parturition. 

Neonates born in captivity were housed individually in vented plastic vivaria 

(Internal dimensions: 21cm x 15cm x 8cm). Furnishings were the same as those provided 

for the gravid females with the addition of two or three stones to provide an abrasive 

surface during the sloughing period. Water was provided ad libitum. No food was 

provided during their captivity. All neonates were measured within 24h of birth and the 

following details recorded: SVL and TL using a ruler (±1 mm) and mass using a Mettler 

digital balance (±0.01 g). Neonates generally shed their skin within 7-8 days of birth and 

were then photographed to provide a record of head patterns before being released at the 

site of their mothers capture. All shed skins were air-dried before being frozen (-20 °C) 

prior to genetic analysis. 

2.5 Habitat surveys.  

Habitat surveys were conducted at each of the 27 arrays on an annual basis and 

comprised of quadrat sampling for lower vegetation layers and plotless sampling of trees. 

Ten 2m x 2m quadrats were randomly located within the area covered by each array and 

the percentage cover of all plants, mosses, lichens, bare ground and leaf litter were 

recorded. Vegetation height was measured using a standard drop disc (Diameter = 30cm; 

Weight = 200g) at four points within each quadrat. A total of forty randomly selected 

points within the area covered by each array were used to assess site tree density through 

nearest-individual plotless sampling (Bullock, 1996).  The density of trees was calculated 

by the equation: 

                                             (Eqn. 2.1) 
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Where D1 is the mean distance from the random points to the nearest tree. Each of 

the forty trees also had the following variables recorded; genus, height (in metres), 

Diameter at Breast Height (DBH; measured twice, in cm, 1.3m from ground level) and 

canopy spread (measured twice, in metres, using the two widest spread points) and the 

average of these two values was used in subsequent analyses. Trees on each site were 

defined as being ≥1.5 m in height, and for those sites on which there were less than forty 

trees, all individuals were measured within the area covered by the array. Cover of 

saplings for individual tree species (i.e. ≤1.5m in height) were recorded, when present 

within quadrats, as percentage cover of the lower vegetation layer. 

2.6 DNA sampling, extraction and analysis.  

2.6.1 DNA sampling  

DNA samples were collected from all captured smooth snakes. The most common 

samples comprised blood obtained by puncturing the caudal sinus below the cloaca, with 

care being taken to avoid the hemipenes in male animals. Blood spots were collected on 

Whatman® grade 2 filter paper strips which were placed in Eppendorf® tubes for 

transportation back to the laboratory. In cases where animals were in the process of 

sloughing when captured, a sample of shed skin was also collected since this is known to 

be a source of large quantities of high quality DNA (Clark, 1998). Shed skin had also 

been used to characterise the 16 known microsatellite markers for C. austriaca (Bond et 

al., 2005). Both sample types were air-dried at room temperature before being frozen (-20 

°C), to prevent spoiling and degradation prior to their analysis. Due to the protected status 

of smooth snakes the collection of blood samples is regulated by the Animals (Scientific 

Procedures) act of 1986 and so all samples were collected under a Home Office personal 

licence (No: PIL 80/9699) which allowed samples to be taken from all snakes at all field 

locations.  

2.6.2 DNA Extraction  

DNA was extracted from the dried blood and/or skin samples using a modified version of 

Gemmell and Akiyama’s (1996) method for vertebrate tissues. Samples were placed in 

300 µl of digestion solution (100 mM TRIS, 1%SDS, 100 mN NaCl) and 7 µl of 

Protinase K (10 mg ml-1) before being mixed overnight (≈ 12 hrs) on a rotating wheel at 

37 °C.  Following digestion, 300 µl of 10 M LiCl and 600 µl of chloroform were added 

and the samples mixed on the rotating wheel for a further 30 min at room temperature. 
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The samples were then centrifuged for 10 minutes at maximum speed (13,000 rpm) to 

separate the supernatant, which was transferred to a new eppendorf tube.  

Precipitation of the DNA in the supernatant was achieved by adding 1 ml of 

100% ethanol and mixing thoroughly, before refrigerating the samples for 1.5 hrs (≈ 4 

°C). Following this, the samples were centrifuged (13,000 rpm) for 30 min to pellet the 

DNA. The ethanol was extracted and 200 µl of wash buffer ( 0.1 M Tris-Hcl pH 8, 70% 

ethanol) was added, before being centrifuged for a further 15 min. The wash buffer was 

extracted, taking care not to dislodge the DNA pellet, and the samples dried in a 

dessicator for 45 min. The extracted DNA was then re-suspended in 50 µl of sterile dH2O 

and stored at -20 °C until further use. 

2.6.3 DNA quantification.  

The concentration of DNA extracted from each sample was quantified using a Helios 

Gamma spectrophotometer. DNA quantification by spectrophotometry is based on the 

principle that light of 260 nm passing through 1 cm of DNA at 50 µg/µl concentration has 

an absorbance of 1 (Barbas et al., 2007). Five µl of each DNA sample was diluted in 1 ml 

of deionised water and its optical density measured at 260 nm (OD260). The 

spectrophotometer was calibrated using a cuvette containing 1 ml of deionised water, 

before each sample was measured. The DNA concentrations were calculated from the 

observed OD260 values using the following equation:  

 
    (Eqn 2.2) 

 
Where the double-stranded DNA concentration in the sample volume equals the 

dsDNA concentration with an OD measurement of one (50 µg/µl) multiplied by the 

optical density of the sample (OD260) multiplied by the dilution factor (200). Despite 

typical DNA concentrations extracted from blood samples being low (≈20 ng/µl) poor 

amplification rates were observed during initial polymerase chain reactions. As a result, 

all samples were further diluted using a 1:10 ratio with sterile dH2O.  

2.6.4 Polymerase Chain Reactions 

The polymerase chain reaction (PCR) allows the synthetic production of millions of 

copies of a specific sequence of DNA in a relatively short period of time (Mullis, 1990). 

In this study eight previously developed microsatellite loci Ca19, Ca20, Ca26, Ca27, 

Ca30, Ca40, Ca47 and Ca66 were used (Table 2.2; Bond et al., 2005). An additional two 

loci (Ca16 and Ca 45; Bond et al., 2005) were trialled but were dropped following poor 
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amplification. Approximately 1 µl of the diluted DNA was used in PCRs of final volumes 

of 20 µl. Reactions contained 10 mM Tris-HCl pH 8.3, 50 mM KCI, 1.5 mM MgCl2, 0.2 

µm of each oligonucleotide primer, 100 µm dGTP, dCTP and dTTP, 5 µm unlabelled 

dATP, 3.7 KBq [α-33P]dATP (37 TBq/mmol) and 0.5-1.0 units Taq polymerase (New 

England Biolabs).  PCR reactions were conducted in either a Techne TC412 or Techne 

Genius thermal cycler with heated lid. 

 
Table 2.2. Genbank accession numbers, primer sequences, annealing temperatures (Ta) and electrophoresis 

pairing numbers for the eight microsatellite markers used during this research (modified from Bond et al., 

2005) 

 
Conditions for each primer set used followed those of Beebee (2008) and 

comprised an initial 4 min denaturation period (94 °C), followed by 35 amplification 

cycles each with 1 min denaturation at 94 °C, 1 min annealing (Ca20, Ca30, Ca40 = 51 

°C, Ca19, Ca26, Ca27, Ca47,Ca66 = 60 °C)  and 1 min elongation at 72 °C. All reactions 

culminated with a 4 min elongation step at 72 °C.  PCR products for each individual were 

combined in pre-designated pairings (Table 2.2) and 25 µl of load buffer (60% sucrose, 

0.25% bromophenol blue) was added prior to gel electrophoresis. 

2.6.5. Gel electrophoresis  

Paired PCR products were electrophoresed alongside M13 sequence markers in standard 

sequencing gels (6% w.v. polyacrylamide). Following electrophoresis, gels were 

visualised using both phosphorimaging (Figure 2.13) and autoradiography. Genotypes 

were scored from the image on the X-ray film using the M13 sequence marker as a guide 
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to determine the exact sizes of the different alleles for each locus. A minimum of two 

attempts were made to amplify PCR products from each sample  

 
Figure 2.13. An example of a sequencing gel visualised using phosphorimaging. Each lane contains alleles for 

an individual at two separate microsatellite loci. In this instance the upper loci is Ca26 and the lower loci is 

Ca47. The M13 sequence markers can be seen in lanes 9, 10, 31 and 32 of the gel.  

2.7. Data analysis 

Details of the specific statistical data analyses used for each purpose are provided in 

detail in the relevant chapters. All data was initially entered into spreadsheets within 

Microsoft Excel and, unless otherwise stated, analysed using Minitab® v.15 and plotted 

using SigmaPlot®v.10.  
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3.1 Introduction  

Knowing the distribution of snakes among remnant patches following habitat 

fragmentation, due to human modification of a landscape is critical to effective 

management of species of conservation concern. The remnant habitat patches that remain 

often show high variability in their physical attributes, such as area and isolation (Baskent 

& Jordan, 1995) and may be scattered through a matrix of modified, and often 

inhospitable, habitats (Wilcove et al., 1998; Haila, 2002; Opdam & Wiens, 2002). The 

distribution and abundance of floral and faunal populations are always altered as a result 

of the fragmentation process (Burgess & Sharpe, 1981; Andrén, 1994; Fahrig, 2003). 

However, the patterns of patch occupancy for individual species are complex and often 

highly variable (Villard et al., 1995; Lawes et al., 2000). Despite their limited mobility 

(Fitch & Shirer, 1971), specialised habitat requirements (Reinert, 1993) and high trophic 

level, published studies examining the occupancy of fragmented habitats by snakes 

remain limited (But see Luiselli & Capizzi, 1997 and Kjoss & Litvaitis, 2001).  

One potential reason for this lack of previous research is the costs, both economic 

and temporal, of collecting presence and absence data for a species at a broad enough 

spatial extent to allow detection of the effects of habitat fragmentation (Hanski, 1994; 

Garrison & Lupo, 2002).  As previously stated (Chapter 1), the fragmentation of Dorset’s 

heathland has been documented over a considerable time period and the resultant effects 

have been examined for a number of taxa (Table 1.2). However, to date this has not 

included any studies examining the occupancy of remnant heathland by its associated 

herpetofauna. In addition, a comprehensive database of volunteer collected data on reptile 

sightings in the county of Dorset exists, which prior to this study, had not been used to 

examine the factors that determine the occupancy of remnant heathland patches by C. 

austriaca, despite their being primarily found in this habitat within the United Kingdom 

(Nature Conservancy Council, 1983; Braithwaite et al., 1989; Arnold, 1995). 

Traditional approaches to modelling the factors that influence the presence of 

animals in a particular habitat have been based on significance testing (e.g. Capizzi et al., 

2002). However, support for such approaches has declined in recent times (Anderson et 

al., 2000) particularly given its poor performance in model selection (Guthery et al., 

2001). Given the importance of accurate model selection in observational studies 

(Mazerolle, 2006), many researchers are now applying an information-theoretic approach 

based on Kullback–Leibler information (Burnham & Anderson, 2002). This approach 

does not rely on traditional hypothesis testing; rather it employs the principle of 
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parsimony to improve model fit by achieving the optimal trade-off between bias and 

variance (MacKenzie et al., 2006). 

The purposes of this chapter are to (a) develop logistic regression models based 

on biological hypotheses that might explain the observed pattern of smooth snake 

occurrence on remnant heathland patches, (b) to employ multimodel inference procedures 

to obtain parameter estimates for the patch and surrounding matrix characteristics that are 

important in determining smooth snake presence on heathland patches and (c) to examine 

the ability of the single “best” model and the multimodel inference derived model to fit 

the data, based on Receiver Operator Characteristic curve analyses.   

3.2 Methods  

3.2.1. Data acquisition ‐ heathland patches and reptile records  

3.2.1.1. Smooth snake occurrence data  

The Amphibian and Reptile Conservation Trust (ARCT) controls and maintains a 

comprehensive database of volunteer submitted records of reptile and amphibians from 

the United Kingdom. This database includes numerous historical records and is 

continually updated.  The complete records for the county of Dorset were obtained by 

permission of ARCT and comprised 35,643 records collected between 1931 and 2006. 

Initial scrutiny of the data was undertaken to exclude any records that were (a) lacking 

geographical co-ordinates, (b) records of amphibian species and (c) records based on 

surveys conducted prior to 1996. A total of 29,788 reptile sightings and records of refugia 

that did not have reptiles underneath when surveyed, were used to determine the presence 

of C. austriaca on heathland patches.  

3.2.1.2. Patch and matrix characteristics  

An ArcGIS shapefile of the 1996 Dorset heathland survey was obtained which contained 

polygons outlining all heathland patches found during an ongoing long-term study (R. 

Rose, unpublished data). The heathland patch polygons (n = 1839) were created by 

digitising the area boundaries using ortho-rectified aerial photographs. Ground-truthing of 

patches was based on the 1996 Dorset heathland survey data (for field survey 

methodology see; Webb & Haskins, 1980; Chapman et al., 1989, Webb & Vermaat, 

1990; Rose et al., 2000).  Data on the land uses of the habitat matrix surrounding each 

heathland patch were obtained from the Land Cover Map 2000 (LCM2000; Fuller et al., 

2000). Data from the LCM2000 comprised a 25 m resolution raster dataset of polygons 
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that were classified into 27 different habitat types based on their spectral reflectance from 

remotely sensed satellite images (Figure 3.1: Fuller et al., 2005). 

 

 
Figure 3.1. A map of Dorset land use, based on the Land Cover Map 2000. 

 

3.2.2. Presence and absence of C. austriaca on heathland patches  

A Geographical Information System (GIS) database was created in ArcGIS v9.2 in which 

the shapefile containing the heathland patches was overlaid with the point data of the 

29,788 reptile records. All heathland patches that contained records for reptiles were 

separated into those that contained records for C. austriaca (“present” patches) and those 

that did not (“absent” patches). Since the reptile records comprised point data without any 

information regarding survey effort, the absence of sighting records from a particular 
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patch may reflect a low survey effort rather than the actual absence of C. austriaca. In 

order to minimise the risk errors arising from false negatives (failure to record the species 

when it is in fact present; MacKenzie et al., 2003) only sites which had more than ten 

records of the United Kingdom’s five other reptile species, but no records of C. austriaca, 

were classified as “absent” patches and the remainder were re-classified as “unsurveyed” 

along with those patches for which no reptile records existed.  Data from the unsurveyed 

patches were not included in further analyses. By restricting the analyses to sites with 

more than ten records this also meant that those sites classified as “absent”, were likely to 

have been visited on more than one occasion and often by more than one recorder. Whilst 

not as statistically robust as including a detection probability for C. austriaca in the 

modelling process (sensu MacKenzie et al., 2002), this method goes some way to 

reducing the potential error, given the limited data from which the model was developed.  

The resultant shapefile containing heathland patches classified according to smooth 

snake presence or absence was converted to an ArcGrid file and patch fragmentation 

characteristics were computed using FRAGSTATS v3.3 (McGarigal et al., 2002). Patch 

area (Area; ha), Euclidean nearest neighbour distance (ENN, m, distance of a patch from 

its nearest neighbouring patch based on an edge to edge distance) and fractal dimension 

index (Frac; 1 ≤ value ≤ 2, a measure of patch shape complexity which accounts for 

variation in patch size) were calculated for all present and absent patches. Data on the 

proportion of each land class in the matrix of habitats surrounding surveyed patches were 

obtained by creating buffer zones of 100 m and 500 m distance from patch edges. The 27 

land classes of the LCM2000 survey were reduced to six broad categories (Urban areas, 

Heathland, Agricultural Land, Woodland, Grassland and “Other” land uses) in order to 

avoid problems of collinearity resulting from multiple variables derived from the same 

data set (Legendre & Legendre, 1998). Heathland that constituted habitat within the 

buffer zones refers to areas of neighbouring heathland within the specified distance from 

patch edges, but does not directly border the patch itself.  

3.2.3. Principal Component Analyses  

Despite aggregating the 27 land use classes into six categories there were a number of 

significant correlations between categories in both the 100 and 500 m buffer zones (Table 

3.1). As a result, land use data for each buffer zone were included in two Principal 

Component Analyses to reduce the land cover data for each buffer zone into a smaller 

number of factors that describe the underlying patterns in the data. All variables were 

arcsine square-root transformed prior to inclusion in the PCAs. The number of factors 
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that were used from each PCA (the principal components are individually defined in 

section 3.3.2) in model development was determined by their eigenvalues; those 

components with an eigenvalue ≥1 were considered important (Field, 2000). 

 
Table 3.1. Pearson correlation values for the six land categories recorded in the 100 m buffer zone (above 

diagonal line) and the 500 m buffer zone (below diagonal line) surrounding the surveyed heathland patches.  

Significant correlations are indicated by a single asterisk (P <0.05) and a double asterisk (P <0.01). 

 Urban Heathland Agricultural 
Land Woodland Grassland Other 

Urban  -0.201* -0.140 -0.333** -0.091 -0.126 
Heathland -0.303**  -0.061 -0.505** -0.263** -0.069 

Agricultural Land -0.414** -0.188*  -0.246** -0.012  0.213** 
Woodland -0.446**  0.014 -0.242**  -0.334** -0.217** 
Grassland -0.226** -0.380**  0.332** -0.387**  -0.042 

Other -0.194*   0.078  0.143 -0.162* -0.178*  
 

3.2.4 Model specification and development  

Due to the nature of the smooth snake data (presence vs. absence), binary logistic 

regression models were created using the programme R v2.8.1 (R Development Core 

Team, 2008), to investigate the relationship between C. austriaca incidence and patch 

and matrix characteristics. Binary logistic regression models and multimodel inference 

approaches were selected rather than more recently developed methods, such as 

maximum entropy based approaches (MAXENT; Phillips et al., 2006), since this chapter 

was concerned specifically with determining the patch and matrix characteristics 

responsible for the occupancy status of heathland patches following fragmentation, rather 

than predicting the potential distribution of C. austriaca within Dorset (e.g. Bombi et al., 

2009). In addition, approaches such as MAXENT are likely to be subject to spatial 

variation in prediction error due to the retrospective nature of the modelling process, 

since the presence/absence data used in this study are likely to have been collected based 

on previous assumptions of C. austriaca’s distribution.  

The modelling approach used in this study did not follow that of MacKenzie et al. 

(2002), which incorporates the information on the probability of detection of the 

modelled species. Such information is difficult to obtain retrospectively when survey 

effort for each patch is unclear. This problem is particularly acute when using volunteer 

based survey data, since records of survey visits in which species are not found are 

unlikely to be submitted to the ARC database, making accurate predictions of a species’ 

detectability in a landscape impossible to calculate.  In addition, attempts to determine the 

detectability of C. austriaca in a Transylvanian landscape showed extreme variation 
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between habitats surveyed (Hartel et al., 2008). Hartel et al’s (2008) study did not include 

surveys of heathland habitats, suggesting that incorporating a nominative value from their 

work would be of little biological value in this instance.  

In order to prevent the production of spurious results through “data dredging” 

(Anderson et al., 2001), nineteen candidate models – each representing a biological 

hypothesis, were selected a priori for inclusion in the information-theoretic approach 

(Table 3.2).  Area, ENN and Frac were all logarithmically transformed prior to inclusion 

in models. 
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Table 3.2. The 19 hypotheses and subsequent models selected a priori to explain smooth snake presence on 

heathland patches in Dorset.  

Model 
Number Hypothesis Model Structure 

1 The size of remnant heathland patches is the only 
determinant of C. austriaca presence LogArea 

2 The isolation of remnant heathland patches is the 
only determinant of C. austriaca presence LogENN 

3 The shape of remnant heathland patches is the only 
determinant of C. austriaca presence LogFrac 

4 Bigger and less isolated patches are more likely to 
have C. austriaca present LogArea+LogENN 

5 
Bigger, less isolated and less complex heathland 
patches are more likely to have C. austriaca 
present.  

LogArea+LogENN+LogFrac 

6 
The composition of the matrix habitat immediately 
surrounding a patch determines the presence of C. 
austriaca 

PC1100+PC2100+PC3100 

7 Patch size and local matrix composition are the 
primary determinants of C. austriaca presence  LogArea+PC1100+PC2100+PC3100 

8 Isolation and local matrix composition are the 
primary determinants of C. austriaca presence LogENN+PC1100+PC2100+PC3101 

9 Patch size, shape and their interactive effects 
determine the presence of C. austriaca  

LogArea+LogFrac 
+LogArea*LogFrac 

10 
Patch size in combination with decreased woodland 
and increased urbanization of the immediate matrix 
determines the presence of C. austriaca 

LogArea+LogPC1100 

11 

Patch size in combination with increased 
Agricultural and other land uses within the 
immediate matrix determines the presence of C. 
austriaca.  

LogArea+LogPC2100 

12 
Patch size in combination with decreased heathland 
and increasing grassland within the immediate 
matrix determines the presence of C. austriaca 

LogArea+LogPC3100 

13 Patch size and wider matrix composition are the 
primary determinants of C. austriaca presence  LogArea+PC1500+PC2500+PC3500 

14 Isolation and wider matrix composition are the 
primary determinants of C. austriaca presence LogENN+PC1500+PC2500+PC3500 

15 

Patch size in combination with decreased 
urbanisation and increasing Agricultural and 
grassland habitats in the wider matrix determines 
the presence of C. austriaca 

LogArea+LogPC1500 

16 

Patch size in combination with increased 
Agricultural and other land uses within the 
immediate matrix determine the presence of C. 
austriaca  

LogArea+LogPC2100 

17 
Patch size in combination with increasing heathland 
and increasing other land use types in the wider 
matrix determine the presence of C. austriaca 

LogArea+LogPC3100 

18 
The composition of the wider matrix habitat 
surrounding a patch will determine the presence of 
C. austriaca 

PC1500+PC2500+PC3500 

19 
All patch and wider matrix (500m buffer zone) 
characteristics influence the presence of C. 
austriaca on a heathland patch  

LogArea+LogENN+LogFrac  
+LogArea*LogFrac+PC1500 
+PC2500+PC3500 
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Model selection was based on the principle of parsimony whereby models are 

penalised for the addition of extra explanatory variables (Burnham & Anderson, 2002).  

As a result, the Akaike’s Information Criterion for small sample sizes (AICC; Sugiura, 

1978) was calculated for each of the 19 candidate models as: 

             (Eqn. 3.1) 

where -2(log-Likelihood) indicates the overall fit of the model, K is the number of 

estimated parameters in the model (i.e. the number of explanatory variables in the model 

+ the intercept) and n is the effective sample size.  The lower the AICC the better the 

model (Greaves et al., 2006).  

 Models were then ranked by rescaling the AICC of each model relative to the 

model with the minimum achieved AICC: 

                                     (Eqn. 3.2) 

In this instance a larger ∆i value indicates less support for model i as being the best 

approximating model in the candidate set (Anderson et al., 2000). As a rule of thumb, a 

∆i < 2 suggests substantial evidence for the model, whilst a value between 3 and 7 

indicates the model has considerably less support. A ∆I > 10 indicates that, the model is 

very unlikely to be a reflection of reality (Burnham & Anderson, 2002). 

 Akaike weights (wi) provide another measure of the strength of evidence for each 

model which indicates the probability that model i is the best among the whole set of 

candidate models (Mazerolle, 2006).  Calculating wi was based on the following 

equation:

 

 

(Eqn. 3.3) 

 

where wi represents the ratio of ∆i  of a given model relative to the whole set of R 

candidate models (Mazerolle, 2006).   

3.2.5. Multimodel Inference 

In addition to examining the “best” candidate model, as determined by wi, multimodel 

inference was used to incorporate model uncertainty into the weighted average of the 

parameter estimates (Burnham & Anderson, 2002):  

                                                      (Eqn. 3.4) 

 

where the weighted average of the parameter estimate ( )  is the sum of each model’s 

parameter estimate ( ) multiplied by its model weighting (wi). The number of models 
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selected for multimodel inference was determined by sequential summation of model 

weightings until the value ≥ 0.95, which can be used as the equivalence of 95% certainty 

(Burnham & Anderson, 2002).  

The precision (Unconditional Standard Error) of the parameter estimates was also 

calculated:  

                (Eqn. 3.5)  

where  represents the variance of the parameter estimate ( ) for a given model 

(gi). Confidence intervals were also calculated for parameter estimates (= parameter 

estimate ± 1.96 x Unconditional SE).  Estimating the relative importance of each 

parameter was undertaken by summing the Akaike weights for all models containing a 

given predictor variable (Burnham & Anderson, 2001).  

3.2.6. Receiver Operator Characteristic (ROC) Curves.  

Testing the accuracy and fit of both the single “best” performing model and the model 

constructed through multimodel inference was undertaken using ROC curves taken from 

the web-based programme ROC Analysis (Eng, 2009). This is a necessary step in the 

information-theoretic approach to model construction, since AICC will only pick the best 

model of a given set (Greaves et al., 2006) and therefore does not give an indication of 

the overall quality of the model set. ROC curves plot the number of “present” sites 

predicted correctly (True Positive Fraction) against the number of “absent” sites predicted 

incorrectly (False Positive Fraction) at incremental threshold probabilities between 0 and 

1 for a given model (Fielding & Bell, 1997). Calculating the area under the plotted curve 

provides a measure of model accuracy. The nearer the value to 1 the more accurately the 

model describes the data (Pearce & Ferrier, 2000) 

3.3 Results 

3.3.1 Smooth snake records  

A total of 13,162 of the records provided by ARCT were located within 369 of the 

heathland patches mapped by the 1996 Dorset heathland survey. A total of 11,304 records 

constituted observations of reptiles, whilst the remaining 1,858 comprised records of 

empty refugia (Appendix 1). The number of reptile records for each surveyed heathland 

patch ranged from a single record to a maximum value 868 records from a single site 

(mean = 30.63 SE ±4.72) and records of L. agilis comprised 58.5% of the total (n = 

6,613). Of the 369 surveyed patches 108 contained a total of 1,579 records of C. 

austriaca. However, due to the close proximity of some of the borders between a small 
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number of patches (>20 m) these polygons where merged during the creation of the 

ArcGrid file (25 m x 25 m resolution) for subsequent calculation of fragmentation 

characteristics. As a result, 97 patches were identified by FRAGSTATS as having C. 

austriaca being present (Figure 3.2).  A total of 50 of the remaining 261 patches were 

identified as absent patches, following reclassification to account for the number of 

records they contained, while 211 patches had no, or fewer than 10 reptile records and 

were classified as unsurveyed. Preliminary analyses based on comparisons of mean 

values for all explanatory variables only showed patch size to be significantly different 

between patches where C. austriaca was present or absent (Table 3.3). 
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Figure  3.2. A map  showing  the occupancy of Dorset’s  lowland heath patches  by Coronella  austriaca  (inset),  based on  records  from  the Amphibian & Reptile  Conservation  Trust’s 

database.   Of the 1839 recognized patches, 97 were classified as having C. austriaca present  (green patches), 50 were classified as C. austriaca being absent  (red patches) and the 

remainder were unsurveyed (beige). 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Table 3.3.  Mean (±SE) and subsequent Kruskall‐Wallis test statistics for comparison of patch characteristics 

and the proportions of land classes, in both 100 m and 500 m buffer zones, surrounding heathland patches 

classified according to smooth snake incidence.  

 Occupied Patches            
(N = 97) 

Unoccupied 
Patches            
(N = 50) 

Z P 

Patch Characteristics       
Area (ha) 34.50 ±  6.70 9.58 ±  2.39 -4.097 <0.001 
Fractal Dimension Index 1.11 ±  0.01 1.11 ±  0.01 -0.307 0.759 
Nearest Neighbouring Patch (m) 55.24 ±14.25 58.80 ±19.40 -0.886 0.376 
       
100m Buffer zone land cover (%)       
Urban  11.18 ±  1.56 16.28 ± 2.29 -1.870 0.061 
Heathland  31.61 ±  2.11 28.04 ± 2.85 -0.869 0.385 
Agricultural land 6.30 ±  0.87 3.92 ± 0.93 -1.808 0.071 
Woodland  33.04 ±  2.34 35.63 ± 0.38 -0.282 0.778 
Grassland  15.10 ±  1.54 12.28 ± 2.26 -1.465 0.143 
Other land uses 2.76 ±  0.65 3.84 ± 1.38 -1.009 0.313 
       
500 m Buffer Zone land cover (%)       
Urban  17.86 ±  2.05 21.31 ± 2.86 -1.582 0.114 
Heathland 15.78 ±  1.18 20.32 ± 1.94 -1.938 0.053 
Agricultural 11.51 ±  1.01 7.77 ± 1.01 -2.066 0.039 
Woodland 31.46 ±  1.78 31.30 ± 2.62 -0.221 0.825 
Grassland 19.94 ±  1.55 14.89 ± 1.71 -1.930 0.054 
Other land uses 3.44 ±  0.66 4.46 ± 1.15 -0.860 0.390 

3.3.2 Principal Component Analyses 

Varimax rotated PCA’s for the land cover data in each buffer zone produced three 

factors, which cumulatively explained 78.6% of the variance in the data (Table 3.4). The 

first principal component (PC1100) of land cover within the 100 m buffer zone showed a 

strong positive loading for urban land types and a strong negative loading for woodland 

cover. The second principal component (PC2100) showed a strong positive loading for 

agricultural land and “other” land uses and a strong negative loading for urban areas.  The 

third principal component (PC3100) showed a strong positive loading for grassland and a 

strong negative loading for heathland.  

The first principal component (PC1500) of land cover within the 500 m buffer zone 

showed a strong positive loading for grassland and a strong negative loading for urban 

areas. The second principal component (PC2500) showed a strong positive loading for 

both heathland and “other” land uses and a strong negative loading for grassland. The 

third principal component (PC3500) showed a strong positive loading for urban areas and 

a strong negative loading for woodland.   
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Table  3.4.  Principal  component  loadings,  eigenvalues  and  percentage  of  variation  explained  by  the 

significant factors of two varimax rotated principal components analyses of land cover in 100 m and 500 m 

buffer zones surrounding 147 heathland patches surveyed for smooth snake incidence.  

  100 m buffer zone   500 m buffer zone 
Landcover Type PC1 PC2 PC3   PC1 PC2 PC3 
Urban land use 0.474 -0.406 0.173   -0.754 -0.254 0.551 
Heathland 0.195 0.051 -0.658   -0.075 0.741 -0.192 
Agricultural land -0.010 0.528 0.078   0.870 0.019 0.089 
Woodland -0.604 -0.142 0.070   -0.035 -0.001 -0.967 
Grassland 0.228 0.147 0.560   0.584 -0.556 0.384 
Other land classes 0.007 0.471 0.027   0.227 0.773 0.201 
                
Eigenvalue 1.490 1.424 1.274   1.837 1.723 1.157 
% Variance explained 28.75    25.34 24.52   30.62 28.72 19.28 

3.3.3. Model selection and multimodel inference.  

Model number 16 was the highest-ranking model of the 19 constructed (Table 3.5).  

LogArea and PC2500 were the only two predictor variables in model 16, which had an 

Akaike weight of 0.393, indicating limited support for it being the outright “best” model 

and suggesting that multimodel inference was appropriate.   
Table 3.5. Information‐theoretic statistics for all 19 models of C. austriaca incidence on heathland patches in 
rank order.  

Model 
Number Model Log-

Likelihood Ki AICC Δi wi 

16 LogArea+PC2500 -82.453 3 171.187 0.000 0.393 
5 LogArea+LogENN+LogFrac -82.344 4 173.114 1.924 0.150 

13 LogArea+PC1500+PC2500+PC3500 -81.707 5 174.014 2.823 0.096 
1 LogArea -85.216 2 174.599 3.409 0.071 
9 LogArea+LogFrac+LogArea*LogFrac -82.342 5 175.284 4.094 0.051 

19 LogArea+LogENN+LogFrac+LogArea*LogFrac
+PC1500+PC2500+PC3500 -79.012 8 175.337 4.147 0.049 

15 LogArea+LogPC1500 -84.531 3 175.344 4.154 0.049 
10 LogArea+LogPC1100 -84.989 5 176.260 5.070 0.031 
11 LogArea+LogPC2100 -85.115 3 176.512 5.322 0.027 
4 LogArea+LogENN -85.138 3 176.559 5.369 0.027 

12 LogArea+PC3100 -85.174 3 176.630 5.440 0.026 
17 LogArea+PC3500 -85.186 3 176.653 5.463 0.026 
7 LogArea+PC1100+PC2100+PC3100 -84.871 5 180.342 9.152 0.004 

18 PC1500+PC2500+PC3500 -89.779 4 187.984 16.794 0.000 
14 LogENN+PC1500+PC2500+PC3500 -89.292 5 189.184 17.994 0.000 
3 LogFrac -93.761 2 191.691 20.501 0.000 
2 LogENN -94.144 2 192.456 21.266 0.000 
6 PC1100+PC2100+PC3100 -92.251 4 192.927 21.737 0.000 
8 LogENN+PC1100+PC2100+PC3101 -92.117 5 194.835 23.645 0.000 
 

The top eleven models had a combined Akaike weight of 0.970 (equivalent to a 

>95% confidence interval) and so these were used for multimodel inference (Table 3.6).  

The only variable to be included in all 11 models was patch area (Logarea), suggesting it 

was necessary for a model to be plausible. The only other explanatory variable to show a 

cumulative Akaike weight higher than 0.5 was PC2500 (Figure 3.3). 
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Table 3.6. Results of  information‐theoretic‐based model  selection and multimodel  inference  for Coronella 

austriaca  presence  on  remnant  patches  of  Dorset  heathland.  Delta  AIC  (Δi)  and  Akaike  weights  (wi)  are 

adjusted for the 95% confidence set of models. 

Model Log-
Likelihood Ki AICC Δi wi 

LogArea+PC2500 -82.453 3 171.187 0.000 0.405 
LogArea+LogENN+LogFrac -82.344 4 173.114 1.927 0.155 
LogArea+PC1500+PC2500+PC3500 -81.707 5 174.014 2.826 0.099 
LogArea -85.216 2 174.599 3.412 0.074 
LogArea+LogFrac+LogArea*LogFrac -82.342 5 175.284 4.096 0.052 
LogArea+LogENN+LogFrac+LogArea*LogFrac
+PC1500+PC2500+PC3500 -79.012 8 175.337 4.150 0.051 

LogArea+LogPC1500 -84.531 3 175.344 4.157 0.051 
LogArea+LogPC1100 -84.989 5 176.260 5.073 0.032 
LogArea+LogPC2100 -85.115 3 176.512 5.324 0.028 
LogArea+LogENN -85.138 3 176.559 5.372 0.028 
LogArea+PC3100 -85.174 3 176.630 5.443 0.027 

 

 

 
Figure 3.3. Explanatory variables included in the 95% set of models for C. austriaca incidence on heathland 

patches.  Variables  are  shown  ranked  by  the  sum  of  the  Akaike  weights  of  all  the  models  in  which  the 

variable was included. 

 

Model averaged parameter estimates are shown in Table 3.7. Positive parameter 

effects were seen from LogArea, LogENN, PC1500, LogArea*LogFrac and PC2100, 

whilst negative parameter effects were seen from PC2500, LogFrac, PC3500, PC1100 

and PC3100.  However, the confidence intervals of LogENN, PC1500, PC3500, 

LogArea*LogFrac, PC1100, PC2100 and PC3100 all included zero suggesting that they 
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have a limited effect on determining smooth snake presence on a heathland patch. 

Plotting ROC curves for both Model 16 and the averaged model showed them to have 

high predictive ability for the data set presented (Figure 3.4). The area under the curve 

values showed the averaged model to have a higher predictive ability than model 16 when 

considered alone (AUC ±SE = 0.802 ±0.036 and 0.744 ±0.040 respectively).  
 

Table  3.7.  The  parameter  estimates  ( )  unconditional  standard  errors  and  confidence  intervals  derived 

from  multimodel  inference.  The  effect  (+VE  /  –VE)  indicates  the  direction  of  the  parameter’s  effect  on 

predicting C. austriaca incidence on heathland patches. 

 
Effect  

Unconditional 
SE 95% CI 

LogArea +VE 1.151   0.349 ( 0.468,   1.834) 
PC2500 -VE -0.436   0.189 (-0.806,  -0.064) 
LogENN +VE 0.071   0.553 (-0.081,   0.121) 
LogFrac -VE -26.993 13.230  (-52.292,  -1.062) 
PC1500 +VE 0.235   0.197 (-0.152,   0.621) 
PC3500 -VE -0.040   0.185 (-0.403,   0.322) 
LogArea*LogFrac +VE 1.774 15.873 (-29.337, 32.884) 
PC1100 -VE -0.122   0.181 (-0.477,   0.234) 
PC2100 +VE 0.089   0.199 (-0.301,   0.478) 
PC3100 -VE -0.051 - 0.051 (-0.151,   0.049) 
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Figure 3.4. Receiver Operator Characteristic curve plots for model 16 (A) and the averaged model derived 

from multimodel inference (B). The dashed red lines indicate the 95% confidence intervals of the curve. 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3.4. Discussion  

The probability of C. austriaca occurrence on a heathland patch was primarily dependent 

on its area and the amount of heathland, grassland and “other” land use classes found 

within 500 m of the patch edge. However, all of the variables used in model construction 

were included in the final model suggesting they each have a small effect in helping to 

predict smooth snake occupancy.  

Whilst it may be argued that the inclusion of patch area in 13 of the 19 candidate 

models would result in its importance being artificially inflated in the inference 

procedure, the biological reasons for its inclusion in these candidate models are valid, 

since it is the primary consequence of the fragmentation process (Ewers & Didham, 

2006). The positive influence of patch area on species occurrence has been well 

documented in many studies (e.g. Andrén, 1994; Fahrig, 2003; Ferraz et al., 2007; 

Hatfield & LeBuhn, 2007). However, the importance of patch area in this study contrasts 

with the results of Luiselli & Capizzi (1997) who found no relationship between C. 

austriaca presence and patch area; based on 30 woodlots in a landscape of fragmented 

Mediterranean forest in central Italy. This difference may be a reflection of either; the 

small number of smooth snakes observed in their study (Luiselli & Capizzi, 1997; C. 

austriaca = 1.1% of all observed snakes), or the habitat specificity of C. austriaca in the 

United Kingdom. Kjoss & Litvaitis’ (2001) study of snake communities in patches of 

successional grassland in New Hampshire, United States, also found a significant 

influence of patch area on both species richness and animal abundance.  

Interestingly, the results of this model showed a strong negative effect of 

increasing values of PC2500 on C. austriaca presence. This suggests that patches on 

which C. austriaca is present, are likely to have more grassland and less heathland and 

“other” land use types in the surrounding matrix. This result coupled with the positive 

effect observed for increasing ENN suggests that isolation is a less important factor in 

determining C. austriaca presence on heathland patches. A recent meta-analysis of 89 

studies of terrestrial habitat fragmentation events by Prugh et al. (2008) found that 

measures of isolation were relatively poor predictors of species presence and suggest this 

is a reflection of the variability in matrix habitat “hostility” to the species in question. 

Radio-telemetric studies have shown the median total daily movements of smooth snakes 

to be 13.30 m day-1 (range = 0.00 to 166.81 m day-1, n=138) suggesting it is a relatively 

sedentary species, which, it has been argued, could make them more susceptible to habitat 

fragmentation (Gent & Spellerberg, 1993). However, the mean isolation of patches, as 

measured by ENN distance, was less than 60 m for both occupied and unoccupied 
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patches suggesting that dispersal by C. austriaca between patches, matrix habitat 

permitting, is still theoretically possible in most cases. In the case of snakes, dispersal 

from their home ranges typically results in increased mortality (Bonnet et al., 1999) and 

may be exacerbated by the presence of inhospitable habitats such as roads (Andrews & 

Gibbons, 2005).  Further work is required to ascertain whether the dispersal ability of C. 

austriaca has been altered as a result of the fragmentation of Dorset’s heath, which might 

explain the fact that isolation and matrix land uses appear to be less important factors in 

determining the presence of snakes on heathland patches.  

A second possible explanation for the observed importance of grassland habitats 

and consequently reduced importance of heathland in the buffer zone surrounding 

heathland patches may be a result of their value as a habitat for lizards (Beebee & 

Griffiths, 2000) and small mammals (Harrison-Matthews, 1982); both important prey 

items (Luiselli et al., 1996; Drobenkov, 2000; Reading 2004a). Suggestions have been 

made that small mammals constitute a significant part of the smooth snake’s diet in the 

United Kingdom based on field observations of regurgitated prey items (Spellerberg & 

Phelps, 1977; Phelps, 1978; Goddard, 1984) and the species recorded include those 

frequently associated with grassland habitats (i.e Sorex minutus, Sorex araneus and 

Microtus agrestis). In Goddard’s (1984) study of three smooth snake populations in the 

New Forest, 26 of the 31 adult snakes sampled regurgitated small mammals. This appears 

surprising, given the suggestion that the density and distribution of small mammals on 

heathlands is likely to be low compared to other habitats (Webb, 1986). However, it may 

be that neighbouring grassland habitats act as an immigration source for heathland 

mammal populations, which in turn provide an important food source for smooth snake 

populations. Given the evidence for Sorex spp. to frequently colonise islands up to 500 m 

from the mainland of Finland (Hanski, 1986) and long distance dispersal events 

exceeding 1500 m in some species (Hansson, 1987), this hypothesis does not seem 

unreasonable. However, further work examining the population ecology of small 

mammals on lowland heath is required to determine if this is the case. 

Despite the high predictive ability of the averaged model for the current data set, 

as shown by the ROC curve analysis, caution should be exercised when using this model 

to make predictions of C. austriaca presence on heathland patches in other areas of their 

distribution. Once created, models should undergo a round of cross-validation using an 

independent data set (Pearce & Ferrier, 2000). For example, a recent study modelling the 

predicted distribution of the Bengal Florican (Houbaropsis bengalensis) in Cambodia 

showed that models developed using data from a single province (Kompong Thom) of the 
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Ton Le Sap flood plain, overpredicted the area of suitable habitat in the entire flood plain 

by 254 km2 (Gray et al., 2008).  The observed overprediction was attributed to the 

intensive conservation efforts within the Kompong Thom Province, which had allowed 

the species to reach higher densities than were otherwise seen on the rest of the Ton Le 

Sap flood plain. Despite this lack of cross-validation an area under the curve of >0.8 

suggests the model has a predictive ability that is much greater than chance (Greaves et 

al., 2006) and as such, its use is justified in making conservation recommendations for 

Coronella austriaca on heathland patches in Dorset.   

Whilst future work could include a validation round for this model based on 

reptile records and heathland patches in the county of Hampshire, what is clear from the 

results of this analysis is that smooth snakes require significantly larger patches of 

heathland to be present. As a result, conservation efforts for the species would be best 

directed towards the maintenance of the largest heathland patches that remain. Whilst 

small heathland patches may not be depauperate in terms of floristic diversity (Piessens et 

al., 2005) they tend to be subject to increasing levels of invasion by vagrant or ephemeral 

species (Webb & Hopkins, 1984) in addition to being less suitable habitat for smooth 

snakes (this study), Dartford Warblers (van den Berg et al., 2001) and numerous 

invertebrates (Hopkins & Webb, 1984; Webb & Hopkins, 1984; de Vries et al., 1996 

Thomas et al., 1998). As the national biodiversity action plan states, the United Kingdom 

is currently committed to the creation of 7600 ha of lowland heath by 2015 

(http://www.ukbap-reporting.org.uk/), priority should be given to creating new heathland 

in areas that would increase the size of current smaller heathland patches.  
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CHAPTER 4 

Geographic variation  in  the population ecology of  smooth 

snakes in Dorset. 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4.1 Introduction  

The remnant habitat that remains following fragmentation can be considerably altered 

from its previous pristine condition. Ingression of novel species, altered physical and 

biotic conditions and changes in species interactions can all result from the fragmentation 

process (Lovejoy et al., 1986; Saunders et al., 1991). As a result, understanding the 

factors that influence habitat use by species is fundamental to their effective conservation 

management (Pernetta et al., 2005). In addition, understanding a reptile’s habitat and 

microhabitat use can provide important information on their physiological processes 

(Huey, 1991), population dynamics (Holt, 1987, Pulliam & Danielson, 1991) and 

community interactions (Morris, 1988; Rosenzweig, 1991). Variation in habitat also has 

the potential to influence a species predation risk (Huey & Pianka, 1974), foraging 

success (Smith & Ballinger, 2001) and thermoregulation (Blouin-Demers & 

Weatherhead, 2001).  

Previous work has shown that structural features of a habitat play a major role in 

determining habitat selection in many reptile species (Heatwole, 1977). For example tree 

density has been shown to be a significant factor in determining the presence of Vipera 

aspis in Mediterranean woodland remnants following their fragmentation (Luiselli & 

Capizzi, 1997). However, for most species, knowledge of the influence of their habitat 

remains minimal, often based on qualitative, anecdotal observations (Reinert, 1993). 

Habitat use by Coronella austriaca in the United Kingdom is no exception, with many 

sources citing lowland heath as its primary habitat (e.g. Nature Conservancy Council, 

1983; Braithwaite et al., 1989; Arnold, 1995). However, lowland heath can show 

considerable variation in soil moisture content as a result of impeded drainage resulting in 

significantly altered vegetation communities (Elkington et al., 2002), which may 

therefore represent structurally different habitats for C. austriaca.  

In addition to potentially altering habitat selection, fragmentation can place novel 

selective regimes on previously continuous populations of species that are present in the 

habitat that remains. Studies of insects have shown some species to alter their 

morphology as a result of habitat fragmentation, with many showing decreases in flight 

muscle mass (Dempster et al., 1976: Dempster 1991) whilst others develop more “mobile 

morphology” in an attempt to overcome the effects of population isolation (Taylor & 

Merriam, 1995; Thomas et al., 1998, Norberg & Leimer 2002). For many reptiles 

variation in morphology, both between geographically separated populations, and 

between sexes, can occur as a result of both natural and sexual selection. Sexual size 

dimorphism was recognised by Darwin (1871) as being prevalent among many animal 
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species and typically for reptiles this may be extreme and female biased (Rivas & 

Burghardt, 2001). The promotion of large body size in females is thought to be selected 

for to maximise reproductive output (Fitch, 1981) and can even occur in the internal 

organs and musculature that relates to the acquisition and storage of energy (Bonnet et 

al., 1998). Natural geographic variation in morphology of animal populations has also 

been well documented (e.g. Arnett & Gotelli, 1999; Billerbeck et al., 2000; Trussell, 

2000, Ashton, 2001; 2002; Vila-Gispert & Moreno-Amich, 2002). However, at present 

little literature exists documenting the impact that habitat fragmentation has on the 

morphology of reptile populations (but see Chapter 1), despite such variation in 

morphology potentially acting as a surrogate measure of the genetic health of 

populations. 

The purposes of this chapter were to (a) use habitat and reptile survey data 

collected from all 27 arrays of artificial refugia to determine what impact habitat 

variation has upon smooth snake captures and (b) to determine whether there is any 

geographical variation in the morphology of smooth snakes from these sites that may be a 

result of habitat fragmentation. 

4.2 Methods  

4.2.1. Coronella austriaca captures 

Reptile surveys, smooth snake captures and habitat surveys were conducted as described 

in chapter 2. Due to the use of arrays of artificial refugia, the area of each site that was 

surveyed remained constant despite the fact that the habitat patches varied in size. As a 

result it was not possible to calculate accurate population estimates using mark-recapture 

models. Therefore, in order to allow comparisons of abundance in relation to variation in 

habitat and potential prey species between each array, the mean number of animals 

encountered per survey was used as a measure of relative abundance. This measure was 

also used for the other five species of reptiles, since records of these were limited to 

visual observations of individuals encountered during surveys.  

4.2.2. The influence of habitat and reptile communities on smooth snake captures 

Habitat surveys were conducted on an annual basis. However, the frequency of visits 

varied between years due to the unforeseen problems relating to site access in 2006 

(Noon Hill) and 2007 (Hethfelton Forest), variability in weather conditions and no 

surveys being conducted at the New Forest site or at one array in Wareham Forest (WF3) 

in 2008. As a result, an absolute mean was calculated for each array based on the habitat 
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survey data from all three field seasons and used in subsequent analyses in relation to 

mean smooth snake captures. Prior to analysis all percentage data were transformed using 

an arcsine square-root transformation whilst all other variables were transformed using 

Log10(x+1) to achieve a normal distribution and stabilise the variance structure. Data for a 

total of 24 potential explanatory variables were collected at each site (Table 4.1), some of 

which showed significant pairwise correlations (Appendix 2). As a result, a principal 

component analysis (PCA) was used to reduce the explanatory variables into a smaller 

number of uncorrelated factors that describe the underlying patterns in the data. All 

principal components with eigenvalues ≥ 1 were considered significant and retained in 

further analyses (Field, 2000). Retained principal components were then incorporated into 

stepwise multiple regression analyses (Alpha to enter and remove = 0.15) to determine 

their influence on mean smooth snake capture rates and mean body sizes of male and 

female smooth snakes at each array. A Bonferroni correction was applied to the 

significance values of the coefficients for the independent variables included in the final 

models in order to prevent spurious associations arising from the stepwise regression 

procedures  (P < 0.006; Kupper et al., 1976). Principal component analysis and stepwise 

regression modelling techniques using mean absolute data were selected for the 

modelling procedure in preference to fully saturated linear mixed modelling techniques. 

This is because the aim of this chapter was to explain the observed pattern of smooth 

snake relative abundance on surveyed heath patches, based on the data collected, rather 

than develop predictive models that can be applied to other regions of their distribution 

(see section 4.4. for further discussion). 
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Table 4.1. The 24 habitat and potential prey variables recorded at each array of artificial refugia surveyed 

for the presence of Coronella austriaca between 2006 and 2008.  

Variable Measure 

Calluna vulgaris % Cover  
Erica cinerea % Cover  
Erica tetralix % Cover  
Erica ciliaris % Cover  
Molinia caerulea % Cover  
Agrostis spp.  % Cover  
Ulex spp.  % Cover  
Pteridium aquilinium % Cover  
Betula pendula % Cover  
Pinus sylvaticus % Cover  
Mosses % Cover  
Lichens % Cover  
Other species % Cover  
Bare ground % Cover  
Dead wood and leaf litter % Cover  
Understory vegetation height Centimetres 
Tree Density  Number per m2 
Mean tree DBH Centimetres 
Mean tree crown spread Metres 
Natrix natrix encounters Mean no. per survey 
Vipera berus encounters Mean no. per survey 
Anguis fragilis encounters Mean no. per survey 
Lacerta agilis encounters Mean no. per survey 
Zootoca vivipara encounters Mean no. per survey 

 

4.2.3. Sexual size dimorphism and geographic variation in morphology  

Morphological data were collected as described in Chapter 2. In order to prevent pseudo-

replication occurring, sexual size dimorphism and geographic variation in morphology 

were examined based on data collected during the first capture event of all individuals 

only. The relationships between snout-vent length and mass, tail length and head length 

were examined using linear regression analyses. Sexual size dimorphism in mass, tail and 

head lengths were analysed following Log10 transformation using analysis of covariance 

with snout-vent length as a covariate to account for observed size effects. Relative 

measures of head morphology were calculated using regression analyses based on their 

relationship to an individual’s head length. Sexual size dimorphism in relative head 

measures was investigated using analysis of variance.  
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Analysis of the geographical variation in morphology was conducted based on the 

eight sampling sites rather than the 27 individual arrays. This was based on the fact that 

the multiple arrays at a single site were assumed to have sampled individuals from a 

single larger population rather than distinct populations. As a result only three arrays 

were included in the analysis from within Wareham Forest (see chapter 5). Due to the 

observed sexual size dimorphism, analyses of geographic variation in morphology were 

conducted separately for each sex. In both cases all body measures were included in a 

PCA following the same protocols as previously described. Differences in PC scores for 

each site were examined using analysis of variance. When significant differences were 

found post-hoc analyses using Tukey’s honestly significant difference tests were 

employed to determine where these occurred.     

4.3 Results  

4.3.1. Coronella austriaca captures  

A total of 667 surveys of the 27 arrays of artificial refugia were completed during the 

three field-seasons (Table 4.2.). Five hundred and fifty three observations, and 

subsequent captures, were made from 22 of the 27 arrays of refugia with a mean capture 

rate of 0.81 individuals per visit to an array (SE = 0.051, Min. = 0 Max. = 8).  

Comparison of the mean number of capture events per array showed a small, but 

significant, difference between years (ANOVA F2,664 = 12.62, P <0.001; Figure 4.1A). 

Post-hoc analyses found mean capture rates to be significantly lower in surveys 

conducted in 2006 than those conducted in 2007 and 2008 (Tukey's HSD P = 0.0007 and 

P <0.001 respectively). However, there was no significant difference in mean capture 

rates between 2007 and 2008 (P = 0.5371). Examination of mean capture rates by month 

suggests that smooth snake captures tended to be lowest in April and July (Figure 4.1B). 

However, the differences in observed capture rates was not statistically significant 

(ANCOVA F6,658 = 2.08, P = 0.054, with survey year as covariate)   
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Figure 4.1. The mean capture rates (±SE) of Coronella austriaca by (A) year and (B) month from 22 of the 27 

arrays of artificial refugia placed on heathland sites in Dorset. Data pooled from all captures at all sites. The 

numbers displayed within the bars of figure 4.1B are the total number of array visits that month. 



Chapter 4 – Population Ecology  
 

 

  80  

Table 4.2. The number of surveys conducted each year and the subsequent captures and observations of all  six British reptile species at  twenty‐seven arrays of artificial refugia  in 

Dorset and Hampshire  

 C. austriaca Other reptiles 

 
Number of surveys Total 

captures 
Unique 

individuals 
Captures per 

visit N. natrix V. berus A. fragilis L. agilis Z. vivipara 

Array 2006 2007 2008  Males Females Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
WF1 11 9 6 28 6 8 1.12 0.27 0.58 0.16 0.15 0.07 2.04 0.43 0.27 0.12 0.04 0.04 
WF2a 12 8 6 39 12 5 1.54 0.27 0.58 0.39 0.00 0.00 1.08 0.24 0.54 0.14 0.46 0.18 
WF2b 12 8 6 51 12 12 1.77 0.27 2.00 0.51 0.00 0.00 1.88 0.39 0.42 0.17 0.27 0.10 
WF2c 13 8 6 10 4 5 0.33 0.13 0.44 0.19 0.00 0.00 1.41 0.40 0.07 0.05 0.04 0.04 
WF3 11 8 0 0 0 0 0.00 0.00 0.05 0.05 0.00 0.00 0.53 0.22 0.11 0.11 0.47 0.22 
WF4 13 9 6 37 10 11 1.32 0.24 0.36 0.12 0.00 0.00 0.36 0.17 0.14 0.07 0.43 0.15 
WF5 11 9 6 23 6 4 0.85 0.19 0.46 0.13 0.15 0.07 0.54 0.19 0.19 0.08 0.23 0.10 
WF6 13 8 6 19 5 7 0.67 0.14 0.07 0.05 0.07 0.05 1.00 0.26 0.52 0.13 0.30 0.10 
WF7 13 8 8 33 12 2 1.14 0.21 0.10 0.06 0.00 0.00 0.10 0.08 0.24 0.08 0.00 0.00 
WF8 13 8 6 22 7 5 0.81 0.21 0.15 0.09 0.04 0.04 0.63 0.17 0.30 0.09 0.33 0.13 
WF9 10 9 7 22 11 5 0.85 0.26 0.31 0.09 0.00 0.00 1.00 0.25 0.35 0.11 0.54 0.14 
P2a 13 8 6 40 13 5 1.37 0.26 0.15 0.07 0.07 0.05 1.00 0.23 0.04 0.04 0.04 0.04 
P2b 12 8 6 13 7 2 0.50 0.16 0.12 0.06 0.04 0.04 0.69 0.17 0.15 0.07 0.31 0.15 
HF1 14 0 7 29 8 7 1.32 0.45 0.82 0.26 0.00 0.00 2.27 0.36 0.50 0.17 0.18 0.11 
HF2 14 0 7 1 1 0 0.05 0.05 0.14 0.10 0.23 0.09 1.41 0.42 0.36 0.10 0.41 0.14 
A1 12 8 8 9 3 2 0.25 0.11 0.04 0.04 0.00 0.00 0.68 0.24 0.00 0.00 0.00 0.00 
A2 13 8 8 2 2 0 0.10 0.08 0.00 0.00 0.00 0.00 0.34 0.14 0.31 0.13 0.00 0.00 
GH1 13 10 9 25 9 6 0.75 0.20 0.09 0.05 0.03 0.03 0.50 0.23 0.06 0.04 0.03 0.03 
GH2 14 9 9 14 7 1 0.38 0.13 0.03 0.03 0.00 0.00 0.34 0.12 0.13 0.06 0.00 0.00 
GH3 11 9 9 30 6 3 1.03 0.32 0.03 0.03 0.00 0.00 0.14 0.08 0.00 0.00 0.14 0.08 
DH1 10 9 7 0 0 0 0.00 0.00 0.04 0.04 0.00 0.00 1.04 0.27 0.23 0.10 0.19 0.10 
DH2 10 9 8 42 11 5 1.48 0.42 0.11 0.08 0.00 0.00 2.48 0.40 0.26 0.10 0.70 0.22 
NH1 0 8 8 41 13 7 2.50 0.53 0.19 0.14 0.13 0.09 1.00 0.26 0.00 0.00 0.13 0.09 
NH2 0 8 8 23 7 3 1.50 0.49 0.06 0.06 0.06 0.06 1.00 0.35 0.13 0.09 0.06 0.06 
NF1 11 5 0 0 0 0 0.00 0.00 0.25 0.11 0.19 0.10 0.69 0.30 0.56 0.20 0.13 0.09 
NF2 11 5 0 0 0 0 0.00 0.00 0.25 0.11 0.13 0.09 0.25 0.11 1.06 0.30 0.38 0.20 
NF3 11 5 0 0 0 0 0.00 0.00 0.25 0.11 0.00 0.00 0.75 0.27 0.50 0.18 0.13 0.09 
Total 301 203 163 553 172 105             
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4.3.2.  The  influence  of  habitat  and  sympatric  reptile  populations  on  smooth  snake 

capture rates. 

 Mean values for the 19 habitat variables included in the PCA analysis are presented in 

Table 4.3.  

Table  4.3. Mean  (±SE)  values  for  the  19  habitat  variables  assessed  at  each  of  the  27  arrays  of  artificial 

refugia surveyed from 2006‐2008 (See table 4.1 for units of measurement). Dashes indicate no trees present 

within the area covered by the array. 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Table 4.3. continued 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Table 4.3 continued 

 

 

 

 



Chapter 4 – Population Ecology  
 

 

  84  

Principal component analyses of these variables produced nine components with 

eigenvalues ≥ 1, which cumulatively described 83.83% of the variance within the data 

(Table 4.4). Stepwise multiple regression analyses of the mean number of smooth snakes 

captured at each site resulted in a four variable model that accounted for 58.6% of the 

variation in the data (Table 4.5). Principal component two showed strong positive 

loadings for both the mean tree DBH and tree crown spread. The negative β associated 

with PC2 suggests that as the size of the trees increased on sites the mean number of 

smooth snakes captured decreased. Principal component four showed strong positive 

loadings for small increasing cover of Pinus sylvaticus in the understory vegetation, 

increasing tree density and increasing Natrix natrix encounter rates at a site. However, the 

amount of variance explained by PC4 was relatively low (R2 = 6.13%). The third 

principal component included in the model was PC5, which showed strong positive 

loadings for increasing cover of Agrostis spp. and increasing mean encounter rates of 

Lacerta agilis at a site. Whilst present in the final model, neither of the coefficients of 

PC4 or PC5 where significantly different from zero, following Bonferroni correction. 

Principal component six was the final variable included in the model and showed strong 

positive loadings for increasing cover of gorse (Ulex spp.), and increasing encounters of 

both N. natrix and Anguis fragilis at a survey site.  

Stepwise regression models conducted for capture rates of each sex resulted in 

different models. For male smooth snake capture rates three principal components were 

included in the final model that accounted for 45.8% of the observed variation in the data 

(Table 4.5). As with the overall model PC2 accounted for the largest amount of the 

variance in the data set (21.47%), whilst the remaining variance was explained by PC5 

and PC6. Only the coefficient for PC2 remained significantly different from zero 

following Bonferroni correction. For female capture rates stepwise regression also 

resulted in a model employing three PCs (Table 4.5). However, the model explained a 

larger proportion of the variance observed in the data (66.9%) and the coefficients of all 

three PC’s were significant following Bonferroni correction. As with both previous 

models PC2 explained the largest proportion of the variance. However, unlike the model 

describing male capture rates PC4 was an important predictor in addition to PC6.  
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Table  4.4.  Equimax  rotated  principal  component  loadings,  eigenvalues  and  percentage  of  variation 

explained by the nine principal components produced based on habitat and reptile encounter variables for 

27 arrays of artificial refugia at eight localities in Dorset and Hampshire. Factor loadings with absolute values 

greater than 0.4 (indicated by bold typeface) are considered important (Field, 2000) 

 Principal Component Loadings 
 1 2 3 4 5 6 7 8 9 

Calluna vulgaris -0.880 -0.195 0.262 0.061 -0.077 0.037 0.016 -0.178 -0.118 

Erica cinerea -0.353 0.172 -0.066 0.076 0.450 -0.120 0.559 -0.005 -0.068 

Erica tetralix 0.224 0.064 -0.851 -0.134 0.082 -0.148 0.021 0.063 -0.054 

Erica ciliaris -0.005 0.153 -0.764 -0.173 -0.249 0.099 0.046 -0.103 -0.084 

Molinia caerulea 0.828 0.067 0.147 0.044 0.174 0.167 -0.308 0.038 0.124 

Agrostis spp.  0.314 -0.149 -0.070 0.046 0.830 0.269 0.082 -0.051 -0.088 

Ulex spp.  -0.129 -0.149 0.069 -0.304 -0.069 0.624 -0.040 0.442 0.290 

Pteridium aquilinium -0.184 -0.059 0.176 -0.117 -0.067 0.014 0.039 0.243 0.825 
Betula pendula -0.067 0.135 0.000 -0.117 -0.090 0.164 -0.034 0.918 0.067 

Pinus sylvaticus 0.158 0.003 0.128 0.878 0.099 -0.075 0.120 -0.077 -0.018 

Mosses 0.184 0.011 0.613 0.190 0.035 0.018 0.688 -0.016 0.004 

Lichens 0.040 -0.254 -0.120 -0.230 -0.247 -0.073 0.671 -0.298 -0.129 

Other species 0.268 0.056 -0.057 0.035 -0.066 -0.059 -0.112 -0.065 0.864 
Bare ground 0.391 -0.311 -0.191 0.256 0.242 -0.472 0.366 0.141 0.286 

Dead wood and leaf litter 0.480 0.090 0.052 -0.006 -0.101 -0.313 -0.102 0.683 0.194 

Understory vegetation height -0.783 -0.011 0.263 -0.005 0.019 0.350 -0.110 0.202 0.033 

Tree Density  -0.201 0.119 0.152 0.790 -0.184 0.016 -0.165 -0.108 -0.042 

Mean tree DBH 0.122 0.955 -0.118 0.052 -0.047 -0.073 -0.012 -0.083 -0.048 

Mean tree crown spread 0.066 0.922 -0.077 0.000 -0.065 0.046 -0.057 0.293 0.037 

Natrix natrix encounters -0.045 -0.170 0.102 0.657 0.304 0.445 -0.037 0.003 -0.094 

Vipera berus encounters -0.191 0.392 0.390 -0.196 0.323 0.171 0.494 0.014 0.143 

Anguis fragilis encounters 0.053 0.038 -0.032 0.183 0.141 0.880 -0.048 -0.030 -0.101 

Lacerta agilis encounters -0.049 -0.019 0.196 0.022 0.845 -0.028 -0.098 -0.146 -0.073 

Zootoca vivipara encounters 0.264 0.128 0.273 -0.034 0.285 0.305 -0.492 -0.356 0.126 

          

Eigenvalue 3.089 2.315 2.28 2.239 2.211 2.126 2.059 2.027 1.771 

% of variance explained 12.87 9.65 9.50 9.33 9.22 8.86 8.58 8.45 7.38 

Cumulative % of variance explained 12.87 22.52 32.02 41.35 50.56 59.42 68.00 76.45 83.83 
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Table  4.5. Summary  stepwise  regression modelling  results  of mean  capture  rates  as  dependant  variables 

and principal component scores based on habitat variables as independent variables. Presented in the table 

by model are: the percentage variance explained by each factor (R2), the coefficient of each factor (β), t‐test 

statistic (t) and the probability (P) that β differs from zero (Significance level following Bonferroni correction 

– P < 0.006).  

Variable R2 β t P 
Mean captures per survey     
PC 2 25.45 -0.083 -3.68 0.001 
PC 4 6.13 0.041 1.81 0.085 
PC 5 7.36 -0.044 -1.98 0.061 
PC 6 19.7 0.073 3.24 0.004 
(Model: F4,22 = 7.80, P > 0.001, R2 = 58.6%, n = 27)   
     
Mean male captures per survey     
PC2 21.47 -0.061 -3.02 0.006 
PC5 10.55 -0.043 -2.12 0.045 
PC6 13.83 0.049 2.42 0.024 
(Model: F3,23 = 6.49, P = 0.002, R2 = 45.8%, n = 27)   
   
Mean female captures per survey     
PC2 33.33 -0.036 -3.72 0.001 
PC4 19.89 0.030 3.08 0.005 
PC6 13.64 0.047 4.81 >0.001 
(Model: F3,23 = 15.47, P > 0.001, R2 = 66.9, n = 27)   

 

4.3.3. Sexual size dimorphism and geographic variation in morphology  

A total of 277 individual snakes (Males n = 172, Females n = 105) were successfully 

captured for morphological analyses from 23 of the 27 arrays (Table 4.6). After excluding 

any individuals that had a food bolus or were gravid when captured, regression analyses 

showed a strong allometric relationship between snout-vent length and mass in both sexes 

(Figure 4.2A). Analysis of co-variance showed this relationship to be sexually dimorphic, 

with males tending to be heavier than females at a given length (Table 4.7).  However, 

females attained a higher maximal SVL (524 mm) than males (502 mm). Males also had 

significantly longer tails and heads for a given body size (Figure 4.2B,C; Table 4.7).  In 

addition male’s heads were significantly larger than female’s for four of the five relative 

head measures (Table 4.8; Figure 4.3).  
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Figure 4.2. Linear regression analyses of the relationship between snout‐vent  length and (A) mass,  (B) tail 

length and  (C) head  length of male  (closed  circles &  solid  lines)  and  female  (open  circles & dashed  lines) 

smooth  snakes  captured  from  22  arrays  of  artificial  refugia  between  2006  and  2008.  See  Table  4.7  for 

regression equations. 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Table 4.6. Mean (±SE), minimum and maximum values of morphometric data collected from smooth snakes 
during their first capture events at 27 arrays of artificial refugia in Dorset. 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Table 4.6 continued 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Table 4.6 continued 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Table  4.7. Regression  equations  and ANCOVA  results  showing  the  presence  of  sexual  size  dimorphism  in 

smooth snakes based on a total of 277 individuals from 22 arrays of artificial refugia in Dorset.  

ANCOVA Variable Sex n Mean (± SE) Regression Equation 
F df P 

M 160*      28.15 (±1.10)   LogMass = - 5.06 + 2.54 LogSVL(r2 = 90.8, P <0.001) 19.09 1,239 <0.001 
Mass (g) 

F   83*   23.76 (±1.76)   LogMass = - 5.21 + 2.58 LogSVL(r2 = 87.9, P <0.001)    
M 160** 100.25 (±1.98)   LogTL = - 1.08 + 1.21 LogSVL     (r2 = 88.5, P <0.001) 381.90 1,256 <0.001 Tail Length 

(mm) F   99**  75.14 (±1.78)   LogTL = - 0.68 + 0.99 LogSVL     (r2 = 81.8, P <0.001)    
M 172 14.54 (±0.18)   LogHL = - 0.29 + 0.57 LogSVL    (r2 = 70.4, P <0.001) 8.44 1,274 <0.001 Head Length 

(mm) F 105 14.01 (±0.20)   LogHL = - 0.05 + 0.47 LogSVL     (r2 =66.2, P <0.001)    

*Reduced sample size as a result of not including any snakes captured with food bolus or when gravid 
**Reduced sample size as a result of not including snakes with tail loss 

 

Table 4.8. Regression equations and results of ANOVA showing the presence of sexual size dimorphism in 

five relative head measurements from 277 smooth snakes captured in Dorset (Males = 172, Females =105).  

 ANOVA 
 
Sex Mean (±SE) Regression Equation 

F P 
M 0.218 (±0.002) NE = 0.541 + 0.180 HL (r2 = 51.7, P <0.001) 4.57 0.033 Relative nostril-eye 

length F 0.213 (±0.003) NE = 0.341 + 0.186 HL (r2 = 45.8, P <0.001)   
M 0.141 (±0.002) NS = 0.260 + 0.123 HL (r2 = 43.9, P <0.001) 1.37 0.243 Relative nostril-

snout Length F 0.138 (±0.002) NS = 0.611 + 0.094 HL (r2 = 27.1, P <0.001)   
M 0.275 (±0.002) NW = 0.670 + 0.228 HL (r2 = 58.8, P <0.001) 6.58 0.011 Relative width 

across nostrils F 0.266 (±0.003) NW = 0.721 + 0.214 HL (r2 = 61.1, P <0.001)   
M 0.511 (±0.004) EW = 2.500 + 0.335 HL (r2 = 65.6, P <0.001) 21.2 <0.001 Relative width 

across eyes F 0.485 (±0.004) EW = 2.150 + 0.328 HL (r2 = 62.2, P <0.001)   
M 0.654 (±0.005) EW = 2.500 + 0.335 HL (r2 = 67.2, P <0.001) 22.54 <0.001 Relative width 

across parietal 
scales F 0.618 (±0.006) PW = 0.523 + 0.580 HL (r2 = 68.7, P <0.001)   

 



Chapter 4 – Population Ecology  
 

 

  92  

 

Figure 4.3. Linear regression analyses of the relationship between head length and (A) nostril to eye length, 

(B) nostril  to  snout  length,  (C) head width across eyes,  (D) head width across nostrils  and  (E) head width 

across  parietal  scales  for male  (closed  circles,  solid  lines)  and  female  (open  circles,  dashed  lines)  smooth 

snakes  captured  from 22  arrays  of  artificial  refugia  between 2006  and 2008.  See  table  4.8  for  regression 

equations. 

Principal component analyses using size-corrected morphological variables 

resulted in two principal components with eigenvalues in excess of one for both sexes 

(Table 4.9). For males the two PCs cumulatively accounted for 57.1% of the observed 

variance within the data. The first PC was primarily a measure of variation in head size, 

with measures of head width showing positive correlations and measures of head length 
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showing strong negative correlations with factor scores. The second PC showed strong 

correlations with both body mass and tail length (Table 4.9). Analysis of variance showed 

a small, but statistically significant, difference in male PC1 scores between sites (F6,92= 

2.44, P = 0.031) and subsequent pairwise post-hoc analysis only found a significant 

difference in PC1 scores between males captured at Wareham and Noon Hill (Tukey’s 

HSD P = 0.014; Figure 4.4A). There was no significant difference in PC2 scores of males 

between sampling sites (ANOVA F6,92 = 0.59, P =0.737). Analysis of the female 

morphological data also resulted in two PCs that cumulatively accounted for 55.6% of the 

variation in the data. PC1 showed strong positive correlations with nostril-eye length and 

head width across the eyes and a strong negative correlation with tail length. In contrast, 

PC2 showed strong positive correlations with body mass and head length. However, there 

was no significant difference in either factor between the seven sites at which snakes 

were captured (PC1, ANOVA F6,44 = 0.58, P =0.746 and PC2 F6,44 = 0.92, P = 0.493; 

Figure 4.4B).  

 
Table  4.9.  Principal  component  loadings,  eigenvalues  and  percentage  of  variation  explained  by  the  two 

significant factors of two principal components analyses of size‐adjusted morphological measurements for 

male and female smooth snakes captured at seven sites in Dorset.  

Variable Male  Female 
 PC1 PC2  PC1 PC2 

Width across parietals 0.442 0.204  0.243 0.351 
Nostril-Eye Length 0.383 0.276  0.500 0.056 
Nostril-Snout Length 0.335 0.189  0.396 0.012 
Width across nostrils 0.293 -0.167  0.247 -0.012 
Width across eyes 0.444 0.162  0.419 0.084 
Tail Length -0.119 0.668  -0.483 0.274 
Mass -0.216 0.559  -0.186 0.648 
Head Length -0.450 0.182  0.169 0.609 
Eigenvalue 3.613 1.275  2.852 1.59 
% of Variance 45.2 12.9  35.7 19.9 
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Figure 4.4. Bivariate plots of mean (±SE) principal component scores of (A) male and (B) female Coronella 

austriaca individuals captured at seven sites in Dorset, based on size‐adjusted morphological measures. 

4.4. Discussion 

The results presented in this chapter show total mean smooth snake capture rates on 

surveyed heathland sites to be negatively influenced by increasing tree size (PC2) 

increasing areas of bare ground (PC6) and positively influenced by increasing coverage 

of Ulex spp. and increasing relative abundance of Natrix natrix and Anguis fragilis (PC6). 

The importance of A. fragilis as a prey source for smooth snakes in Dorset has previously 

been recognised (Reading, 2004b). However, suggesting the positive relationship 

between mean captures rates and the relative abundance of N. natrix on a site is due to 

their potential as a prey species appears unlikely, since none of the previously published 

dietary studies have recorded any incidences of C. austriaca feeding on N. natrix 

(Goddard, 1984; Drobenkov, 1995, 2000; Rugiero et al., 1995; Luiselli et al., 1996). In 

addition, heathland habitats are likely to represent sub-optimal habitats for N. natrix since 

they contain relatively few amphibians (Reading 1997), which constitute the majority of 

their prey (Reading & Davies, 1996). However, it may be this lack of dietary overlap that 

permits these two snake species to occur in sympatry on heathland sites. The perceived 

importance of increasing Ulex spp. presence on sites with higher C. austriaca capture 

rates could be an indirect result of the importance of ant’s nests for A. fragilis. Ulex spp. 

produce seeds containing nutrient rich elaiosomes, which heathland ants collect and 

return to their nests to feed to their larvae (Gammans et al., 2005). As a result, sites with 

increased Ulex spp. coverage are likely to have increased densities of ants, whose nests 

provide important refuges for A. fragilis (Platenberg, 1999; Bliss et al., 2000).  
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The positive influence of increasing Pinus sylvaticus seedlings on mean capture 

rates (PC4) and the negative influence of Agrostis spp. coverage and A. fragilis encounter 

rates (PC5), whilst present in the final model did were not significant factors following 

Bonferroni correction. This suggests that although they may have a corresponding 

influence on other factors that are important in determining C. austriaca relative 

abundance at a site, they are unlikely to have a direct influence themselves.  The presence 

of large trees on heathland sites may impact on smooth snakes through a combination of 

increased canopy cover and leaf litter fall. Increasing canopy cover is likely to result in 

reduced insolation at ground level, which not only results in the dieback of much of the 

understory vegetation (Andrés & Ojeda, 2002), but may also impact reptile 

thermoregulation, particularly given C. austriaca’s inability to exploit heat sources with 

maximum efficiency (Spellerberg, 1988). In addition, the increased litter fall from larger 

trees is high in resins and tannins, slowing its rate of decomposition and altering the soil 

microclimate on heathland sites (Webb, 1986). Spellerberg (1988) suggests that heathland 

sites with Pinus spp. seedlings present become unsuitable for smooth snakes as the 

thicket stage is reached and canopy formation prevents light from reaching ground 

vegetation. All of the sites with high densities of small trees present had not reached the 

stage of complete canopy formation, which suggests that they still currently represent 

suitable smooth snake habitats. Future research comparing smooth snake abundance on a 

range of sites with all stages of Pinus spp. trees present would confirm if this were the 

case.  

Although PC5 (Increasing Agrostis spp. coverage and increasing L. agilis 

encounters) was present in two of the three final models it was not a significant variable 

following Bonferroni correction in either case.  This result suggests that L. agilis may not 

be a primary prey species; a point that has been raised previously (Goddard, 1984; 

Spellerberg, 1988). In addition, the heathland habitats in which smooth snakes are 

captured at higher rates may not be optimal for L. agilis in terms of nest site selection. As 

an oviparous species, L. agilis actively selects egg laying sites in sandy soil that is shaded 

by vegetation less than 40 per cent of the time (House & Spellerberg, 1980). Such sites 

are likely to be have higher amounts of bare ground; a factor that had a negative effect on 

smooth snake capture rates in all three models(PC6). One potential factor that may have a 

significant influence on smooth snake abundance but was not examined in this research 

was the abundance of small mammals on the sites. The effort and equipment required to 

survey these potential prey species at all 27 arrays were outside the scope of this study. 

However, this should be seen as a priority for future research. 



Chapter 4 – Population Ecology  
 

 

  96  

One potential criticism of this study could be the use of stepwise multiple 

regression techniques to analyse the data, rather than employing an information-theoretic 

approach as used in Chapter 3 (Whittingham et al., 2006). Models derived from such 

analyses are criticised for their lack of transferability to other sites (Mazerolle, 2006). 

However, continental C. austriaca populations are found in a much wider range of 

habitats that are likely to have different plant and animal communities present and 

typically do not rely on artificial refugia to locate animals (e.g. Luiselli et al., 1996; 

Čeirāns, 2000; Drobenkov 2000; O’Brien, 2002). In addition, whilst all surveys of C. 

austriaca on British heathland sites employ artificial refugia to locate individuals, the use 

of hexagonal arrays as advocated by Reading (1997) to standardise survey effort between 

sites has not been taken up. As a result, comparative data on the mean encounter rates of 

reptiles at other heathland sites does not exist. Therefore the stepwise multiple regression 

modelling employed here should be seen as ‘explanatory’ rather than ‘predictive’ model 

development (sensu MacNally, 2000). Further to this, it is currently unclear what impact 

artificial refugia have on altering home ranges and movement behaviour of smooth 

snakes. The thermoregulatory benefits of using artificial refugia may result in individuals 

altering their home ranges and habitat use to incorporate newly discovered refugia that 

are present in otherwise sub-optimal habitats. This could explain the observed increase in 

mean capture rates between the first field season and the subsequent two. It is currently 

unknown whether artificial refugia located in sub-optimal habitats result in the creation of 

‘ecological traps’ (reviewed in Schlaepfer et al., 2002) and so this should be seen as a 

high priority for future research.  

Sexual size dimorphism and geographic variation in morphology   

Analyses of the morphological dataset collected from all smooth snakes captured showed 

a small, but statistically significant, difference between sexes in all measures with the 

exception of relative nostril-snout length. Males are significantly bigger than females for 

a given body size, a pattern common to a range of vertebrate taxa (Andersson, 1994). 

Whilst the mechanism, or mechanisms, that maintain this dimorphism are not clear from 

the data presented here a large body of research examining these differences in other 

snake species exists.  

For example, the sexual dimorphism in tail length of male and female C. austriaca 

observed in this, and previous studies (van Gelder et al., 1988, Reading 2004a), may be a 

result of sexual selection for male mating success.  For snakes, differences in tail length 

between sexes is the most widespread form of sexual dimorphism (King, 1989a) and 
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research has shown that the tail length of male red-sided garter snakes (Thamnophis 

sirtalis parietalis) bears a direct influence on an individual’s hemipene size and mating 

success (Shine et al., 1999). Despite attempts to examine male individual reproductive 

success (Chapter 6) it remains unclear whether tail length (and hence size of the 

hemipenes) in male C. austriaca has a direct influence on their reproductive success. 

In contrast, one argument for the observed sexual dimorphism in head morphology 

may be intersexual resource competition (Camilleri & Shine, 1990; Shine, 1991a). 

Typically a dimorphism in head size and shape corresponds to a difference in the size of 

consumed prey (e.g. Shine, 1989; Pearson et al., 2002; Vincent et al., 2004) since the 

maximum size of ingestible prey is limited by the size of a snake’s head (Savitsky, 1983). 

Further to this, detailed studies of Natrix natrix have even shown differences in the 

dentition of males and females (Thorpe, 1975). However, studies comparing C. austriaca 

diet between sexes have been limited to that of Luiselli et al (1996) based on a population 

of smooth snakes from the Carnic Alps, Italy. The authors found that there was a 

significant difference in the diet of adult individuals – males fed more frequently on 

smaller prey, whilst females fed less frequently on larger prey. If the populations of 

smooth snakes from the United Kingdom exhibited similar patterns of diet then we would 

expect to see females having longer and larger heads. However, the results found in this 

study show males to have longer and larger heads for a given size, suggesting that 

resource competition may not be the determining factor.  

A second possible, and more likely, explanation for the observed male-based 

dimorphism is intrasexual competition. Competition for the opportunity to mate with 

females has resulted in selection for larger body and head sizes in many snake species. 

For example, field studies of a Swedish Vipera berus population have shown strong 

selection for larger body size in males (Madsen & Shine, 1992), whilst experimental 

studies with Natrix natrix have shown that larger males achieve more copulations than 

smaller males when competing over females (Luiselli, 1996). A review by Shine (1978) 

found that those snake species which exhibit male combat, either showed no dimorphism 

or male-biased sexual dimorphism. Smith (1964) provides an account by Rollinat of male 

combat in smooth snakes “…the two males would face one another with the head and 

fore-part of the body erect and then, one seizing his adversary by the jaws, would envelop 

him in his coils…” Smith (1964) goes on to describe these fights as common during 

reproductive events and often resulting in wounds being inflicted. As well as the 

advantages of larger body size in combat bouts; larger body size is often correlated with 

various fitness traits (Johnstone, 1995), which can aid female mate choice in many 
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species (Real, 1990; Hunt et al., 2008). In addition, larger male garter snakes (T. s. 

parietalis) have been shown to achieve higher rates of forcible insemination of 

unreceptive females (Shine & Mason, 2005). Since the results of the paternity analyses 

presented in Chapter 6 did not allow for the identification of successful sires, it remains 

unclear whether sexual selection has resulted in the observed sexual size dimorphism, 

although future work with an increased range of microsatellite markers could provide 

important insights into this matter. 

Analysis of geographic variation in morphology found little evidence for 

differences between populations for either sex. The only significant result was found for 

PC1 of males from Wareham and Noon Hill, which could be a sampling artefact rather 

than real evidence of geographic variation in morphology. Typically, intra-specific 

geographic variation in morphology of snakes has been recorded based on relatively 

distant populations, such as mainland vs. island populations (e.g. Vipera berus - Forsman, 

1991a and Thamnophis sirtalis – King, 1989b) or local, but ecologically dissimilar, 

habitats (e.g. Thamnophis sirtalis Krause et al., 2003). Geographic variation in snake 

morphology is also most commonly associated with variation in prey abundance 

(Forsman, 1991b) or size (Shine, 1991b) and therefore species with the highest 

interpopulation diet divergence tend to show the greatest amount of interpopulation 

variation in body size (Luiselli, 2006). Since this study was based on data from relatively 

localised populations (maximum distance between two sampling sites = 39.5 km) that 

were all located on heathland habitats, the lack of geographic variation appears 

unsurprising. Based on the smooth snakes captured during this research it is also not 

possible to determine if habitat fragmentation has resulted in any morphological 

variation, since there are no populations from continuous heathland habitats against 

which comparisons could be made (sensu Sumner et al., 1999).  
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5.1 Introduction  

Anthropogenic pressures, through processes such as habitat loss and alteration, have 

resulted in the decline of many species worldwide (Pimm & Raven, 2000). However, 

such processes also have significant impacts on the genetic diversity, and ultimately, 

evolutionary potential of those species that remain (Templeton et al., 2001). For a given 

species, the genetic structuring of populations is a reflection of the geographic range 

within which individuals are more closely related to one another than those randomly 

selected from the general population (Repaci et al., 2007). The genetic structuring of 

animal populations found in contiguous habitats is typically expected to follow an 

isolation-by-distance model, where the geographic distance between two populations is 

the single biggest determinant of their genetic differentiation (Slatkin, 1993). In theory 

the only limits to gene flow between populations are the reproductive mode and vagility 

of the animals themselves (Lowe et al., 2005). However, the process of habitat 

fragmentation can result in the creation of dispersal barriers such as adverse habitats 

(Hitchings & Beebee, 1998), which can alter patterns of gene flow and lead to the 

isolation of remnant populations (Gerlach & Musolf, 2000). The disruption of dispersal 

movements and changes in the effective population size of a species can lead to 

fragmented populations becoming genetically discrete demes (Falconer & Mackay, 

1996). Such finite populations may continue to lose genetic variation as a consequence of 

genetic drift (Reed & Frankham, 2003), and become inbred (Madsen et al., 1996). 

Continued perturbations of small populations may ultimately drive them towards an 

‘extinction vortex’ through a feedback loop of declines in population size and loss of 

genetic diversity (Gilpin & Soulé, 1986). Those populations that are able to persist and 

even expand in size following such perturbations are likely to be less genetically diverse 

due to bottleneck effects and which may result in reduced population fitness (Hoelzel et 

al., 2002)  

Species at higher trophic-levels have been shown both theoretically (Holt et al., 

1999; Holt, 2002) and empirically (Kruess & Tscharntke, 1994; Komonen et al., 2000) to 

be particularly sensitive to habitat alteration. Since snakes typically occur in the middle to 

higher levels of food webs habitat fragmentation is likely to have strong effects on their 

population dynamics (Lind et al., 2005) and they may be particularly susceptible to the 

genetic consequences of habitat fragmentation. Changes in the conservation status of 

snakes could also result in cascade effects, as has been seen with garter snakes 

(Thamnophis spp.) and their amphibian prey (Matthews et al., 2002). In addition to their 
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high trophic level, snakes are typically limited in their dispersal ability, even in 

continuous habitats (Luiselli & Capizzi, 1997), which could have profound effects on 

their population genetics (Keogh et al., 2007). As a result, any significant population 

genetic structuring is likely to be increased for populations that are subject to isolation 

through habitat fragmentation.  

 Despite theoretical evidence to support the idea that dispersal ability is a critical 

factor in determining the persistence of species in a fragmented habitat (Hanski & 

Thomas, 1994), it remains one of the least understood factors in conservation biology 

(Macdonald & Johnson, 2001). It is likely that this is a result of the difficulties associated 

with its direct study (Templeton et al., 1990; Prugnolle & de Meeus; 2002), particularly 

for cryptic species such as snakes (Parker & Plummer, 1987; Gibbs & Weatherhead, 

2001). In this respect genetic data have become an invaluable tool in the repertoire of 

ecologists (DeYoung & Honeycutt, 2005). In particular, there has been a substantial 

growth in the use of microsatellite markers to answer questions regarding the 

conservation genetics of populations, due to their potential for providing contemporary 

estimates of migration and use in determining the relatedness of individuals within a 

population, based on allele frequency data (Selkoe & Toonen, 2006).  These factors allow 

genotypic data from microsatellite markers to be used as an indirect measure of a species 

dispersal capability, whilst simultaneously providing a measure of the differentiation 

between sampled populations (DeYoung & Honeycutt, 2005).   

Despite the recent development of 16 microsatellite markers for C. austriaca 

(Bond et al., 2005), there have not been any published studies examining the genetic 

structuring or dispersal pattern of extant populations. Therefore, the purpose of this work 

was to (a) determine what population genetic structure there was at a local scale, within 

the Wareham Forest study site and to determine if the observed structure was a result of 

isolation-by-distance effects, (b) determine whether the observed population structuring 

showed evidence of sex-biased dispersal and (c) to determine the genetic population 

structure of C. austriaca at a wider scale on seven remnant heath patches in the Dorset 

landscape. The results obtained are then discussed with reference to their implications for 

the future management of Dorset’s C. austriaca populations.  

5.2 Methods  

5.2.1. Sample collection and laboratory work.  

DNA samples (skin and/or blood samples) were collected during fieldwork, and 

laboratory protocols were undertaken at the University of Sussex using eight 
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microsatellite loci, following the methods as previously described (Chapter 2). Straight-

line distances (m) between sampling sites within Wareham Forest were also calculated in 

ArcGIS 9.1 using ortho-rectified aerial photographs. Habitat structure, in addition to 

geographic distance, is known to be a significant factor in determining population genetic 

structure for a number of species (Manel et al., 2003) and so a “biological distance” 

between arrays within Wareham Forest was also measured from ortho-rectified aerial 

photographs. The “biological distance” (m) was based on the assumption that snakes 

moving between pairs of arrays within Wareham Forest would preferentially use habitats 

that were primarily open canopied (e.g. forest rides, clear-felled stands, young Pinus spp. 

stands, heath and moorland). As a result the distance between arrays was measured from 

the same aerial photographs, but based on a non-linear path that avoided stands of trees 

that formed a closed canopy (Appendix 3a).  

For the seven sampling localities across Dorset, the area of each heathland patch 

(ha) and the straight-line distance (km) between pairs of sampled heathland patches were 

measured from ortho-rectified aerial photographs in ArcGIS 9.1 (Appendix 3b). In 

addition, measures of patch isolation were collected based on the distance to, and size of, 

the five nearest heathland patches as recorded by the Dorset heathland survey (see 

Chapter 3; Appendix 3c). The Wareham Forest samples that were included in the 

comparisons between the seven Dorset sites originated from the arrays WF2a, WF2b and 

WF2c. These arrays had specifically been set out at a relatively close distance that was 

similar to the distance between arrays at the other six study sites in Dorset to provide a 

representative sample population for Wareham Forest - approximately 100 m edge-to-

edge distance.  

5.2.2. Statistical analysis of microsatellites.  

An individual’s scores for each microsatellite loci were initially recorded in a standard 

GENEPOP input file format. In order to prevent typographical errors entering the dataset 

the programme CONVERT v1.31 (Glaubitz, 2004) was used to convert this initial data file 

to the required format for other programmes. Loci were examined for null alleles and 

mis-scoring in each population using MICRO-CHECKER (Van Oosterhout et al., 2004). 

Loci that showed a high probability (P > 0.05) of null alleles were excluded from further 

analysis.  All remaining loci were tested, at 99.5% confidence intervals, for evidence of 

selection using the programme LOSITAN (Antao et al., 2008) with 50,000 simulations 

based on a stepwise mutation model. All retained loci were also tested for the presence of 

linkage disequilibria between loci using GENEPOP v4.0 (Rousset, 2008) and for 
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deviations from Hardy-Weinberg equilibrium (HWE) using GENALEX v6.2 (Peakall & 

Smouse, 2006). In both cases the critical probability was adjusted for multiple 

comparisons using a sequential Bonferonni correction (Weir, 1990). Observed and 

expected heterozygosities (HO, HE) were calculated for populations at both spatial scales 

in GENALEX, whilst Allelic richness (AR) and the inbreeding coefficient within 

populations (FIS) were calculated using FSTAT v2.9.3.2 (Goudet, 1995). Allelic richness 

and measures of genetic diversity were compared between populations at each spatial 

scale using Kruskal-Wallis one-way analysis of variance tests implemented in Minitab® 

v.15 (Minitab inc., Philadelphia, USA). The relationship between measures of genetic 

diversity and heathland patch characteristics were assessed using Spearman’s rank 

correlation coefficients in Minitab® v.15.  

5.2.3. Population bottleneck events 

In order to assess whether any of the populations sampled across Dorset had undergone a 

recent bottleneck event, the allele frequency data was tested using BOTTLENECK (Cornuet 

& Luikart, 1996; Piry et al., 1999). One thousand replicates of the BOTTLENECK 

simulations were carried out for each population, based on a two-phase model with 90% 

of the mutations following a stepwise mutation model. The significance of recent 

bottleneck events was assessed using Wilcoxon tests and mode-shift assessment of allele 

frequency data.  

5.2.4. Sex‐biased dispersal  

Four tests for evidence of sex-biased dispersal were conducted using FSTAT, for the 

populations sampled within Wareham Forest, based on 10,000 permutations. The first test 

compared relatedness (r) between sexes, with the assumption that the dispersing sex 

should exhibit lower levels of within population relatedness than the philopatric sex. The 

second test compared among-population FST values between sexes, based on the principle 

that allelic frequencies of the dispersing sex should exhibit higher levels of homogeneity 

across the populations than the philopatric sex. The third and fourth tests are based on the 

use of a corrected assignment index to determine the probability of a genotype originating 

from the population in which the individual was collected (Favre et al., 1997). The first of 

these two tests compared the mean of the corrected assignment index (mAIC). In this 

instance immigrants to a population are expected to have lower AIC values than residents. 

Therefore, the dispersing sex is likely to have a significantly lower mAIC value. The 

second of these tests compared the difference in the variance of AIC (vAIC). In this 
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instance the dispersing sex is likely to have a larger vAIC value than the philopatric sex 

due to increased probability of both resident and immigrant individuals being present in 

the sampled populations (Dubey et al., 2008) 

5.2.5 Population structure  

The genetic differentiation of populations at both spatial scales was initially assessed 

using traditional FST analysis. I chose to calculate FST values rather than RST values, since 

they are known to perform better when divergence among samples is expected to be low 

(Balloux & Goudet, 2002).  Total genetic differentiation between populations at both 

spatial scales was assessed using an analysis of molecular variance (AMOVA), in 

addition to pairwise estimates of FST between populations using GENALEX. The 

significance of these estimators was assessed using a non-parametric permutation 

approach (9999 permutations) with a subsequent Bonferonni correction being applied to 

significance values.  

 The relationship between genetic distance and geographic distance between 

populations was assessed using Mantel tests conducted in GENALEX (9999 permutations). 

The linear distance (Ln transformed) between pairs of populations was compared to the 

genetic difference between population pairs (FST/(1-FST); a transformation known to be 

more accurate for testing isolation by distance effects (Rousset, 1997)) at both spatial 

scales. At the finer scale within Wareham Forest, isolation by distance effects were also 

examined by comparing the “biological distance” between sites (Ln transformed) with 

genetic distance. 

 Broad-scale population structure between surveyed heath sites across Dorset was 

analysed using two further approaches. A Bayesian clustering method was employed to 

estimate the number of genetically divergent groups using STRUCTURE 2.2 (Pritchard et 

al., 2000).  This approach uses multilocus genotypic data to define a set of clusters with 

distinct allele frequencies without prior knowledge about each individuals sampling 

location (Pritchard et al., 2000). STRUCTURE was implemented using the uncorrelated 

alleles model without admixture and with an initial burn-in period of 105 Markov chain 

replicates, followed by 106 iterations for each run. Default values were maintained for all 

other parameters. Each run generated a log probability value ‘LnP(D)’, which provides an 

indicator of whether the pre-determined number of populations (K) is a reflection of the 

true number of populations in the dataset and the maximal value is typically used to 

identify the ‘true’ number of populations in the dataset (e.g. Zeisset & Beebee, 2001). 

However, once the real value of K is reached LnP(D) may plateau, or continue to increase 
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slightly (Evanno et al., 2005). As a result, the model was run in triplicate for each 

estimate of the real population size (K: 1-8), and the number of ‘true’ populations was 

found by calculating ∆K values (an ad hoc statistic based on the rate of change in the log 

probability of data between successive K values) using the method described by Evanno 

et al. (2005).  
Finally the phylogenetic relationships between the Dorset populations were 

inferred using PHYLIP 3.68 (Felenstein, 1993).  Unrooted neighbour joining (NJ) and 

maximum likelihood (ML) phylogenetic trees were generated using Cavalli-Sforza chord 

distances (Cavalli-Sforza & Edwards, 1967) based on 1000 allele frequency 

bootstrapping replicates in each case.  The use of Cavalli-Sforza chord distances was due 

to the fact that they typically show a higher probability of obtaining the correct topology 

compared to other genetic measures for microsatellite data (Takezaki & Nei, 1996).  

5.3 Results  

5.3.1 Fine scale population genetics in Wareham Forest.  

One hundred and forty-seven of the 149 smooth snakes captured within Wareham Forest 

were successfully amplified for one or more of the eight loci. Initial examination of the 

data with MICRO-CHECKER showed no evidence of null alleles and LOSITAN analyses 

showed no evidence of any loci being under selection. There was also no evidence of 

linkage disequilibrium at the 5% level (Bonferonni adjustment P< 0.000625). Tests for 

deviation from HWE found five significant results (Table 5.1). However, these were not 

limited to a single locus or population and so all eight loci were retained for further 

analysis. The mean allelic richness, inbreeding coefficients, observed and expected 

heterozygosities are shown for each sample site in Table 5.1. Kruskall-Wallis one-way 

ANOVA tests showed no significant difference between sample sites in any of the 

calculated measures of genetic diversity (AR, H = 0.960, P = 0.384; HO, H = 2.54, P = 

0.980; HE. H = 15.21, P = 0.085; FIS, H = 2.11, P = 0.990). 

 
 

 

 

 

 

 

 

 



Chapter 5 – Conservation Genetics  
 

 

  106  

 

 

Table  5.  1. Sample  sizes  (n),  average number  of  individuals  genotyped per  locus  (N),  allelic  richness  (AR), 

observed  heterozygosity  (HO),  expected  heterozygosity  (HE),  inbreeding  coefficients  (FIS)  and  loci  showing 

significant  deviations  from Hardy‐Weinberg  equilibrium  (HWE)  for  ten  smooth  snake  sample  sites within 

Wareham Forest, Dorset. 

Array n N AR HO HE FIS HWE 
WF1 15 13.50 2.113 0.455 0.568 0.236 Ca47 
WF2a 17 13.38 2.295 0.476 0.591 0.249  
WF2b 24 18.63 2.236 0.393 0.526 0.280 Ca19, Ca20, Ca40 
WF2c 8 7.00 2.492 0.414 0.555 0.336  
WF4 21 18.25 2.603 0.507 0.582 0.156  
WF5 10 7.75 2.536 0.388 0.507 0.305 Ca40 
WF6 14 9.88 2.705 0.448 0.518 0.189  
WF7 12 9.00 3.013 0.448 0.601 0.314  
WF8 12 7.88 2.768 0.394 0.455 0.212  
WF9 14 9.50 2.807 0.357 0.418 0.220  

 

Despite the close proximity of sample sites within Wareham Forest, AMOVA 

showed a small, but highly significant genetic differentiation between populations (FST = 

0.078, P < 0.001). In addition, a total of 29 of the 45 pairwise FST values were 

significantly different following Bonferonni correction (P< 0.0011; Table 5.2). Mantel 

tests showed significant effects of isolation by distance using both straight-line (rS = 

0.511, P = 0.003) and ‘biological’ distances between sampling sites (rS = 0.445, P = 

0.005; Figure 5.1) 

 
Table 5.2. Pairwise estimates of FST among ten smooth snake sample sites within Wareham Forest. Pairwise 

FST values that are significantly different following Bonferonni correction are highlighted in bold. 

 WF1 WF2a WF2b WF2c WF4 WF5 WF6 WF7 WF8 WF9 

WF1 --          

WF2a 0.060 --         

WF2b 0.072 0.113 --        

WF2c 0.020 0.030 0.067 --       

WF4 0.082 0.099 0.072 0.089 --      

WF5 0.074 0.098 0.017 0.094 0.067 --     

WF6 0.062 0.054 0.031 0.067 0.091 0.013 --    

WF7 0.093 0.076 0.033 0.089 0.054 0.034 0.045 --   

WF8 0.107 0.140 0.034 0.147 0.073 0.041 0.039 0.043 --  

WF9 0.137 0.165 0.091 0.174 0.163 0.103 0.063 0.086 0.024 -- 
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Figure 5.1. The relationship between pairwise FST values and (A), the straight‐line distance and (B), the 

‘biological’ distance, between smooth snake sampling sites in Wareham Forest. 

 

Analysis of populations for sex-biased dispersal showed significant evidence for 

males being the dispersing sex. Female smooth snakes had significantly higher levels of 

both within-population relatedness (Figure 5.2A, P = 0.0036) and between population 

genetic differentiation (Figure 5.2B, P = 0.0016). In addition, females showed 

significantly higher mAIC values (Figure 5.2C, P = 0.0099) as would be expected from 

the more philopatric sex. Finally, whilst the difference in mean vAIC values was not 

statistically significant (P = 0.2317), the lower mean value for females is consistent with 

the other three results in indicating males to be the dispersing sex (Figure 5.2D). 
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Figure 5.2. Bar charts showing the mean (A) relatedness, (B) FST, (C) mAIC and (D) vAIC values for male and 

female smooth snakes from Wareham Forest, Dorset. 

5.3.2.  Population  genetics  of  smooth  snakes  on  remnant  heathland  patches  across 

Dorset. 

One hundred and seventy three smooth snakes were sampled from the 16 arrays located at 

the seven sites across Dorset and successfully genotyped for one or more loci. Initial 

examination of the data using MICRO-CHECKER indicated the presence of null alleles at 

three loci (Ca19, Ca27 and Ca40). As a result, these were removed from the dataset prior 

to any further analyses. Simulation results from LOSITAN showed no evidence for either 

positive or balancing selection and none of the tests for linkage disequilibrium conducted 

in GENEPOP were significant, following Bonferonni correction (adjusted significance 

value: P< 0.00089). Three of the tests for deviations from HWE were significant 

following Bonferonni correction (Table 5.3). However, these significant results were not 

restricted to either one population, or one locus and so all of the five remaining loci were 

retained in further analyses. The mean allelic richness, inbreeding coefficients, observed 
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and expected heterozygosities are shown for each population in Table 5.3. No significant 

differences in allelic richness (Kruskall Wallis; AR, H = 1.63, P = 0.950), observed or 

expected heterozygosities (HO, H = 2.41, P = 0.878; HE, H = 2.03, P = 0.917) or 

inbreeding coefficients (FIS, H = 2.96, P = 0.814) was found between sites. In addition, 

the observed variation in genetic diversity measures showed no significant correlation 

with either the size of the habitat patches or any of the measures relating to their isolation 

(Table 5.4) 

 
Table 5.3. Sample sizes (n), average number of individuals genotyped per locus (N), mean number of alleles 

per  locus  (A),  allelic  richness  (AR),  observed heterozygosity  (HO),  expected heterozygosity  (HE),  inbreeding 

coefficients (FIS) and loci showing significant deviations from Hardy‐Weinberg equilibrium (HWE) for seven 

smooth snake populations sampled on remnant heathland patches in Dorset. 

Site n N A AR HO HE FIS HWE 
Wareham 49 41.2 4.40 2.924 0.466 0.580 0.209 Ca20, Ca47 
Puddletown 28 25.4 3.40 2.628 0.508 0.527 0.056  
Hethfelton 15 10.8 2.40 2.298 0.441 0.513 0.190  
Arne 6 5.4 2.60 2.501 0.482 0.527 0.354  
Godlingston 31 24.8 4.20 2.782 0.482 0.527 0.109  
Dunyeats  16 10.8 3.20 2.838 0.504 0.527 0.118  
Noonhill 28 20.2 4.00 2.810 0.393 0.548 0.307 Ca47  

 
Table  5.4.  Spearman  rank  correlation  results  (rs)  and  their  significance  values  (P)  from  tests  between 

measures  of  genetic  diversity  of  sampled  smooth  snake  populations  and  patch  size  and  isolation 

characteristics.  Abbreviations  refer  to  allelic  richness  (AR),  observed  heterozygosity  (HO),  expected 

heterozygosity (HE) and inbreeding coefficient (FIS). 

Patch Characteristics   AR           HO   HE FIS 

rS -0.571 0.523 -0.670 -0.571 
Patch Size (ha) P 0.150 0.181 0.074 0.150 

rS -0.107 -0.018 -0.039 0.071 
Mean distance to nearest patch (m) P 0.781 0.905 0.905 0.843 

rS -0.393 0.487 -0.158 -0.214 
Mean area of nearest patch (ha) P 0.341 0.217 0.720 0.602 

rS -0.036 -0.198 -0.217 -0.036 
Distance to Closest Patch (m) P 0.905 0.602 0.602 0.905 

rS -0.500 -0.090 -0.296 0.107 
Size of closest patch (m) P 0.217 0.781 0.491 0.781 

 

Simulations in Bottleneck using the allele frequency data indicate that the smooth 

snake population at Hethfelton is the only site of the six tested to have undergone a recent 

historic bottleneck event (Table 5.5). However, whilst not significant, the shifted mode 
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distribution observed for the smooth snake population at Dunyeats Heath is suggestive 

that there may have been a recent reduction in genetic diversity within the population.  

 
Table5.5. Wilcoxon  test  significance  values  and  mode  shift  results  of  BOTTLENECK  simulations  for  smooth 

snake populations sampled at seven heathland patches in Dorset. Simulations were carried out based on a 

two‐phase  model,  with  90%  of  the  mutations  following  a  stepwise  mutation  model  and  based  on  1000 

replicates. 

Population Wilcoxon test P value Mode Shift 

Wareham 0.093 Normal distribution 
Puddletown 0.218 Normal distribution 
Hethfelton 0.031 Shifted mode 
Arne* - - 
Godlingston 1.000 Normal distribution 
Dunyeats  0.625 Shifted mode 
Noonhill 1.000 Normal distribution 
*Arne was not tested due to the low sample size.  

 

Initial analysis of population genetic structuring indicated that there was a small, 

but highly significant, difference between sampled populations (FST = 0.058, P < 0.001). 

Pairwise FST comparisons were significantly different in 17 of the 21 tests (Table 5.6). 

Noonhill was the only site to be significantly different from all other sites in pairwise 

comparisons.  However, results of a Mantel test did not show any evidence for isolation 

by distance as being the explanatory factor for the observed pairwise FST differences (rs = 

0.137, P = 0.329; Figure 5.3).  

 
Table  5.6.  Pairwise  estimates  of  FST  among  seven  smooth  snake  populations  from  remnant  heathland 

patches  in Dorset.  . Pairwise FST values  that are  significantly different  following Bonferonni  correction are 

highlighted in bold. 

 Wareham Puddletown Hethfelton Arne Godlingston Dunyeats Noonhill 

Wareham --       

Puddletown 0.017 --      

Hethfelton 0.047 0.099 --     

Arne 0.079 0.072 0.141 --    

Godlingston 0.034 0.040 0.062 0.101 --   

Dunyeats  0.041 0.079 0.049 0.188 0.025 --  

Noonhill 0.052 0.075 0.108 0.082 0.087 0.088 -- 
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Figure 5.3. A scatterplot of the relationship between genetic distance (FST/(1‐FST) and geographic distance in 

pairwise  comparisons  of  seven  smooth  snake  populations  sampled  from  remnant  heathland  patches  in 

Dorset. 

 

Attempts to determine the true number of populations sampled, using STRUCTURE 

proved unsuccessful. Triplicate runs at each potential true population size showed low 

levels of variation in probability estimates, as seen by the small standard deviation values 

(Table 5.7).  The mean probability values for each estimate of the true populations (K) 

showed an asymptotic increase, with no real evidence of reaching a peak or plateau 

(Figure 5.4). Using the methods described by Evanno et al. (2005) ∆K values were 

calculated and the highest absolute value was found for K = 2 (Table 5.X7). However, 

visual examination of the results showed no evidence of the two ‘true’ populations 

corresponding to the geographic localities of the sampled populations (Figure 5.5). As a 

result, no further analysis was undertaken using STRUCTURE. 
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Table 5.7. Results of STRUCTURE analyses and subsequent ∆K values for from triplicate runs at each potential 

value of the true number of populations for smooth snakes sampled on 7 heathland patches in Dorset.  

LnP(D) values 
K 

run 1 run 2 run 3 

Mean 

LnP(D) 
SD ∆K 

1 -1511.90 -1511.90 -1511.90 -1511.90 0.000 - 
2 -1432.90 -1433.10 -1433.00 -1433.00 0.100 467.67 
3 -1401.10 -1400.80 -1400.70 -1400.87 0.208 4.16 
4 -1369.90 -1369.50 -1369.40 -1369.60 0.265 2.14 
5 -1337.80 -1337.80 -1337.70 -1337.77 0.058 203.23 
6 -1317.30 -1318.40 -1317.30 -1317.67 0.635 8.71 
7 -1292.20 -1292.20 -1291.70 -1292.03 0.289 40.88 
8 -1279.20 -1277.20 -1278.20 -1278.20 1.000 - 

 

 

 
Figure 5.4.   A plot of  the change  in mean  log probability values  (LnP(D)) with  increasing estimates of  true 

population size (K) from triplicate runs of each value in STRUCTURE. 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Figure 5.5. Result of structure analysis for the ‘true’ population size of 2 based on samples of smooth snakes 

captured  from  seven heathland patches  in Dorset.  Black  vertical  lines  separate  the  individuals  from each 

geographic  sampling  locality.  Each  sampled  individual  is  represented  by  a  vertical  bar  of  two  colours 

indicating the probability of that individual belonging to population 1 (green portion) and population 2 (red 

portion). 

 

Phylogenetic analyses conducted in PHYLIP produced contrasting results using 

neighbour joining and maximum likelihood techniques (Figures 5.6 & 5.7). In the 

neighbour joining tree Godlingston and Dunyeats clustered closely together, whilst the 

clustering of Arne, Hethfelton and Puddletown was weakly supported (Figure 5.6). In 

contrast the phylogenetic tree produced using maximum likelihood techniques showed 

patterns of clustering that more closely resembled the geographic localities of the 

sampled populations. In this instance there was relatively strong support for the clustering 

of Godlingston, Arne and Puddletown into one group (563 bootstrapping replicates) and 

Wareham, Dunyeats and Hethfelton into a second (678 bootstrapping replicates).  
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Figure  5.6.  An  unrooted  neighbour  joining  phylogenetic  tree  of  the  relationships  between  the  seven 

sampled smooth snake populations from Dorset. The numbers refer to the amount of bootstrap replicates 

that are in support of the branches. The colours used to denote populations refer to Figure 2.1. 

 

 
Figure  5.7.  An  unrooted  maximum  likelihood  phylogenetic  tree  of  the  relationships  between  the  seven 

sampled smooth snake populations from Dorset. The numbers refer to the amount of bootstrap replicates 

that are in support of the branches. The colours used to denote populations refer to Figure 2.1. 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5.4 Discussion  

The results presented in this chapter provide the first detailed microsatellite based study 

of the population genetic structure of C. austriaca at any spatial scale. Importantly, these 

results have shown that there is a small, but significant, genetic structuring of 

populations, even at a fine-scale within Wareham Forest. Fine-scale patterns of genetic 

structuring within snake populations have been observed previously in North American 

studies of eastern massasauga rattlesnakes (Sistrurus catenatus catenatus; Gibbs et al., 

1997), black rat snakes (Elaphe obsoleta obsoleta; Prior et al., 1997) and timber 

rattlesnakes (Crotalus horridus; Clark et al., 2008), often as a result of the presence of 

anthropogenic barriers to movements between sub-populations. In addition, three North 

American species associated with water bodies have been shown to have significant 

population genetic structuring at similar geographic scales (Nerodia sipedon, Prosser et 

al., 1999; Thamnophis sirtalis and Thamnophis elegans, Manier & Arnold, 2005). 

However, unlike these studies, the fine-scale population genetic structuring observed here 

is consistent with an isolation-by-distance model as shown by the Mantel tests. This 

result suggests that the observed differentiation is due to the previously observed low 

vagility of the species (Gent & Spellerberg, 1993), rather than significant barriers to 

dispersal. In particular, the reduced correlation between the pairwise genetic distance and 

the  “biological distances” between sampling localities suggests that, whilst stands of 

mature Pinus spp. may not provide a suitable permanent habitat for C. austriaca, they 

may not be the “effective barrier” to dispersal that was once thought (Phelps, 1978).  

In contrast to Gent & Spellerberg (1993), whose telemetry based study found no 

evidence of sex-biased dispersal, the microsatellite analyses conducted here showed clear 

evidence for male-biased dispersal in smooth snakes. More recently, long-term mark-

recapture studies on the ranging behaviour of smooth snakes at a site in Wareham Forest 

have shown that, whilst the mean range of male and female smooth snakes is similar (≈ 

0.5-0.6 ha), males typically exhibit increased ranging movements once sexual maturity is 

reached (Reading, 2005). This would suggest that the male-biased dispersal observed in 

this study is likely to be a result of sexually mature males dispersing to find suitable 

mates, which may be an adaptive trait to reduce inbreeding among populations (Dubey et 

al., 2008). However, positive FIS values were recorded from all of the sampling localities 

within Wareham Forest, suggesting that relatively high levels of inbreeding may still be 

occurring. Whilst positive values of FIS may also be indicative of the Wahlund effect (the 

sampling of an assumed single population that is actually composed of two or more 
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populations; Sinnock, 1975), in this instance this appears extremely unlikely, due to the 

restricted area covered by each array of artificial refugia (0.284 ha).  

To date only four published studies have used genetic data to investigate sex-

biased dispersal in snakes, all of which have found male-biased dispersal in the species 

studied (Rivera et al., 2006; Keogh et al., 2007; Clark et al., 2008; Dubey et al., 2008). 

Male-biased dispersal in mammalian species has been attributed to a female-defence 

polygyny mating system (Greenwood, 1980) and whilst polygyny has been regarded as 

typical for snakes (Duvall et al., 1993), more recent research suggests that this may not 

always be the case (Rivas & Burghardt, 2005). As a result, further work is required to 

determine the reproductive system of smooth snakes, through the use of microsatellite 

based paternity analysis. Doing so will provide information on whether the observed bias 

in dispersal is a result of their reproductive strategy.   

A small, but significant, genetic structuring of the smooth snake populations 

sampled across Dorset was apparent. Importantly these results showed significant 

pairwise differences in 19 of the 21 comparisons, despite the low overall differences. The 

fact that the AMOVA analysis conducted for all populations across Dorset showed a 

lower level of between population differentiation (5.8%) than the finer scale study 

conducted within Wareham Forest (7.8%) may be a reflection of the reduced number of 

loci that could be used for the coarser scale analysis. This reduction in available loci is 

likely to have been the main reason why STRUCTURE was unable to distinguish any of the 

populations as being genetically distinct. Despite the lack of isolation by distance effects 

in these populations, there was no significant relationship between any of the measures of 

genetic diversity and the size or isolation measures of the studied patches. However, this 

lack of correlation with fragmentation could be a result of the rate at which within-

population genetic diversity responds to habitat fragmentation. For example, studies on a 

meadow-dwelling butterfly (Parnassius smintheus) in fragmented grassland habitats in 

the eastern Canadian rocky mountains have shown that measures of within sub-

population genetic diversity (HE) show high correlation with the landscape structure as it 

was forty years previously, whilst measures of genetic differentiation between sub-

populations correspond to contemporary landscape structure (Keyghobadi et al., 2005). 

Given the longevity of smooth snakes and the infrequency and subsequent high costs of 

reproduction (Luiselli et al., 1996; Reading, 2004a, 2004b), it is possible that the loss of 

genetic diversity within these recently isolated heathland populations has occurred at a 

slower rate than the observed changes in the extent of Dorset’s heathland. Species that 

occur in naturally patchy environments, or at small population sizes may exhibit greater 



Chapter 5 – Conservation Genetics  
 

 

  117  

inertia in their response times to habitat perturbations (Richmond et al., In Press). For 

example, despite human mediated fragmentation of their upland scrub habitats occurring 

60 years ago, remnant populations of Florida sand skinks (Plestiodon reynoldsi) show no 

evidence of changes in genetic diversity that can be attributed to this process (Richmond 

et al., In Press). Similar evidence of inertia effects following fragmentation has been 

found for Australian scincid lizards (Gnypetoscincus queenslandiae), which showed 

negligible declines in genetic diversity 50-80 years after fragmentation of their forest 

habitat (Sumner et al., 2004). Further research is required to determine if this is the case 

for the remnant smooth snake populations on Dorset’s remnant heaths. Ideally 

comparison of the results presented here with data for populations from continuous 

heathland sites would be undertaken to determine the levels of genetic diversity in 

populations unaffected by heathland fragmentation. This was not possible in this study, 

since no snakes were captured from the site within the New Forest.  

All of the Dorset populations showed low levels of genetic diversity which may be 

a result of one or all of the following three factors; the loss of genetic diversity through 

recent genetic bottleneck events (Nei et al., 1975), as has occurred in the Hethfelton 

population, the occurrence of genetic drift as a result of small population sizes 

(Frankham, 1995), or the observed patterns may be a result of past directional selective 

events (Hewitt, 2001). Recent phylogenetic analyses of European smooth snake 

populations based on cytochrome b sequences found that a smooth snake collected in 

Hampshire showed relative genetic uniformity with samples collected from France and 

Austria (Santos et al., 2008). As a result, the authors of that research conclude that the 

extant populations of smooth snakes in the United Kingdom are likely to be a relatively 

recent arrival (8000 – 7500 BC), which may explain the overall low levels of genetic 

diversity seen in the microsatellite data. Populations found at the limits of a species’ 

range are often genetically depauperate (e.g. Rowe et al., 1999; Ruben et al., 2001) but 

can show unique genetic variants (e.g. Böhme et al., 2007) that may be important for the 

evolution and long-term persistence of the species (Lesica & Allendorf, 1995). Further 

studies of C. austriaca populations in other parts of its distribution are required to 

ascertain if this is the case.   

The results of this research have a number of implications for the conservation 

management of Dorset’s smooth snake populations. At a fine-scale these results have 

confirmed the relatively sedentary nature of smooth snakes. This result suggests that 

measures to increase connectivity of small heathland sites though the provision of habitat 

corridors is likely to be relatively ineffective in promoting dispersal. Instead, these results 
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suggest that efforts should be focused on increasing the area of small heathland sites 

where smooth snakes are present. In addition, the fine-scale results also suggest that 

populations of snakes found within commercial forestry sites do not appear to be 

restricted in their dispersal capabilities at present. However, any changes in current 

forestry practices, which may result in larger stands of mature trees between open 

habitats, could restrict dispersal, and ultimately gene flow, in remnant populations. At the 

coarser scale the maximum likelihood phylogenetic tree of the smooth snake populations 

that were sampled appears to cluster the Dorset populations based on their geographic 

locality in relation to the historical extent of heathland in Dorset (Figure 1.8; Moore, 

1962). This suggests that each of the populations studied should be treated as a distinct 

management unit in order to maintain the maximum amount of genetic variability in 

Dorset’s smooth snake populations. However, further work is required to determine 

whether British smooth snake populations represent evolutionarily significant units for 

the species as a whole. In addition, whilst this research did not show any evidence of 

habitat fragmentation reducing population genetic diversity this may be a reflection of the 

time required for an effect to become apparent. The presence of a recent bottleneck event 

in the Hethfelton population is of particular concern, since it could lead to inbreeding 

depression (sensu Madsen et al., 1996) and reduce individual fitness. Whilst the ultimate 

cause of the observed bottleneck at Hethfelton has been a reduction in the effective 

population size at the site, it is unclear whether this is a result the changes in land use 

through commercial afforestation of this former heathland site, or the presence of 

physical barriers to dispersal through the creation of roads around three sides of the site 

(see Figure 2.4). In either case, further detailed studies of the Hethfelton population 

should be undertaken to look for evidence of a loss of fitness such as increased scale 

anomalies, as seen in bottlenecked populations of Natrix tessellata (Gautschi et al. 2002), 

or birth deformities and low juvenile survival as has been seen in Vipera ursinii 

rakosiensis (Újvári et al. 2002). If such anomalies were observed then it may be 

necessary to actively manage the population through the introduction on new individuals 

to the population (sensu Madsen et al., 1999, 2004).  
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CHAPTER 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6.1 Introduction  

The reproductive output of reptiles and the life-history traits that influence investment in 

reproduction shows immense diversity (Shine, 2005). As a result, it has become one the 

most studied aspects of their biology (Seigel & Ford, 1987). For reptiles living in 

temperate climates the process of reproduction is an energetically demanding one, which 

has resulted in the evolution of viviparity in many snake and lizard lineages. This 

adaptation is thought to have arisen in response to the limited annual period of activity; a 

consequence of being in a cooler climate (Shine, 1985). By evolving to retain eggs in 

their uterus, viviparous species are able to optimise the temperature for offspring 

development through behavioural thermoregulation (Shine, 1987). However, viviparity 

can result in other costs such as increased predation risk, for example as a result of altered 

behaviour patterns, or the diversion of energy resources away from growth (Shine, 1980). 

Such behavioural ‘tradeoffs’ can include anorexic behaviour, as observed in studies of 

garter snakes (Thamnophis elegans; Gregory et al., 1999). Laboratory experiments found 

gravid female snakes would refuse to feed, despite being offered prey items ad libitum 

and controlling ambient conditions for optimal thermoregulation, suggesting 

physiological suppression of appetite occurs as a means of maximising reproductive 

success (Gregory et al., 1999). As a result, females typically draw upon fat reserves 

during gestation (Fitch, 1970) and are often emaciated following parturition (Bonnet & 

Naulleau, 1995).  

For those females of temperate viviparous species that do reproduce in a given 

year, factors such as variation in climatic conditions can determine gestation length, 

embryo viability and offspring phenotypes (Lourdais et al., 2004; Zuffi et al., 2009). As a 

result, geographic variation in reproductive processes of widely distributed species 

profoundly influences population processes (Bertness et al., 1991). For example western 

cottonmouths (Agkistrodon piscivorus leucostoma) from a range edge population in the 

Ozark Mountains, USA, are smaller, show reduced sexual size dimorphism, lower growth 

rates and reduced reproductive output when compared to other populations within their 

distribution (Hill & Beaupre, 2008). Geographic variation in clutch-size is a phenomenon 

that has received much attention in the ornithological literature with many species 

showing a strong latitudinal effect on offspring number (e.g. Sanz, 1997; Cardillo, 2002: 

Jetz et al., 2008; Simoncini et al., 2009). However, individual level effects can also 

influence female reproduction in snakes. For instance, whilst total litter mass and 

therefore energy content, is typically linked to maternal body size for many snake species 

(Seigel & Ford, 1987) there can be a subsequent trade-off between litter size and neonate 
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mass. For example, larger clutches from female Shedao island pit vipers (Gloydius 

shedaoensis) typically show a corresponding reduction in individual neonate size (Sun et 

al., 2002).  

Smooth snakes are a widely distributed viviparous species. The increased energetic 

demands that viviparity confers on reproductively active individuals has resulted in 

females typically exhibiting a biennial or triennial reproductive cycle (Duguy, 1961; 

Goddard & Spellerberg, 1980; Luiselli et al., 1996; Reading, 2004b). Studies conducted 

within Wareham Forest in Dorset suggest smooth snakes are ‘prudent opportunistic 

breeders’; accumulating stored energy reserves over 1 or more years and capitalising on 

the additional energy available during years of high prey density (Reading 2004b). 

Luiselli et al. (1996) and Najbar’s (2001) studies of smooth snakes in Italy and Poland 

have shown a deterministic relationship between female body size and the number of 

offspring, with no corresponding trade-off between the number of offspring and their 

size. In contrast, female body size was a relatively poor predictor of litter size 

(determined by palpation) for snakes from Wareham Forest (Reading, 2004b). This 

disparity between different populations suggests the need for further detailed studies of 

clutch characteristics from females in populations throughout their range. One particular 

problem of directly comparing the studies by Reading (2004b) and those of Luiselli et al., 

(1996) and Najbar (2001) is the potential inaccuracies of determining litter size from 

palpation, rather than observed numbers of offspring. Embryos and their yolk sacs may 

be felt as two different lumps during palpation (Fitch, 1987) resulting in observed 

differences in field-based palpation and subsequent captive-born litter sizes (e.g. 

Thamnophis elegans; Farr & Gregory, 1991). In addition litter sizes may reduce during 

the gestation period in viviparous species through resorption of non-viable embryos (e.g. 

Vipera aspis; Bonnet et al., 2008). 

Despite being seen as “models” for ecological research (Shine & Bonnet, 2002), 

studies examining male contributions to snake reproduction remain limited and have 

typically concentrated on observing mating events (e.g. Madsen et al., 1993; Schuett, 

1997; Jellen et al., 2007). This is surprising given the fact that recent molecular based 

studies have found high levels of multiple paternity in a number of snake lineages (19 

studies all of which showed multiple paternity in at least 50% of clutches; reviewed in 

Voris et al., 2008). Whilst the benefit of multiple mating for male snakes is a 

straightforward increase in fecundity (Shine, 1988a), the benefits to females are less 

clear-cut. Multiple mating by females is thought to confer genetic benefits on their 

offspring through inbreeding avoidance and promotion of sperm competition (Garner et 
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al., 2002). In addition, recent research suggests that multiple paternity can confer long-

term fitness benefits on females. Indirect genetic benefits of multiple mating for female 

adders (Vipera berus) and sand lizards (Lacerta agilis) have been shown through a 

positive correlation between multiple mating and offspring viability (Madsen et al., 1992; 

Olsson et al., 1994, 1996). However, such results are not found in all geographic 

populations studied. For example, Capula & Luiselli (1994) found no evidence of 

increased offspring viability in experimentally multiply-mated female V. berus suggesting 

the need for further research on the benefits of such behaviour. Further, studies of bank 

voles (Clethrionomys glareolus) have shown that polyandrous (multiply mated) females 

produced offspring that subsequently performed significantly better at reproduction than 

conspecifics from monogamous females (Klemme et al., 2008). Applying molecular 

based studies to questions of reproduction in population studies can also provide insights 

regarding which males are successful. For example larger males of both black rat snakes 

(Elaphe obsoleta) and slatey-grey snakes (Stegonotus cucullatus) fathered more young in 

multiply sired clutches than their smaller conspecifics (Blouin-Demers et al., 2005; 

Dubey et al., 2009). Despite the potential importance of the smooth snake’s mating 

system for the persistence of populations on Dorset’s remnant heathland sites, this aspect 

of their reproduction has previously remained unstudied.  

The purpose of this chapter was to a) determine how reproductive investment and 

clutch characteristics are determined by female body size, b) compare the results from the 

smooth snakes collected in this study with those conducted in other parts of C. 

austriaca’s range, c) determine the incidence and frequency of multiple paternity in wild-

caught smooth snakes in Wareham Forest and d) to determine whether single versus 

multiple paternity was significantly associated with female or clutch characteristics.  

6.2 Methods  

6.2.1. Gravid female captures  

All females captured during fieldwork were examined by gentle palpation of the abdomen 

to determine the presence and number of offspring (Reading 2004a). Gravid females 

captured after the 15th of August in each field season were retained in the laboratory until 

parturition. Prior to this date, all gravid females were returned to the point of capture, 

following examination. All retained females were weighed on a daily basis prior to, and 

immediately following, parturition. All live and stillborn neonates were weighed and 

measured within 24 hrs of birth (See Chapter 2). The number of unfertilised ova was 

recorded in addition to live and stillborn offspring. Relative Clutch Mass (RCM) was 
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calculated for each female as the total mass lost during parturition divided by mass post-

parturition (Shine, 1980). Retained females were released at the point of their capture 

within 48 hrs of parturition. All offspring were released at the maternal capture point 

having undergone their natal shedding event and following the behavioural studies 

reported in Chapter 7.  

6.2.2. Maternal and litter characteristics.  

Due to the relatively small sample size of laboratory born clutches (N = 16) statistical 

analyses were restricted to non-parametric techniques. Kruskall-Wallis tests were used to 

examine inter-annual variation in reproductive effort and Pearson correlation based 

analyses were used to examine the relationships between maternal characteristics and 

their offspring. Analyses involving offspring size (e.g. mass and SVL) were based on a 

single mean value per clutch to avoid pseudoreplication (sensu Luiselli et al., 1996).  

6.2.3. Comparisons with previously published continental studies.  

Searches were conducted of the scientific literature in an attempt to collate data on the 

reproduction of C. austriaca from as many localities within their known distribution as 

possible. Only two previous studies (Luiselli et al., 1996; Najbar, 2001) of reproduction 

in smooth snakes provided sufficient information on individual females and their litters to 

allow statistical comparisons to be made (see Table 6.1). Both studies only provided 

information on the total body length of females and their offspring, so similar values were 

used from the data collected during this study. The relationships between female body 

size (Total length cm – LogTOTL) and litter characteristics (mass g – LogNmass; total 

length mm – LogNTotl; litter size – LogLittersize; RCM) were examined using linear 

regression techniques and comparisons between populations were undertaken using 

analysis of covariance techniques (ANCOVA). All variables except RCM were log-

transformed prior to analysis to improve their fit to test assumptions (i.e. normal 

distributions and equal variances).   
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Table 6.1. The  locality and  long‐term average meteorological data  for Wareham Forest and the published 

studies  used  for  comparison.  The  meteorological  data  presented  is  from  the  nearest  recording  station 

available from World Climate (http://www.worldclimate.com). 

 

6.2.4. Paternity Analysis  

Complete skins were collected from neonates immediately following their natal shedding 

event. The skins were allowed to air dry prior to being frozen at -20 °C. DNA was 

extracted following the previously described protocols and neonate and maternal DNA 

samples were genotyped for all eight previously used microsatellite markers (Chapter 2.).  

Initially, attempts were made to determine clutch sires, based on the genotypes of male 

smooth snakes sampled within Wareham Forest and known maternal genotypes using 

CERVUS 3.0 (Kalinowski et al., 2007).  However, paternity analysis simulations using the 

microsatellite data collected here suggested that a maximum of 14% of neonates sampled 

could be attributed to a particular sire at strict confidence levels, even if the male 

genotypes represented 95% of all males found within Wareham Forest (Table 6.2).  

 

 

 

 

 

 

 

 Luiselli et al., 1996 This study Najbar,  2001 
 Tarvisio Forest, 

Italy 
Wareham 

Forest, UK 
Lubuskie, 

Poland 
Latitude 46°26'N 50°68'N 51°06'N 

Longitude 13°31'E   2°11'W 15°83'E 

Altitude (m asl) 1100 25 200 

Mean annual rainfall (mm)    1305.7 805.7    513.3 

Mean temperature of the coldest month (°C)         -2.2     4.6       -3.0 

Mean temperature of the hottest month (°C)        17.8    16.1      19.5 
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Table 6.2. Results of paternal assignment simulations conducted in CERVUS 3.0, based on the males sampled 

representing  increasing  proportions  of  the  total  number  of  male  smooth  snakes  in  Wareham  Forest.  

Simulations were  runs using  the  following parameters:  allele  frequency data  for  smooth  snakes  captured 

within Wareham forest, number of offspring = 84, number of candidate fathers = 79, the proportion of loci 

typed = 0.8425, the proportion of loci mistyped = 0.01 and a minimum number of typed loci for an individual 

to be included in the analysis as 4.    

Proportion of all 
males sampled 

Confidence 
Level 

Neonates successfully 
assigned to sire 

Assignment 
Rate (%) 

0.25 Strict (95%) 2 2 

 Relaxed (80%) 2 2 

0.5 Strict (95%) 4 5 

 Relaxed (80%) 8 10 

0.75 Strict (95%) 8 10 

 Relaxed (80%) 40 48 

0.95 Strict (95%) 12 14 

 Relaxed (80%) 35 42 

 

As a result, no further analysis was made to identify individual sires. Instead, 

parentage analysis was conducted using GERUD 2.0 to determine the occurrence of 

multiple paternity within each litter, based on maternal and offspring genotype data 

(Jones, 2005). GERUD provided an estimate of the minimum number of sires for each 

litter and generated potential paternal genotypes. Maximum likelihood analyses were 

conducted in GERUD to identify the proportions of each clutch that could be attributed to 

each paternal genotype. In some cases offspring had ambiguous paternal genotypes. In 

those cases the individual in question was assigned to both potential fathers and the 

proportions calculated accordingly. One limitation of GERUD is the inability to analyse 

loci with missing genotypes. As a result, the number of loci used for detecting multiple 

paternity varied with each clutch. Therefore, in order to confirm the results produced by 

GERUD manual inspection of the maternal and offspring genotypes was undertaken. A 

clutch was determined as having multiple sires when three or more paternal alleles were 

recorded at a locus (Appendix 4). Non-parametric Kruskall-Wallis tests were used to 

compare multiply sired versus single sired clutches with respect to maternal SVL, litter 

size (both live young and total litter size), relative clutch mass, and neonate size (average 

SVL and Mass). 
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6.3 Results  

6.3.1. Gravid female captures  

Twenty-six gravid female smooth snakes were encountered a total of 40 times during the 

three field seasons (Table 6.3). Three of the snakes were recorded as having been gravid 

in consecutive years, whilst all of the remaining individuals were only recorded as being 

gravid once during the three years. Only three gravid females were captured at arrays 

located outside Wareham Forest. The mean SVL of gravid females was 442 mm (SE ± 

6.2, Min. =353 mm, Max. = 546 mm). Clutch size, as determined by palpation, was not 

significantly correlated with maternal SVL (r = 0.214, P = 0.257). 

Table 6.3. A summary of data for all gravid females captured during the three field seasons. Abbreviations 

refer to animals having been recorded as gravid (G) or not gravid (NG) when captured in a field season. A 

dash  indicates  the  years  prior  to  the  first  in  which  a  female  was  captured,  whilst  (nc)  refers  to  a  year 

following permanent marking  in which an animal was not  captured.  For  those  females  recorded as being 

gravid in more than one year, the season during which they were retained in the laboratory is indicated with 

an  asterisk.  The  values  for  SVL, mass  and palpated  litter  size  are  those  recorded  for  a  female  at  the  last 

capture event for that year. Those individuals recorded as being gravid in more than one year show data for 

both.  

Reproductive status Array Tag Number SVL 
(mm) 

Mass 
(g) 2006 2007 2008 

Palpated 
clutch size 

Retained 

WF1 DC-0000-B41A 444 56 - G NG 6 Y 
WF1 DC-0035-AE96 477 45 NG G NG 5 Y 
WF1 DC-0035-C84D 546 68 NG G NG 5 Y 

WF2b DC-0034-C5A8 477 44 - - G 6 N 
WF2b DC-0035-B675 437 42 NG G nc 7 N 
WF2b DC-0035-C5A8 423/451 39/54 G* G nc 4/4 Y 
WF2b DC-0035-CC86 478 59 NG G NG 7 Y 
WF2b DC-003A-C1CA 503 59 - - G 5 Y 
WF2b DC-003A-C6AE 445 34 - - G 3 N 
WF2c DC-0000-CD60 411 43 - G nc 5 N 
WF4 DC-0000-C895 401 46 - G nc 6 Y 
WF4 DC-0034-B9F0 403 38 - G nc 6 N 
WF4 DC-0034-CA8E 398 38 - G nc 3 N 
WF5 DC-0034-C79E 451 51 - G NG 5 Y 
WF5 DC-0035-BA5A 442 62 G nc nc 9 Y 
WF5 DC-0035-C131 431 91 G nc nc 6 Y 
WF7 DC-0034-CD7B 394 36 - NG G 5 N 
WF7 DC-0035-C72A 445/463 41/54 G G* nc 6/6 Y 
WF8 DC-0034-DEBB 353 30 - G NG 3 N 
WF8 DC-0034-E0BB 449 63 - G nc 6 N 

WF11 DC-0034-C1A2 412/423 39/43 - G G* 6/5 Y 
WF11 DC-0034-D35F 393 34 - G nc 6 N 
WF11 DC-003A-B031 423 39 - - G 3 Y 
HF1 DC-0035-BFD0 448 51 NG nc G 5 N 
GH1 DC-003A-A2E2 458 58 - - G 6 N 
GH1 DC-0035-C39E 462/487 46/51 NG G G 4/6 N 
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6.3.2. Maternal and litter characteristics.  

Data on the characteristics of 16 clutches from 15 females collected during the three field 

seasons are presented in Table 6.4. Thirteen of these snakes were collected from six of 

the surveyed arrays within Wareham Forest. A further three snakes were collected by C.J. 

Reading from another locality within Wareham forest that is part of a separate ongoing 

study. There was no inter-annual variation in total clutch size (Kruskall Wallis H = 1.13, 

df = 2, P = 0.268), RCM (H = 1.70, df = 2, P = 0.427), or average offspring size (mass, H 

= 5.52, df = 2, P = 0.063; SVL, H = 3.59, df = 2, P = 0.166 respectively). 

Total litter sizes ranged from four to nine individuals (mean = 5.56, S.E. ± 0.41, n 

= 16), with the number of live offspring ranging from a completely stillborn litter, to all 

nine offspring in one of the two largest litters (mean = 4.94, S.E. ± 0.49). Only one other 

clutch contained a single stillborn offspring and two clutches contained unfertilised ova 

(Table 6.4). It should be noted that the completely stillborn clutch was from a female that 

had been retained and produced a clutch in the laboratory, during the previous year 

(Table 6.4).  Neither the total litter size, nor the number of live offspring, showed a 

significant relationship with maternal SVL (Figure 6.1a, b; Pearson r = -0.04, P = 0.872 

and r = -0.10, P = 0.711 respectively). In addition, there was no evidence that larger 

females produced larger or heavier offspring (r = 0.417, P = 0.127 and r = 0.436, P = 

0.104 respectively). In contrast, there was a significant decrease in RCM with increasing 

maternal SVL (Figure 6.1c; r = 0.533, P = 0.033).  Relative clutch mass also showed a 

significant positive correlation with total litter size (r = 0.616, P = 0.011), that is, females 

that invested more into clutch mass tended to produce more potential offspring.  In 

addition, an increase in the number of viable young resulted in a decrease in the mean 

mass, but not SVL, of live offspring (r = 0.585, P = 0.022 and r = 0.173, P = 0.538 

respectively). 
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Table 6.4. The reproductive output of the 15 female smooth snakes retained in the laboratory during the 2006‐2008 field seasons.  

Maternal Size  Average neonate size  Field 
Season 

Capture 
Locality Female ID SVL 

(mm) 
Mass Pre- 

(g) 
Mass 

Post- (g) 
Total Litter 

Size 

Unfertilised 
Ova 

Still- 
born 

Live 
Young SVL mm (±SE) Mass g 

(±SE) 
Litter 
Mass* 

2006 WF5 DC-0035-BA5A 442 62 33 9 0 0 9 137.00 (1.71) 1.75 (0.04) 15.75 
2006 WF2b DC-0035-C5A8 423 39 23 4 0 0 4 133.00 (1.47) 2.53 (0.04) 10.10 
2006 WF5 DC-0035-C131 431 58 33 6 0 0 6 145.83 (3.15) 2.47 (0.12) 14.79 
2006 WF2b DC-0035-CC86 478 59 36 7 0 0 7 138.29 (1.92) 1.92 (0.05) 13.47 
2006 C.J. Reading† DC-0019-E708 430 50 32 5 0 0 5 133.60 (3.04) 2.39 (0.12) 11.93 
2007 WF7 DC-0035-C72A 463 54 31 5 0 0 5 138.00 (3.42) 2.90 (0.04) 14.49 
2007 WF1 DC-0000-B41A 444 54 32 6 0 0 6 133.83 (2.07) 2.48 (0.05) 13.95 
2007 WF1 DC-0035-AE96 477 45 30 4 0 0 4 134.75 (2.50) 2.49 (0.01) 9.53 
2007 WF1 DC-0035-C84D 546 68 51 4 0 0 4 143.50 (3.97) 3.12 (0.11) 9.99 
2007 WF4 DC-0000-C895 401 46 23 6 0 0 6 127.33 (1.38) 2.27 (0.04) 14.41 
2007 WF5 DC-0034-C79E 451 51 29 5 2 0 3 132.33 (2.03) 2.61 (0.08) 12.14 
2007 C.J. Reading† DC-0019-E708 457 57 32 4 0 4 0 107.25 (2.53) 1.25 (0.02) 0.00 
2007 C.J. Reading† DC-001C-7CA6 491 73 38 9 3 0 6 131.17 (1.70) 2.47 (0.07) 22.40 
2008 WF2b DC-003A-C1CA 503 59 38 5 0 0 5 128.80 (1.62) 2.08 (0.08) 10.40 
2008 WF9 DC-0034-C1A2 412 43 25 6 0 1 5 118.50 (2.40) 1.68 (0.13) 8.95 
2008 WF9 DC-003A-B031 423 39 25 4 0 0 4 128.25 (2.75) 2.29 (0.03) 9.16 

* Litter mass is the total mass of live offspring       
†Collected from a long-term study population within Wareham Forest        
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Figure 6.1. Scatter plots of maternal snout‐vent length against (a) the total clutch size, (b) the number of live 

offspring  in  a  clutch  and  (c)  the  relative  clutch  mass  of  smooth  snakes  captured  from Wareham  Forest 

during the 2006,2007 and 2008 field seasons. 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6.3.3. Comparisons with previously published continental studies.  

The total body length of gravid females studied, showed a significant difference between 

the three populations (Fig. 6.2, ANOVA F2,58 = 16.81, P = 0.001). Post-hoc tests showed 

the Polish females to be larger than both the Italian and UK snakes (Tukeys; P = <0.001 

in both cases). However, there was no significant difference in maternal body length of 

gravid British and Italian snakes (P = 0.508).  

 

Figure 6.2. Interval plot showing the mean (±SE) body length of gravid female smooth snakes recorded from 

three studies of increasing latitude.   

Analysis of Covariance was used to compare the litter characteristics of the 

populations. Maternal length (Log transformed) was used as the covariate, in order to 

correct for the positive relationship between maternal body length and litter attributes 

shown in the studies of Luiselli et al. (1996) and Najbar (2001).  Significant differences 

were seen between populations in average neonate mass and average neonate length, 

whilst there was no significant difference between populations in clutch size (Table 6.5). 

Post-hoc analyses showed the Italian population to be significantly different from both 

the UK and Polish populations for both average offspring mass (P <0.001 and P = 0.012 

respectively) and average offspring length (P <0.001 in both cases) in relation to female 

body size (Figure 6.3). However, there was no significant difference between UK and 

Polish snakes for either average offspring mass (P = 0.3011) or mean neonate length (P = 



Chapter 6 – Reproductive Ecology 
 

 

  131  

0.7582). The relationship between RCM and body size of British and Italian snakes was 

also significantly different (Table 6.5, Figure 6.3B). 

 

 

 

Figure 6.3. Linear regression analyses of the relationship between maternal body length and (A) clutch size, 

(B)  relative  clutch  mass,  (C)  Average  offspring  body  mass  (D)  average  offspring  body  length  for  three 

populations of smooth snakes. 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Table 6.5. Regression equations and subsequent ANCOVA tests, with Log transformed maternal body size as covariate, comparing litter characteristics of snakes from Wareham with 

females from populations studied in Italy and Poland. 

    Linear Regressions  ANCOVA 
Characteristic  Study  N Mean ± S.E. Regression Equation  r2 P  F d.f.  P 
Litter Size This study 16 5.27 ±0.38 LogLittersize = 1.39 - 0.392 LogTotL 1.3 0.686  0.66 2,56 0.520 
 Luiselli et al. 1996 27 5.07 ±0.35 LogLittersize = - 3.27 + 2.29 LogTotL 50.5 <0.001     
 Najbar, 2001 18 8.28 ±0.63 LogLittersize = - 5.36 + 3.47 LogTotL 79.6 <0.001     
           
Relative Clutch Mass This study 15 0.69 ±0.05 RCM = 5.17 - 2.58 LogTotl 26.6 0.049  32.34 1, 40 <0.001 
 Luiselli et al. 1996 27 0.42 ±0.03 RCM = - 2.42 + 1.65 LogTotl 45.2 <0.001     
 Najbar, 2001 18 na*        
           

This study 15 2.37 ±0.10 LogNMass = - 0.937 + 0.751 LogTotL 13.5 0.177  14.38 2,56 <0.001 Average offspring body 
mass (g) Luiselli et al. 1996 27 2.87 ±0.09 LogNMass = - 0.738 + 0.691 LogTotL 25.7 0.007     
 Najbar, 2001 18 2.76 ±0.04 LogNMass = - 0.327 + 0.426 LogTotL 57.5 <0.001     
           

This study 15  163.50 ±1.96 LogNTotL = 1.76 + 0.260 LogTotL 19.8 0.097  32.37 2,56 <0.001 Average offspring total 
length (mm) Luiselli et al. 1996 27 150.20 ±1.29 LogNTotL = 1.85 + 0.189 LogTotL 25.4 0.007     
 Najbar, 2001 18 169.44 ±0.86 LogNTotL = 1.97 + 0.141 LogTotL 38.3 0.006     
* Data on the RCM of snakes studied by Najbar (2001) could not be calculated, as the study did not provide details of individual's mass.   
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6.3.4 Paternity Analysis  

Observed and expected heterozygosities and exclusion probabilities were calculated for 

each locus based on the genotype data of the 147 adult smooth snakes captured within 

Wareham Forest (Table 6.6). Analysis of clutches using GERUD found polyandry to occur 

in 10 of the 16 genotyped clutches (62.5%; Table 6.7) and the average paternal 

contribution in these clutches was skewed in favour of one sire (65.8%). Visual 

inspection of the genotype data, based on all possible loci confirmed the results produced 

by GERUD for 15 of the 16 clutches. However, the litter from one female (DC-0035-

CC86) was identified as having a single sire based on data from 6 loci when analysed 

using GERUD, but found to have 3 paternal alleles present at locus Ca66 during visual 

inspections. Due to the disparity observed between the two methods this litter was 

excluded from further analysis.  

 

 

 

 

 

Table  6.6.  The  number  of  alleles,  observed  and  expected  heterozygosities  and  individual  exclusion 

probabilities  calculated  by GERUD  for  the  eight microsatellite  loci  used  in  the  paternity  analysis.  The  data 

presented here is based on the genotype data from the 147 adult smooth snakes sampled within Wareham 

Forest.   

Locus Number of alleles HO HE Exclusion Probability 
Ca19 4 0.360 0.471 0.346 
Ca20 3 0.242 0.526 0.311 
Ca26 2 0.430 0.413 0.168 
Ca27 8 0.542 0.629 0.503 
Ca30 5 0.481 0.545 0.397 
Ca40 6 0.423 0.605 0.448 
Ca47 2 0.232 0.424 0.173 
Ca66 9 0.713 0.644 0.682 
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Table 6.7. Data on the number of loci included in paternity analysis and their total exclusion probability for 

each litter analysed in GERUD. The resulting number of sires and their relative contribution to the clutch are 

also shown. Cells highlighted in grey indicate clutches in which some neonates showed ambiguous paternal 

genotypes; these individuals were attributed to both sires when calculating paternal contributions 

Included Loci Offspring Female ID Clutch 
size Ca19 Ca20 Ca26 Ca27 Ca30 Ca40 Ca47 Ca66 

Exclusion 
Probability 

Minimum no. 
of sires Sire 1 Sire 2 

DC-0000-B41A 6     X  X X 0.796 2 4  (67%) 2  (33%) 
DC-0035-AE96 4 X X X X X X X X 0.984 2 2  (50%) 2  (50%) 
DC-0035-C84D 4 X X   X   X 0.914 2 3  (60%) 2  (40%) 
DC-0035-C5A8 4  X  X   X  0.718 1 4         - 
DC-0035-CC86 7 X X X  X X X  0.897 1 7        - 
DC-0000-C895 6 X X  X X X  X 0.976 2 1  (17%) 5  (83%) 
DC-0035-BA5A 9 X X  X X X  X 0.939 2 6  (60%) 4  (40%) 
DC-0035-C131 6 X   X X X  X 0.968 2 5  (50%) 5  (50%) 
DC-0034-C79E 3 X  X X X X X X 0.976 2 1  (33%) 2  (66%) 
DC-0035-C72A 5   X  X X   0.724 1 5 - 
DC-0034-C1A2 6      X X  0.544 1 6 - 
DC-003A-C1CA 5 X      X  0.459 1 5 - 
DC-003A-B031 4 X      X  0.459 1 4 - 
DC-0019-E7081 5 X X  X X  X X 0.965 2 5  (71%) 2  (29%) 
DC-0019-E7082 4 X X X X X X X X 0.984 1 4           - 
DC-001C-7CA6 6 X X X X X X X X 0.984 2 6  (86%) 1  (14%) 
1Refers to 2006 clutch  2Refers to 2007 clutch             

  

Reproductive females that had multiply sired clutches showed a tendency to be 

larger, produce bigger litters (in terms of both total size and the number of live young) 

and have higher RCM values than females with singly sired clutches (Table 6.8). 

However, none of the observed differences were statistically significant (Kruskall-Wallis; 

Female SVL H =0.22, P = 0.637; Total litter size H = 2.17, P = 0.141; Number of live 

young H = 2.29, P = 0.130; RCM H = 0.35, P = 0.556). Again, whilst offspring from 

multiply sired clutches tended to be both heavier and longer, these differences were not 

statistically significant (H = 0.89 P = 0.346 and H = 3.12, P = 0.077 respectively).  

Table  6.8  Mean  ±  SE  values  of  female  reproductive  smooth  snakes  and  their  subsequent  clutch 

characteristics by paternity group.  

 Single Sire (n = 6)  Multiple Sires (n = 9) 
 mean ±S.E.  mean ±S.E. 

Female SVL (mm) 446.83 13.99  457.00 14.17 
Total litter size 4.67 0.33  6.00 0.62 
No. live young 3.83 0.79  5.44 0.58 
Relative clutch mass 0.68 0.04  0.71 0.07 
Average mass of littermates (g) 2.14 0.23  2.45 0.12 
Average SVL of littermates (mm) 125.63 4.52  135.48 1.96 
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6.4 Discussion 

The results presented in this chapter have provided detailed information regarding the 

reproductive ecology of Coronella austriaca within Wareham Forest, Dorset. Despite 

intensive fieldwork, only 26 females were captured when gravid, during the three field 

seasons. Using the growth curves calculated by Reading (2004a), based on females from 

another intensively studied population within Wareham Forest, the smallest gravid female 

(SVL = 353 mm) was approximately four years of age, the largest (SVL = 546 mm) was 

likely to be in excess of 13 years old and the average age of breeding females was eight 

years old (mean SVL = 442 mm). These results suggest that, like smooth snakes from 

other study sites in the UK (Spellerberg & Phelps, 1977) and Europe (Luiselli et al., 

1996), female sexual maturity is reached at approximately four years of age. However, as 

with the data presented by Reading (2004a) the average age of reproducing females is 

almost double that, suggesting that other factors such as resource limitation, for example 

prey availability (Reading, 2004b), or environmental factors are likely to either limit the 

number of females able to breed, or restrict the age of first breeding. Based on the annual 

capture records of breeding females it would appear that as with other UK based studies, 

most females’ exhibit a biennial or triennial breeding cycle (Goddard & Spellerberg, 

1980; Reading, 2004b). Only four of the snakes captured during this study, in addition to 

one snake captured by C.J. Reading, were recorded as being gravid in consecutive field 

seasons. It is interesting to note that the two clutches from retained females containing 

stillborn offspring were from the second reproductive events of females that had been 

gravid in successive years. Rapid replenishment of energy stores is required by snakes 

that reproduce annually (Seigel & Ford, 1987), since reproduction can result in females 

losing significant musculature as a result of protein catabolism (Lourdais et al., 2004). In 

another temperate viviparous snake, Vipera aspis, females must reach a fixed body 

condition threshold to engage in reproduction (Naulleau & Bonnet, 1996). It may be the 

case that these two females were able to reach such a threshold, but were unable to 

supplement their energetic requirements during their second reproductive seasons 

resulting in the loss of some, or all, of their offspring. 

Importantly, these results have also shown that there is little evidence for a 

corresponding increase in either total clutch size or the number of live young with 

increasing female SVL. This is surprising given that such a relationship has been 

observed in smooth snake populations from France (Duguy, 1961), Italy (Luiselli et al., 

1996) and Poland (Najbar, 2001). Whilst the mechanistic link between clutch size and 
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female body size is well recognised in snakes (Shine 1988b, Shine et al., 1996), there is 

increasing evidence for significant phenotypic variation in the reproductive output of 

temperate viviparous species (Gregory & Larson, 1993; Zuffi, et al., 2007, 2009). The 

limited number of previously published studies of smooth snakes that provided 

comprehensive datasets prevented any formal analysis of phenotypic variation in relation 

to latitude or site environmental conditions. However, the results presented here suggest 

that there is a latitudinal effect on female body size with respect to reproduction. This is 

particularly interesting given the fact that squamate reptiles typically show a negative 

relationship between body size and latitude (Ashton & Feldman, 2003), and recent 

research has shown this to be the case for reproductively active female Vipera aspis from 

populations in France and Italy (Zuffi et al., 2009). In addition, the variation in 

environmental conditions between study sites is likely to be a factor in determining 

reproductive output. Based on the environmental data from the nearest weather stations it 

would appear that temperature and rainfall may have an impact on female reproduction at 

a given locality. Ectothermic species use environmental conditions to compensate for 

their physiological constraints (Bradshaw, 1997). Through increased frequency and 

duration of basking (Bonnet & Naulleau, 1996), gravid females are able to maintain 

significantly higher body temperatures, increasing their rate of metabolism and allowing 

the development of offspring within an appropriate time scale (Ladyman et al, 2003). 

High levels of rainfall and lower average temperatures in reproductive months could 

result in reduced basking opportunities for gravid smooth snakes and consequently an 

increase in the length of gestation. British smooth snakes are likely to be subject to 

moderate rainfall and lower average temperatures than continental populations during 

periods of gestation, which could explain the lack of any significant relationship between 

female body size and clutch size.   

Another result that is suggestive of the influence of local conditions on the 

reproductive output of female smooth snakes is the observed disparity in the relationship 

between RCM and female body size for British and Italian populations. Among species 

analysis of RCM and body size has shown viviparous colubrid species to have a 

significant negative relationship between body size and RCM, whilst most single species 

studies show no relationship between these two factors (Seigel et al., 1986). The 

significant negative correlation between RCM and SVL in the female smooth snakes 

retained in this study suggests that the larger individuals may be limiting the “costs” of 

reproduction by limiting their reproductive output. The observed negative relationship 

may be a trade-off between the reduced survival of larger females that is associated with 
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high reproductive investment and the increases in the number of viable offspring. This 

could explain why clutch size and live litter sizes remain relatively constant with respect 

to female body size. Relative clutch mass is a reproductive trait that responds markedly to 

local factors in snakes (Zuffi et al., 1999, 2009; Bonnet et al., 2003) which may explain 

why Italian smooth snakes showed a strong positive correlation between female body size 

and RCM. One argument put forward by Luiselli et al. (1996) to explain the observed 

relationship was a significant dietary shift in adult females away from lizards to larger 

prey such as snakes and mammals which would result in higher energy intake and 

subsequently increased rates of reproduction and larger litters. In contrast, female smooth 

snakes from Wareham Forest may be more dependent on lizards as their primary prey 

(Reading 2004b) thereby limiting their potential energy intake and subsequent fecundity. 

Further evidence to support this theory is the similarity in growth rates of male and 

female snakes within Wareham Forest (Reading, 2004a), in contrast to the faster growth 

rates of females smooth snakes described by Luiselli et al. (1996). 

Despite the relatively low numbers of alleles observed at each of the eight 

microsatellite loci used, the presence of multiple paternity could be confirmed in 10 of 

the 16 litters examined in this study. These results constitute the first evidence of multiple 

paternity occurring in C. austriaca. This is relatively unsurprising, given the fact that all 

19 previously published paternity-based studies for snakes have found multiple sires in at 

least one litter examined (reviewed in Voris et al., 2008 in addition to Ursenbacher et al., 

2009). In addition, the data presented here showed a substantial paternal skew  (average ≈ 

2:1) towards one sire in most of these clutches. Microsatellite based paternity studies of 

Vipera berus populations in the Swiss Jura Mountains have shown that larger males 

produce more young in multiply sired clutches, whilst singly sired clutches are typically 

from larger males too (Ursenbacher et al., 2009). However, the low genetic variability 

associated with the microsatellite loci used in this study precludes any information being 

obtained on which males were successful sires within Wareham Forest. Indeed, it cannot 

be definitively ascertained that the observed multiple paternity was a result of females 

mating with multiple males during a single activity season, rather than a result of long-

term sperm storage. Sperm storage is a widespread phenomenon in reptilian taxa (Sever 

& Hamlett, 2002) and has been known to result in multiple paternity in Agikistrodon 

contortix that were only mated with a single male during their captivity (Schuett & 

Gillingham, 1986). More recently, a captive female smooth snake was recorded giving 

birth to a litter of six neonates 475 days after being initially captured (Strugariu, 2007), 
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suggesting that long-term sperm storage could have resulted in some of the observed 

multiple paternity results.  

 Irrespective of which males contributed to the observed paternities the results 

presented in this chapter are suggestive of multiple sires conferring benefits on a female’s 

offspring. As with previous research comparing multiply and singly sired clutches of 

Thamnophis sirtalis (Garner et al., 2002), multiply sired clutches, although not 

significantly different, statistically tended to be larger in size and contain heavier and 

longer offspring. Whilst this could be an artefact of the small sample size that formed the 

basis of this study, it could also be a result of increased fitness benefits from multiple 

mating by females. Larger neonates of some snake species are subject to decreased levels 

of predation in comparison to their smaller conspecifics (Bonnet et al., 1999) and can 

have higher survival rates during the first hibernation period. Detailed studies of 950 

neonates from 77 Nerodia sipedon litters collected in Canada have shown that longer and 

relatively heavier neonates have significantly higher survival rates in the initial over-

winter period following their birth (Kissner & Weatherhead, 2005). Similar positive 

effects of body-size on neonate survival have been recorded for Vipera berus (Forsmann 

& Lindell, 1996) and Tropidonophis mairii (Brown & Shine, 2005). However, further 

research is required to ascertain this, since intensive studies of Italian smooth snakes by 

Luiselli et al. (1996) have shown that, whilst neonates recorded as being larger at birth 

retained this size advantage at 12 months of age, the mean size of those offspring that 

survived was no different to the average sizes of offspring that were never recaptured. 

Since detailed recapture data of the neonates from these clutches was not collected it is 

not possible to determine whether the larger size of neonates from multiply sired litters 

resulted in an increased survival rate.  

Despite the limited data that formed the basis of this chapter, the results obtained 

have provided important new information on the reproductive ecology of smooth snakes 

from the United Kingdom. In terms of informing the conservation management of smooth 

snake populations these results suggest that loss of older females from a population is 

likely to have the biggest negative impact on recruitment of new individuals to a 

population. Whilst at an individual level, larger females tend to invest less in a single 

reproduction event (i.e. reduced RCM), it may be the case that they show an increased 

ability to recover from such breeding events and continue to contribute to population 

growth in the future. In addition, the high presence of multiple paternity within the 

clutches examined, and the tendency for neonates from these litters to be larger and 

heavier, suggest that any management that results in an increase in the number of males 
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that a female is able to mate with during the reproductive season is likely to result in 

larger neonates which may have higher survival rates. High juvenile mortality can result 

in zero recruitment in smooth snake populations (Goddard & Spellerberg, 1980) 

suggesting any potential increases in juvenile survival should be explored.   
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7.1 Introduction  

The research reported in this thesis has focused on improving our understanding of the 

population ecology and conservation genetics of Coronella austriaca on the fragmented 

heathlands of Dorset. Through the use of a combination of different approaches this 

research provides significant, new, information on unstudied aspects of the ecology of C. 

austriaca. The following chapter synthesises the research conducted and highlights how 

the findings contribute to a greater understanding of snake ecology, in relation to habitat 

fragmentation. In addition, the chapter presents the conservation management 

implications of this research for C. austriaca, whilst highlighting areas that could be 

explored in future work.  

7.2 General discussion  

Understanding, and mitigating, the impacts of habitat fragmentation for a particular 

species, requires a multi-faceted approach at geographic scales that are relevant to the 

species of concern. As highlighted in the introduction to this thesis, fragmentation 

research for a given species tends to focus on the effects of a single aspect of habitat 

fragmentation on a single ecological or genetic process (Chapter 1). Whilst the restriction 

of scale in ecological based studies is not uncommon (Fischer et al., 2004), it will 

inherently limit our understanding of the processes that impact a species, and its 

subsequent responses, when surviving in a fragmented landscape.  

This research combined ecological and genetic based studies at both the landscape 

and patch scales, not only to understand how fragmentation has limited the distribution 

and genetic diversity of a reptile species, but also in an attempt to understand the genetic 

and ecological consequences of living in remnant habitat patches post fragmentation. 

Ewers & Didham (2006) highlighted five categories of effects that are a consequence of 

the fragmentation process; fragment area, fragment shape; edge effects, fragment 

isolation and matrix structure. The information-theoretic model developed during this 

research (Chapter 3) was able to examine four of these five categories and show that, 

whilst the area of remnant patches was of primary importance, the composition of 

surrounding matrix habitats also played an important part in determining C. austriaca 

occupancy. Remnant patch area is of particularly importance in the case of  habitat 

specialists (Andrén, 1994), and in the case of reptiles, has been shown to determine 

population size and persistence in a number of Australian lizard species (see Chapter 1, 

Section 1.2.1). The habitat specificity of C. austriaca within the United Kingdom when 

compared with populations from elsewhere within its European distribution may go some 
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way to explaining the contrasting importance of patch size observed in this study and that 

of Luiselli & Capizzi (1997).  Species that are capable of using a wide variety of prey and 

habitats are more likely to be able to utilise anthropogenically altered portions of a 

landscape (Andrén, 1994, Swihart et al., 2003). Whilst studies of snake distributions 

employing novel methodologies such as ecological niche modelling (e.g. Wilson & 

Heinsohn, 2007; Roberio et al., 2009; Santos et al., 2009) have provided information on 

the potential distribution of understudied snakes, none have attempted to directly attribute 

predicted distributions to the fragmentation of a species’ habitat. In fact, the lack of 

similar previous studies (but see Luiselli & Capizzi, 1997;Kjoss & Litvaitis, 2001) is 

indicative of the difficulty in conducting such work.  

Whilst the importance of patch area in determining species occupancy is well 

recognised in previous fragmentation research (Andrén, 1994; Diaz et al., 2000), 

identification of the importance of matrix habitats in determining C. austriaca presence 

on particular habitat fragments during the present study provides new evidence to support 

the hypothesis that matrix habitats may have a critical role in determining a species’ 

persistence within a fragmented landscape (Laurance, 1991; Gascon et al., 2001)., The 

observed fine-scale genetic structuring of sub-populations genotyped within Wareham 

Forest (Chapter 5) however, confirms previous suggestions that C. austriaca is a species 

of low vagility (Gent & Spellerberg, 1993), suggesting that direct utilisation of grassland 

matrix habitats by C. austriaca is unlikely. Recent radio-tracking studies of habitat 

utilisation by grass snakes (Natrix natrix) in the United Kingdom have shown that, 

despite being able to traverse agricultural land classes in the studied landscape, snakes 

actively avoided such habitats displaying home ranges primarily comprised of linear 

features such as hedged field boundaries and banks (Reading & Jofre, 2009). Studies such 

as this suggest that agricultural and grassland based habitats are generally unsuitable for 

snakes due to a lack of cover, which may result in increased risk of predation during 

dispersal events (Bonnet et al., 1999). In addition, species that show high habitat 

specificity are often unable to exploit the novel resources provided by matrix habitats 

(Kupfer et al., 2006). To date, research examining the impacts of matrix habitats in 

fragmented landscapes has focused on changes in the extent to which environmental 

conditions are able to penetrate remnant patches (Baskent & Jordan, 1995) and changes in 

the ecology and behaviour of species that are able to exploit these novel environments 

(e.g. Schlaepfer, 2003; Kupfer et al., 2006). However, the results presented in this thesis 

suggest a need for more research examining the indirect use of matrix habitats, such as 

providing potential sources of prey immigration (Chapter 3).  
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Despite the observed impacts of heathland fragmentation on the occupancy of 

remnant patches by C. austriaca (Chapter 3), this study found no relationships between 

the genetic diversity of those remnant populations studied and their size or isolation as a 

result of the fragmentation process (Chapter 5). These results are counter-intuitive given 

our general understanding that declining population size and increasing isolation lead to a 

loss of intra-population genetic diversity and consequently should result in increased 

genetic differences between small isolated populations (Frankham, 1995). Typically, 

species with high dispersal ability and high habitat availability (in terms of remnant 

habitat patches) stand a better chance of maintaining gene flow and panmixia (Peakall & 

Lindenmayer, 2006), than species such as C. austriaca. It might have been expected that 

the C. austriaca populations studied should have shown a clear pattern of genetic 

differentiation corresponding to the habitat’s fragmentation characteristics. However, the 

observed population genetic differentiation and the historic extent of heathland 

fragmentation suggests that the rate at which genetic diversity may have been lost from 

these populations is not directly related to the observed rapid decline and fragmentation 

of lowland heath in Dorset (Chapter 5). The results for delayed female reproduction and 

the subsequent trade-off between relative clutch mass and female body size (Chapter 6) 

coupled with known longevity of individuals (circa 20 years; Reading 2004a), suggest 

that smooth snake populations have yet to show the genetic effects of the fragmentation 

of their habitat and may be subject to a time-delayed, but deterministic reduction in 

diversity  - “the extinction debt” (Tilman et al., 2002).  

The research conducted as part of this thesis also provides novel information on the 

ecology and conservation genetics of smooth snakes occupying remnant habitat patches 

following the fragmentation process. These studies are particularly important for 

assessing the conservation needs of habitat specialists for whom population persistence 

on remnant patches may be determined by particular structural characteristics. Previously 

described as a “heathland specialist” species (Braithwaite et al., 1989), the results 

presented in Chapter 4 suggest that it is not changes in the composition of heathland plant 

communities, which primarily determine abundance of smooth snakes on a site. Rather, it 

is the negative impacts of increasing tree cover and areas of bare ground, in combination 

with the positive effects of increasing Ulex spp. cover and Anguis fragilis relative 

abundance (Chapter 4). Previous studies of reptilian habitat specialists have found clear 

evidence of reduced population sizes, based on losses of particular vegetation 

characteristics, following habitat fragmentation (Sarre et al., 1995, Sumner et al., 1999).  

However both of these studies were concerned with the impacts of habitat fragmentation 
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on lizard species from tropical primary forests. In contrast, this study was concerned with 

a temperate snake species, whose habitat is species poor and subject to significant change 

in vegetation cover, as a result of succession (Webb, 1986). In the case of the smooth 

snake, the primary factors that appear to negatively affect relative abundance are changes 

in tree cover and the extent of bare ground; both factors which would occur naturally as a 

result of heathland succession (Mitchell et al., 1997). Experimental manipulations of 

Australian coastal heathland habitats to simulate successional changes have been shown 

to result in significantly reduced habitat use by two heathland small mammal species 

(Rattus lutreolus & Pseudomys gracilicaudatus; Monamy & Fox, In Press). Such results 

suggest that, whilst smooth snakes are able to persist in heathland fragments, if the 

fragments are allowed to undergo succession they will ultimately become unsuitable 

habitat, implying a need for continued active management of the remaining lowland 

heathland for resident C. austriaca populations.  This is particularly important given the 

male-biased and overall low dispersal ability of this species, as evidenced by the 

isolation-by-distance effect on populations within Wareham Forest (Chapter 5), which is 

likely to mean animals are unable to disperse to neighbouring habitat patches in the event 

of successional changes making particular patches unsuitable for C. austriaca.  

7.3 Conservation implications  

The results presented in this thesis provide significant, novel information relevant 

to the conservation of C. austriaca, which it is hoped may be utilised by relevant 

organisations. For example, the occupancy model developed in this research could 

provide an important tool for identifying suitable heathland sites for the translocation of 

smooth snake populations within the United Kingdom. Whilst translocation of individuals 

and populations remains a controversial tool in reptile conservation (Dodd & Seigel, 

1991), its use with British herpetofauna is relatively common (e.g. Corbett & Moulton, 

1998; Platenberg & Griffiths, 1999; Edgar et al., 2005). Indeed, translocations of smooth 

snakes, including some individuals marked during the course of this study (John W. 

Wilkinson personal communication), are currently being undertaken at a site in Devon 

from which C. austriaca had been previously extirpated (Anonymous, 2009). 

Examining the effect of habitat variation on mean recapture rates of smooth snakes 

found little influence of mean encounter rates of L. agilis on smooth snake capture rates 

at the sites studied. This disparity with previously held assumptions regarding their 

importance as prey for smooth snakes (See chapter 4) may have important implications 

with regards to sites that are actively managed for L. agilis that also contain populations 

of C. austriaca. Critical to the effective management of sites for L. agilis is the provision 
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and maintenance of open sand areas, removal of old stands of gorse and the retention of 

some trees to alleviate summer heat stress on understory vegetation (Corbett & Moulton, 

1998). These management procedures result in habitats that are considered unsuitable for 

C. austriaca on the basis of capture rates at the sites surveyed during this research 

(Chapter 4). Research comparing the abundance of C. austriaca at sites actively managed 

for L. agilis, with their abundance at sites that are not subject to such management would 

show whether habitat management for L. agilis is detrimental to resident smooth snake 

populations.  

Much of the research that formed the basis of this thesis was conducted on 

heathland patches contained within commercial coniferous forest plantations – a land use 

change that has been suggested as the cause of significant declines in heathland reptiles 

(Spellerberg, 1988). However, the results of this research suggest that C. austriaca is able 

to utilise areas of open heath and areas containing young stands of Pinus spp. prior to 

complete canopy closure. In addition, whilst areas containing mature stands of trees may 

not represent suitable permanent habitats, the presence of isolation-by-distance effects in 

population genetic structuring suggests that such stands, under current management 

regimes, do not represent significant barriers to dispersal. Inevitably the commercial 

nature of such sites results in conflict between maximising profits from forestry and the 

conservation benefits of land for biodiversity. However, this research suggests that 

maintaining the current mosaic of habitats within these plantations could reinforce their 

importance as sites for British smooth snake populations. Whilst plantation forests are not 

able to support the biodiversity of primary habitats they can have a role to play in 

complementary conservation services (Barlow et al., 2007). Further research 

concentrating on determining the precise stage at which young forestry stands become 

unsuitable habitat for smooth snakes should be seen as a priority for forest management 

practices.  

The genetic population structuring of C. austriaca on Dorset heathland sites 

suggests that the small amount of genetic variation recorded is a result of the historical 

distribution of heathland (Chapter 5) and the comparatively recent loss of heathland 

compared to the life expectancy of the smooth snake. This has important implications for 

the translocation and re-introduction of smooth snakes between sites within Dorset. In 

order to maximise the retention of genetic diversity, translocations of animals should be 

restricted to moving individuals between sites that would have been part of the same 

historical heathland. Whilst past translocations may not have been conducted in such a 

way, it is important that any future movement of individuals is so restricted in order to 
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maintain the management units of Dorset’s C. austriaca populations identified by this 

research.  

7.4 Opportunities for future research  

Whilst landscape based modelling highlighted grasslands surrounding remnant heathland 

patches as an important matrix habitat for smooth snakes (Chapter 3) the exact reason for 

this remains unclear. As stated previously, this may be a result of their importance as 

habitat for potential prey. Given the disparity observed in the importance of small 

mammals and reptiles in C. austriaca’s diet in the United Kingdom (Smith, 1964; 

Spellerberg & Phelps, 1977; Phelps, 1978; Goddard, 1984; Reading, 2004b) and our lack 

of knowledge of small mammal ecology on lowland heaths (Webb, 1986) there is a clear 

need for future research to address this gap. Trapping studies of small mammal 

populations incorporating heathland patches and the surrounding grassland habitats, in 

combination with dietary studies of resident C. austriaca populations would confirm, or 

refute, the proposed theory of grasslands acting as an immigration source for prey 

populations.  

Despite having a high predictive ability, the information-theoretic based model of 

heathland patch occupancy developed during this research would benefit from a future 

round of cross-validation. Future work, based on similar data maintained by ARCT for 

Hampshire sites, would improve confidence in the predictive ability of this model at sites 

outside that for which it was originally developed. In addition, it would also provide 

important information on the distribution of C. austriaca in other areas of its UK range 

without having to rely on heavily biased surveys, such as those of the late 1980’s (i.e. 

Braithwaite et al., 1988). 

Chapter four also indicated the limitations of making inferences about the impact 

of habitat variation on C. austriaca abundance, based on surveys using artificial refugia. 

Undoubtedly the use of artificial refugia is critical in the detection of the presence of 

some terrestrial reptile species (Lettink & Cree, 2007; Arida & Bull, 2008), including C. 

austriaca (Reading, 1997). In addition, the provision of artificial refuges for species of 

conservation concern, such as the endangered pygmy blue tongue lizard (Tiliqua 

adelaidensis), can result in increased recruitment to populations and higher survival rates 

of subsequent offspring (Souter et al., 2004). However, the present author is unaware of 

any studies that have examined whether the provision of artificial refugia in sub-optimal 

habitat results in increased densities of the reptile species under study. Rapid 

anthropogenic alteration of an environment can result in an organism making a 

maladaptive habitat choice, based on formerly reliable environmental cues, despite the 
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availability of higher quality habitat (Schlaepfer et al., 2002). Therefore the sudden 

appearance of large numbers of artificial refugia on a site may significantly alter smooth 

snake behaviour and habitat use. Radio-tracking of individuals on sites whilst artificial 

refugia are both present and subsequently absent from a site would provide insights into 

their potential to act as an ecological trap, based on changes in an individual’s 

movements and home range.  

The particular microsatellite markers used in the present study, whilst sufficient to 

examine population genetic structuring (Chapter 5) and allow the identification of the 

occurrence of multiple paternities, lacked sufficient allelic variation to allow individual 

identification of successful sires (Chapter 6). Future studies employing all 16 of the 

previously developed microsatellites could make this possible (Bond et al., 2005). Such 

studies would provide important information on which males are successful sires and 

whether their success is a reflection of intrasexual selection for larger male body size as 

suggested in Chapter 4. In addition, future studies examining the reproductive ecology of 

C. austriaca may provide sufficient data to confirm whether multiple mating by females 

confers subsequent fitness benefits on their offspring as possibly indicated by the data 

collected during this research. 

In all aspects of this research that employed genetic studies, microsatellite markers 

were used. However, as neutral genetic markers they cannot provide direct information 

on selective processes involving either the interaction of individuals with their 

environment or the capacity for future adaptive changes (Sommer, 2005). In contrast, 

examination of adaptive markers such as genes from the Major Histocompatibility 

Complex (MHC) can provide information on the nature of selection acting on populations 

and their potential to adapt (Hoffmann & Willi, 2008). Variants of the MHC can have 

significant influence on many biological traits such as immune recognition, susceptibility 

to diseases, mating preferences, kin recognition, co-operation and pregnancy outcome 

(Sommer, 2005). In addition, studies with Atlantic salmon (Salmo salmar) populations 

have shown that whilst neutral genetic diversity (based on microsatellite markers) can be 

relatively homogeneous between populations there can also be a marked variation in 

MHC diversity for the same populations (Landry & Bernatchez, 2001). Development and 

analysis of MHC markers for non-model vertebrates is becoming more frequent (e.g. 

Zeisset & Beebee, 2009) as a result of the recognised importance of MHC diversity in 

allowing populations to mitigate the impact of wildlife diseases (Penn et al., 2002). 

Whilst C. austriaca may not be currently exposed to the threat of disease, the recent rise 

in emerging infectious diseases such as chytrid fungus (Batrachocytridium dendrobatidis) 
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in amphibians (Longcore et al., 1999) and white-nose syndrome (Geomyces spp.) in Bats 

(Blehert et al., 2009) suggest that an understanding of the variation in MHC genes, 

through marker development and analysis, can only be of benefit. 

7.5 Final thoughts  

Despite fears that herpetologists working with snakes suffer from “lizard envy”, 

due to the inherent difficulties associated with their study (Seigel, 1993); the results of 

this research have confirmed their potential to be “model” organisms for ecological 

research (Shine & Bonnet, 2000). Whilst providing significant novel information with 

regards to C. austriaca’s population ecology and conservation genetics in a fragmented 

heath landscape, this thesis has also confirmed A.L. Baldry’s (1880) statement that C. 

austriaca is a snake “well worthy of careful study” and the results obtained show we still 

have much to learn about the species. 
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Appendix 1. A summary of the records for each reptile species from the Amphibian & Reptile Conservation 

Trust’s database for each surveyed heathland patch collected between 1996 and 2006. Columns refer to the 

name of the site (Location), the identification number of the polygon in the Dorset heathland survey (Heath 

ID),  its  size  in hectares  (Area)  the number of  individual  records  for  that site  (No.  Ind.) and  the number of 

recorded  species  (No.  spp).    Species  abbreviations  are  as  follows;  Coronella  austriaca  (Ca), Natrix  natrix 

(Nn),  Vipera  berus  (Vb),  unidentified  snake  species  (US),  Anguis  fragilis  (Af),  Lacerta  agilis  (La),  Zootoca 

(Lacerta) vivipara (Zv), unidentified Lacerta spp. (Ls) and Podarcis muralis (Pm). Note that records of empty 

refugia are not included in this summary.  

 

Location Heath 
ID 

Area 
(ha) Ca Nn Vb US Af La Zv Ls Pm No. 

Ind. 
No. 
Spp. 

Cripsty 3 5.04 7  9  1     17 3 
King Barrow 5 0.07   3       3 1 
Cranborne Common 13 35.03 11  3  7  11   32 4 
Cranborne Common 19 0.11       1   1 1 
Cranborne Common 23 1.46     1     1 1 
Cranborne Common 25 0.61   1       1 1 
Stephens Castle 34 3.01      5    5 1 
Stephens Castle 35 5.77 3 2    8    13 3 
Stephens Castle 37 0.05      1    1 1 
Noon Hill 38 1.78 180 3 32 1 81 36 3 2  338 6 
Dewlands Common 40 1.49 3 1 1  3 12    20 5 
Dewlands Common 41 0.02      1    1 1 
Dewlands Common 43 0.01   1       1 1 
Dewlands Common 44 0.23     5 5    10 2 
Dewlands Common 47 0.11  1 1  2 1    5 4 
Dewlands Common 51 3.70 3  4   31 1   39 4 
Ringwood 
Forest/Eblake 55 1.13 6 1 3  1 15 1 1  28 6 

Ringwood Forest 60 0.72 1  2  5 6    14 4 
Ebblake 61 0.22      1    1 1 
Ebblake 63 0.20 1         1 1 
Ebblake 67 0.17     1     1 1 
Horton Common East 77 1.56      1    1 1 
Three Legged Cross 87 8.28   2       2 1 
Eblake 98 0.99 1 1 4  2 22 15 1  46 6 
Three Legged Cross 101 7.10 5 1        6 2 
Three Legged Cross 103 6.37 1         1 1 
Three Legged Cross 105 1.02     1     1 1 
Three Legged Cross 111 7.59 1 2 3       6 3 
Holt Heath 112 76.22 5  2   59 8   74 3 
Holt Heath 122 0.13     1     1 1 
Holt Heath 135 237.49 2     55    57 2 
Holt Heath 159 0.06      3    3 1 
Holt Heath 166 0.06      1    1 1 
Holt Heath 176 0.06      1    1 1 
Holt Heath 194 0.30      2    2 1 
Westmoor 196 4.64  1 5   17 3   26 3 
Lions Hill 199 4.70     2  1   3 2 
Westmoor 200 0.23      1    1 1 
Westmoor 214 3.13   6   8    14 2 
Westmoor 223 0.20      3 1   4 2 
Westmoor 233 3.66      4    4 1 
St Ives 236 44.96 6    1 40  1  48 3 
Lion Hill 239 4.20  1 2  7 14 19 4  47 5 
StIves 241 0.48   1       1 1 
Westmoor 245 2.74      1    1 1 
Lions Hill 250 0.08      4 2   6 2 
Westmoor 253 1.65       3   3 1 
Lions Hill 254 0.33 1  3   2 3   9 4 
Avon Heath Country 
Park 261 0.78      2    2 1 

Lions Hill 265 13.58 2 1 1  3 11 6 1  25 6 
StIves 298 6.98     1 9    10 2 
Westmoor 307 0.43   1       1 1 
Westmoor 309 0.22      3    3 1 
Lions Hill 312 0.27      1 1   2 2 
Westmoor 314 0.93  1 1   3    5 3 
StIves 315 9.96 3    1 14 2   20 4 
West Moors Petroleum 
Depot 322 0.01       1   1 1 
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Location Heath 
ID 

Area 
(ha) Ca Nn Vb US Af La Zv Ls Pm No. 

Ind. 
No. 
Spp. 

Avon Heath Country 
Park 364 0.08      1    1 1 
Avon Heath Country 
Park 378 0.04      1    1 1 

StIves 384 0.06      1    1 1 
Matchams Park 400 5.58   1   18    19 2 
Matchams Park 409 0.85      2    2 1 
Matchams Park 410 2.39     1 1    2 2 
Hurn MoD 414 2.11      1    1 1 
Matchams View 436 0.11      6    6 1 
Matchams Park 437 3.71      37    37 1 
Avon Heath Country 
Park 441 2.38      35    35 1 

Ferndown 444 1.77   3  1     4 2 
Ferndown 447 2.59  1 4       5 2 
BrdmrCop 449 15.89 2 9 3 1 5  12 2  34 5 
Matchams Park 451 0.76      2    2 1 
Matchams Park 477 0.97      2    2 1 
Matchams Park 482 28.19 1  3   44    48 3 
Hurn Forest 504 0.83      4    4 1 
Hurn Forest 509 5.42   1   21    22 2 
Hurn Forest 529 1.05      1    1 1 
Hurn Forest 530 0.02      1    1 1 
Hurn Forest 2005 1.42   1  1 4 2   8 3 
Hurn Forest 539 1.14   2   2  1  5 2 
Barnsfield Heath 545 1.05      4    4 1 
Barnsfield Heath 546 5.92      2    2 1 
Barnsfield Heath 550 12.29      6    6 1 
Tricketts Cross 553 1.81  1    25    26 2 
Tricketts Cross 555 0.02      1    1 1 
Ferndown 561 36.17 9 16 32 1 41 157 84 2  342 6 
Barnsfield Heath 563 1.23      1    1 1 
Barnsfield Heath 565 28.49      57    57 1 
Parley Common 567 12.27 5  28 1 2 24 6   66 5 
Barnsfield MOD 570 1.15      13    13 1 
Barnsfield MOD 575 4.83  1    4    5 2 
Parley Common 577 24.42 7  10  6 97 9 2  131 5 
Ferndown 581 0.04      5    5 1 
Barnsfield Heatth 582 0.24      1    1 1 
Barnsfield Heatth 583 0.76      1    1 1 
Barnsfield Heatth 600 3.88      3    3 1 
Ferndown 606 1.27 2      1   3 2 
Barnsfield Heatth 615 20.17   7  1 16    24 3 
Hurn Forest 629 16.26      2    2 1 
BrnflHth 637 2.51  2    44    46 2 
Hurn Forest 650 10.30      13    13 1 
Ferndown 658 1.09  3    4 2   9 3 
Parley Common 671 3.66      13  1  14 1 
Ferndown 674 2.62       1   1 1 
Parley Common 680 1.84 10 6 8  16 1 2   43 6 
Ferndown 686 0.12 1         1 1 
Parley Common 688 0.20      2 2   4 2 
Ferndown 689 0.02      1    1 1 
Hurn forest 690 28.50   1  2 11 11   25 4 
Parley Common 691 58.92 130 28 24  58 503 23 1  767 6 
Hurn Airport 693 20.29 36  5  24 10 10   85 5 
Barnsfield MOD 695 0.30      2    2 1 
Parley Golf Course 699 0.05      1    1 1 
Parley Common 700 0.18      2    2 1 
Ferndown 701 0.03     1 2 9   12 3 
Hurn Airport 703 36.34 40 1 7  11 520 3 2  584 6 
Parley Common 715 0.55      2    2 1 
Parley Common 719 0.18      1    1 1 
Hurn Airport 723 0.91      10    10 1 
Parley Common 725 0.53      1    1 1 
Sopley Common 734 38.02 2 1    229 9 4  245 4 
Hurn Airport 737 1.29      3    3 1 
Hurn Airport 741 0.05      1    1 1 
Sopley Common 742 3.22      11    11 1 
Sopley 746 0.19      3    3 1 
Corfe Hills 748 3.84  1 1       2 2 
Sopley Common 753 18.62 23 3 7  2 192    227 5 
Corfe Hills 758 1.29      2    2 1 
Corfe Hills 763 13.95       1   1 1 
Sopley Common 767 3.25 4 1   3 16 1   25 5 
Town Common 775 71.92  3 32  19 287 23 14  378 5 
Town Common - North 780 0.11      1    1 1 
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Location Heath 
ID 

Area 
(ha) Ca Nn Vb US Af La Zv Ls Pm No. 

Ind. 
No. 
Spp. 

Corfe Hills 790 17.59 3 4 32  9 4 28   80 6 
Corfe Hills 796 3.77   2   4 1   7 3 
Town Common 799 20.52 14 14 37 2 21 261 35 6  390 6 
Canford 801 16.76   4  4 12 12   32 4 
Canford 803 18.42 52 5 13  9 93 20  2 194 7 
Ramsdown 804 0.30      5    5 1 
East Ramsdown 807 0.13      1    1 1 
Corfe Hills 815 0.06      1    1 1 
Ramsdown 818 1.57 4     21    25 2 
Town Common 819 0.06      2    2 1 
Canford Heath 821 0.20       1   1 1 
Broadstone Heath 
(Rec) 828 217.17 16 2 23  8 103 44   196 6 

Sopley Common 829 0.16      2    2 1 
Canford Heath 835 18.04  1   1 11 5   18 4 
Town Common - West 838 0.25      1    1 1 
Canford Heath 848 0.34   1       1 1 
Canford Heath 850 0.44      1    1 1 
St Catherines Hill 852 0.10   1       1 1 
Canford Heath 853 0.85      3    3 1 
Town Common 857 0.66 6 2   1 1    10 4 
Canford Heath 858 1.17   1       1 1 
Canford 863 3.56   5  19  11   35 3 
Canford Heath 875 2.23       2   2 1 
Canford Heath 875 2.23       1   1 1 
Broadstone Heath 
(Rec) 895 13.74 1    2 19 1   23 4 

Waterloo 912 0.64  10 10  8     28 3 
Upton Heath 913 1.56   2  8  5   15 3 
Canford 914 0.31   1   2 1   4 3 
Bourne Valley 919 1.23   2  4  2   8 3 
Canford Heath 923 0.06   1    1   2 1 
Town Common 925 0.74      1    1 1 
Canford Heath 927 0.47      1    1 1 
Broadstone Heath 
(Rec) 935 0.50  1 2  4  5   12 4 

Canford 937 0.07 1    2     3 2 
Upton Heath 943 109.39 14 4 19  14 140 105   296 6 
St Catherines Hill 949 3.23      2 2   4 2 
Upton 955 0.08     1     1 1 
Turbary Common 976 0.60     2     2 1 
Canford Heath 977 0.52     1     1 1 
Town Common 978 3.81     1 8    9 2 
Turbary Common 984 4.53 2  47  2 16 69 2  138 5 
Canford 991 1.32 8         8 1 
Turbary Common 992 3.81   7  1 26 27 1  62 4 
Beacon Hill 1001 1.65      2    2 1 
Mannings Heath 1003 0.73      2    2 1 
Upton Heath 1008 2.06 1     1 3   5 3 
Bourne Valley 1011 2.66      1    1 1 
Black Hill 1021 0.27       1   1 1 
Black Hill 1027 8.70 8  4  1     13 3 
Evening Hill 1033 10.49 1 2   3 4 13   23 5 
Canford 1034 1.11 5     22 2   29 3 
Upton 1038 0.07   1   6    7 2 
Upton Heath 1045 29.07 88 13 14 1 29 5 28 2 1 181 7 
Upton Heath 1051 7.63   1   6 1   8 3 
Upton Heath 1054 1.41   2    1   3 2 
BHlBrReg 1057 10.55 1  1  1     3 3 
BHlBrReg 1067 1.15      3    3 1 
BournBot 1070 0.84      11    11 1 
kemp 
Welch/Rossmorel 1071 1.26      2 2   4 2 

Talbot Heath 1099 0.51       1   1 1 
Kites Field 1108 3.64  2 3  2 16 1   24 5 
Talbot Heath 1111 1.20     1 1    2 1 
Decoy Heath 1114 0.89 1     17    18 2 
Lower Hyde Heath 1116 0.41      2    2 1 
Decoy Heath 1117 3.44      4    4 1 
Talbot Heath 1118 8.62 1 1 4  2 20 3   31 6 
Lower Hyde Heath 1125 1.64      1    1 1 
Decoy Heath 1133 1.28      1    1 1 
Lower Hyde Heath 1136 0.10      1    1 1 
Lower Hyde Heath 1138 6.03 4     11    15 3 
Lower Hyde Heath 1142 1.06 3     8    11 2 
Lower Hyde Heath 1157 4.15      9    9 1 
Lower Hyde Heath 1159 1.65      2    2 1 
Decoy Heath 1162 154.28 10 9 1   69 2 1  92 6 



      Appendices 
 

  186  

Location Heath 
ID 

Area 
(ha) Ca Nn Vb US Af La Zv Ls Pm No. 

Ind. 
No. 
Spp. 

Decoy Heath 1164 16.21 6     22    28 2 
Lower Hyde Heath 1167 80.83 6 1 2  3 45 4   61 6 
Morden Bog NNR 1189 2.64      3    3 1 
Townspuddle 1196 34.02 5 1 1   40 5   52 5 
Duddle Heath 1200 1.01   1     1  2 1 
HoltnHth 1201 6.04 7 1 1  8 52    69 5 
Hyde Bovington 1207 24.06 1     7    8 2 
Bryantspuddle 1210 16.98   1   2    3 2 
Decoy Heath 1220 0.05      1    1 1 
Decoy Heath 1222 0.47      3 1   4 2 
Hyde Bog Triangle 1223 7.08      14 5   19 2 
Hyde Bog Triangle 1224 1.07      3    3 1 
Decoy Heath 1227 0.92      4    4 1 
Decoy Heath 1239 0.36      2    2 1 
HoltnHth 1246 6.01      8    8 1 
Lower Hyde Heath 1247 2.65      4    4 1 
HoltnHth 1254 22.48      1    1 1 
Decoy Heath 1259 1.15      3    3 1 
Duddle Heath 1261 0.69 50         50 1 
Townspuddle 1263 13.15 3         3 1 
Lower Hyde Heath 1268 0.09      1    1 1 
Townspuddle 1270 0.13      8    8 1 
Townspuddle 1271 0.38  1    1    2 2 
Holtn Heath 1274 2.36 2     1    3 2 
Townspuddle 1276 30.99 17  1   5    23 3 
Hamworthy 1308 2.29  1   2 46    49 3 
Hamworthy 1310 0.47      4    4 1 
Trigon 1311 57.97 5 5 8  6 57 2   83 6 
Hamworthy 1313 0.76      19 2   21 2 
Hamworthy 1318 0.19      10    10 1 
Decoy Heath 1320 1.10      2    2 1 
Townspuddle 1324 0.19      1    1 1 
Decoy Heath 1327 8.59      4    4 1 
Hyde Bovington 1341 0.80      2    2 1 
Townspuddle 1342 0.60  1    1    2 2 
Lower Hyde Heath 1344 0.25      1    1 1 
Decoy Heath 1348 0.93       2   2 1 
Govens Heath 1349 2.40 1     2    3 2 
Townspuddle 1353 1.02      1    1 1 
Townspuddle 1355 0.40      1    1 1 
Hamworthy 1357 0.27     1 8    9 2 
Townspuddle 1359 8.81 1 1    3    5 3 
Hyde Bovington 1363 0.64  1        1 1 
Hamworthy 1370 4.11 13 4 3  9 76 2   107 6 
Hamworthy 1371 1.62 2     1    3 2 
Hyde Bovington 1385 27.32 3  1  1 53    58 4 
Hamworthy 1386 0.14   1   7    8 2 
Hyde Bovington 1390 9.76 22  6  7 66 1 1  103 5 
Townspuddle 1395 3.71 1     7    8 2 
Hamworthy 1397 0.96 1     7    8 2 
Townspuddle 1403 0.42      1    1 1 
HengstHd 1417 1.21      1    1 1 
Hamworthy 1418 1.34  1    25 1   27 3 
Townspuddle 1419 4.95     1 19 3   23 3 
Great Ovens Heath 1422 33.05 23  8  12 82 5   130 5 
Trigon 1423 2.83 1         1 1 
HengstHd 1438 5.73       4   4 1 
Townspuddle 1459 0.93      1    1 1 
Sandford 1468 6.75 6  2   7    15 3 
Great Ovens Heath 1469 1.53 1    4 5    10 3 
Sandford/Holton 1479 0.41      2    2 1 
Wareham 1480 3.34 1     1    2 1 
Wool Heath 1482 20.40 3         3 1 
Great Ovens Heath 1495 0.68      10    10 1 
Stokeford Heath 1498 34.98 2     5    7 2 
Great Ovens Heath 1504 0.44 1     4    5 2 
Great Ovens Heath 1515 0.41 23    3 3 1   30 4 
Cold Harbour 1518 0.74      1    1 1 
Canford Cliffs 1523 0.18      1  1 1 3 2 
Great Ovens Heath 1525 0.60      3    3 1 
Wool Heath 1530 6.93 3    1 6    10 3 
Crighton Heath 1541 151.64 13     58    71 2 
Wool Heath 1544 3.45      1    1 1 
Stokeford Heath 1557 16.90 1 1    28    30 3 
Canford Cliffs 1561 0.41       1   1 1 
Spratley Pits 1573 0.56      2    2 1 
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Location Heath 
ID 

Area 
(ha) Ca Nn Vb US Af La Zv Ls Pm No. 

Ind. 
No. 
Spp. 

Cold Harbour 1578 0.25      1    1 1 
Canford Cliffs 1581 0.33      3   1 4 2 
Stokeford Heath 1587 11.61      4    4 1 
Canford Cliffs 1592 0.08      7   9 16 2 
Canford Cliffs 1595 0.08         2 2 1 
Wool Heath 1598 13.41 10 2   1 30 1   44 4 
Stokeford Heath 1602 21.02 7  3  1 91    102 4 
Arne 1607 0.26      3    3 1 
Redbridge 1608 0.48  1        1 1 
Stokeford Heath 1613 0.36   1   2    3 2 
Stokeford Heath 1618 7.91 1 1 1   26    29 3 
Stokeford Heath 1621 0.73      6    6 1 
Cold Harbour 1625 0.46      1    1 1 
Stokeford Heath 1626 0.06      1    1 1 
Stokeford Heath 1638 5.48      21    21 1 
Ford Heath 1641 1.08 1  1       2 2 
Stokeford Heath 1649 0.64      8    8 1 
Stoborough Heath 1651 0.29      2    2 1 
Arne 1655 0.48 1         1 1 
Brownsea 1657 5.05       2 1  3 1 
Hardy's Monument 1659 5.39        1  1 0 
Redbridge 1661 26.02 10 1 7  3 76    97 5 
Coombe Grip Heath 1662 24.62      3    3 1 
Winfrith Heath 1665 57.96 3  3   53    59 3 
Arne 1674 0.23      1    1 1 
Hardy's Monument 1687 2.23       5   5 1 
Dorset 1700 1.14       2   2 1 
Worgret 1702 10.01 8 3 20  16 97 3   147 6 
Hardy's Monument 1708 0.12       1   1 1 
Warmwell 1714 16.36 2         2 1 
Winfrith Heath 1752 10.94 1         1 1 
Arnemoor 1753 18.88      3    3 1 
Coombe Grip Heath 1757 1.85  2   15 1 8   26 4 
Arnemoor 1761 35.67      1    1 1 
Studland Heath 1762 21.03      33    33 1 
Studland Heath 1764 8.27     3 11    14 2 
Studland Heath 1771 39.41 1     15 1   17 3 
Studland NNR 1773 0.03      1    1 1 
Stoborough NNR 1777 30.52   1   5    6 2 
Stoborough NNR 1779 3.49      1    1 1 
East Holme 1781 2.37      1    1 1 
Middlebere 1783 231.15 227 2    638  1  868 3 
Studland NNR 1785 0.36      1    1 1 
Goathorn 1788 2.15      2    2 1 
West Holme 1791 25.43      3    3 1 
Stoborough Heath 1793 68.85      12    12 1 
Studland Heath 1796 25.58 6    1 15  4  26 3 
Hartland Moor 1800 0.06      3    3 1 
Studland NNR 1802 1.22      3    3 1 
West Holme 1804 308.40 22 9 5  7 155 16   214 6 
Stoborough Heath 1809 32.56      6    6 1 
Goathorn 1819 0.35      2    2 1 
Goathorn 1821 1.34   1       1 1 
Rempstone Forest 1824 13.44      7    7 1 
East Holme 1836 19.69      34 3   37 2 
Studland Heath 1840 11.02      23    23 1 
Five Barrow Hill 1846 0.25 1         1 1 
Goathorn 1857 3.11     1 12 2 1  16 3 
West Holme 1861 82.88 1         1 1 
Holme Mount 1862 0.54      1    1 1 
Thrashers Heath 1863 6.25 9 9 30  115 5 11   179 6 
Holme Mount 1870 2.52      1    1 1 
Stoborough Heath 1872 1.76      2    2 1 
Godlingston Heath 1873 363.95 179 20 17  59 238 15 3  531 6 
Stoborough Heath 1878 32.90 21 17 7  38 21 11   115 6 
Holme Mount 1883 0.84      1    1 1 
Stoborough Heath 1896 3.63   1   2 1   4 3 
Middlebere 1905 10.77 76 27 121  237 8 5   474 6 
Thrashers Heath 1906 0.35      10    10 1 
East Holme 1908 37.46  2 6  5 5 16   34 5 
Thrashers Heath 1912 0.74 5  3   59    67 3 
Brenscombe 1913 0.95      9 2   11 2 
Thrashers Heath 1914 0.04      4    4 1 
Thrashers Heath 1915 0.64      10    10 1 
East Holme 1916 7.36      1    1 1 
Creech 1920 0.11     1     1 1 
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Location Heath 
ID 

Area 
(ha) Ca Nn Vb US Af La Zv Ls Pm No. 

Ind. 
No. 
Spp. 

Brenscombe 1923 25.41      2    2 1 
Stoborough Heath 1930 1.72  2   1     3 1 
Stoborough Heath 1940 0.50      1    1 1 
Povington Heath 1945 1.43      4    4 1 
Stoborough Heath 1951 0.50      1    1 1 
Middlebere 1952 0.82 5 2 12  16 40 12 1  88 6 
Stoborough Heath 1957 1.84      7    7 1 
Stoborough Heath 1958 0.53      1    1 1 
Stoborough Heath 1960 0.85     1 11 3   15 3 
Povington MOD 1962 0.14      1    1 1 
Stoborough Heath 1963 0.11   1  1 2  2  6 3 
Stoborough Heath 1965 0.31      5 1   6 2 
              
Total   1579 282 789 7 1061 6613 889 68 16 11304  

 



      Appendices 
 

  189  

Appendix 2.   A matrix of Pearson correlation values  for  the 24 variables  relating  to habitat and potential prey collected at all 27 arrays of artificial  refugia used during  this  study. 

Significant correlations (P < 0.05) are highlighted in bold type. 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Calluna vulgaris 1                        
Erica cinerea 0.075 1                       
Erica tetralix -0.3 0.029 1                      
Erica Ciliaris 0.264 0.248 0.186 1                     
Molinia caerulea 0.137 -0.476 -0.466 0.009 1                    
Agrostis spp.  -0.147 -0.409 -0.184 -0.149 0.539 1                   
Ulex spp.  0.423 0.011 -0.775 -0.352 0.016 -0.166 1                  
Pteridium aquilinium 0.027 -0.054 0.08 -0.104 -0.194 0.018 0.01 1                 
Betula pendula -0.061 0.311 0.084 0.163 0.148 0.203 -0.352 -0.109 1                
Pinus sylvaticus -0.165 0.043 0.03 -0.014 -0.206 -0.211 -0.014 0.383 -0.04 1               
Mosses -0.103 -0.107 -0.135 -0.058 0.045 -0.055 0 0.549 -0.21 0.334 1              
Lichens 0.161 0.342 -0.027 0.167 -0.169 -0.279 0.166 -0.323 -0.117 -0.15 -0.196 1             
Other species 0.245 0.281 -0.376 0.071 0.271 0.008 0.145 -0.22 0.2 0.111 -0.057 0.371 1            
Bare ground -0.133 0.071 -0.549 -0.289 0.151 -0.059 0.359 0.088 -0.226 0.215 0.547 -0.009 0.37 1           
Dead wood and leaf litter -0.103 -0.037 -0.307 -0.214 0.045 -0.055 0.311 0.121 -0.21 0.504 -0.038 0.008 0.28 0.326 1          
Understory vegetation height 0.397 0.212 0.155 -0.003 -0.236 -0.221 0.084 -0.003 -0.216 -0.118 -0.068 0.441 0.002 -0.176 -0.093 1         
Tree Density  0.208 0.518 0.136 0.366 -0.258 -0.201 -0.1 0.08 0.041 0.186 0.085 -0.12 -0.067 -0.118 -0.022 -0.006 1        
Mean tree DBH 0.312 0.008 0.005 -0.026 -0.086 -0.012 0.198 0.367 -0.213 -0.152 0.053 0.125 -0.399 -0.26 -0.055 0.515 0.104 1       
Mean tree crown spread 0.61 0.134 0.106 0.222 -0.165 -0.235 0.077 -0.107 -0.159 -0.133 -0.223 0.098 0.146 -0.104 -0.099 0.337 0.231 0.133 1      
Natrix natrix encounters 0.342 -0.1 -0.159 -0.289 -0.15 -0.21 0.44 0.125 -0.222 0.027 -0.195 0.085 -0.209 -0.121 0.106 0.151 -0.007 0.255 0.37 1     
Vipera berus encounters -0.183 -0.01 0.717 0.061 -0.382 -0.124 -0.466 0.403 -0.237 0.265 0.281 -0.114 -0.479 -0.308 -0.249 0.224 0.34 0.219 0.078 -0.016 1    
Anguis fragilis encounters -0.147 0.052 0.23 -0.029 -0.276 -0.142 -0.076 -0.214 -0.179 -0.049 -0.093 0.598 -0.093 -0.127 -0.096 0.433 -0.08 0.06 -0.065 0.132 0.17 1   
Lacerta agilis encounters -0.151 -0.025 -0.275 0.076 0.172 0.244 0.101 -0.254 -0.163 -0.156 0.022 0.054 -0.193 0.104 0.066 -0.14 0.206 -0.016 -0.026 0.113 -0.185 0.095 1  
Zootoca vivpara encounters -0.167 -0.069 -0.282 0.053 0.121 0.176 0.108 0.063 -0.281 0.036 0.43 -0.021 -0.23 0.301 0.087 -0.148 0.22 0.042 -0.099 0.071 -0.021 0.051 0.904 1 
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Appendix 3a. A matrix  table of pair‐wise distances  (m) between arrays of artificial  refugia used  to collect 

DNA   samples  from populations of Coronella austriaca within Wareham Forest, Dorset.   The values above 

the grey boxes are the straight‐line distances between the central refugia  in each array. The values below 

the grey boxes are the  ‘biological’ pair‐wise distances between the central refugia of each array based on 

the assumption that smooth snakes only move through habitats with open canopies.  

 WF1 WF2a WF2b WF2c WF4 WF5 WF6 WF7 WF8 WF9 
WF1  844.7 926.7 975.6 1720.4 2223.9 2295.6 2292.7 3092.1 5452.2 
WF2a 1025.0  217.9 128.8 878.8 1385.6 1496.9 1450.2 2251.8 4724.0 
WF2b 1124.6 206.7  211.0 831.2 1308.4 1368.6 1141.2 2204.6 4789.7 
WF2c 1128.4 110.3 149.8  741.0 1255.3 1369.4 1318.3 2114.1 4614.3 
WF4 1963.5 965.9 853.0 822.6  523.3 733.5 625.0 1376.1 4056.3 
WF5 2468.1 1444.8 1338.9 1295.7 498.6  382.9 437.2 918.4 3806.0 
WF6 2620.6 1635.9 1585.0 1541.7 883.8 435.3  822.4 1081.3 4093.9 
WF7 2612.0 1595.2 1474.0 1460.6 633.9 494.9 873.5  832.4 3451.0 
WF8 3502.5 2481.0 2375.7 2338.0 1524.9 1079.1 1297.2 885.9  3062.3 
WF9 6046.4 5100.0 4940.8 4946.2 4103.4 3947.9 4355.4 3567.3 3299.4  

 

Appendix 3b. A matrix of pair‐wise edge‐to‐edge distances  (km) between  the seven heathland patches  in 

Dorset from which Coronella austriaca DNA samples were collected.  

 Wareham Puddletown Hethfelton Arne Godlingston Noonhill Dunyeats 

Wareham        
Puddletown 16.27       
Hethfelton 4.19 11.75      
Arne 6.87 23.57 11.04     
Godlingston 11.73 28.00 15.32 4.58    
Noonhill 26.44 39.50 30.86 24.24 24.54   
Dunyeats 11.49 27.05 16.35 8.86 11.62 14.57  

 

Appendix 3c.  The area (ha) of lowland heathland at each of the seven sampling sites in Dorset and the size 

of (ha) and distance to (m) the five nearest neighbouring heathland patches.  

  Patch 1 Patch 2 Patch 3 Patch 4 Patch 5 Mean 
 Area Distance Area Distance Area Distance Area Distance Area Distance Area Distance Area 

Wareham 22.92 720.14 6.37 350.82 154.28 454.16 6.38 34.46 1.13 461.93 0.68 404.30 33.77 
Puddletown 37.42 247.68 1.01 437.39 0.61 4530.22 16.36 4549.22 9.06 4208.94 177.89 2794.69 40.99 
Hethfelton 33.51 488.08 21.02 270.49 11.61 280.71 34.98 944.18 20.40 968.54 13.41 590.40 20.29 
Arne 27.21 62.88 35.81 202.37 151.63 366.10 10.43 557.07 1.23 547.97 1.44 347.28 40.11 
Godlingston 372.91 69.17 25.58 67.99 39.41 404.50 11.02 325.57 0.39 450.69 1.16 263.59 15.51 
Noonhill 2.60 558.94 0.45 712.34 5.77 783.79 0.15 727.30 0.58 798.18 0.33 716.11 1.46 
Dunyeats 23.13 373.12 18.04 313.02 0.11 419.02 16.76 436.82 0.51 559.81 17.59 420.36 10.60 
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Appendix 4. Maternal and neonatal genotypes for 16 clutches of smooth snakes (Coronella austriaca) captured in Wareham Forest, Dorset.  Maternal genotypes are highlighted in bold 

whilst paternal alleles are highlighted in red for each neonate at each locus. Neonates highlighted in blue have both loci of their mother. The totals for each locus refer to the number 

of definitive paternal alleles in the clutch (NPA, number in red)  and the number of alleles shared by both mother and father (NSA, number in blue). Totals highlighted in yellow have 

three or more paternal alleles present indicating multiple paternity. 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Locus 

 n = 6 n = 4 n = 4 n = 4 n = 7 n = 6 n = 9 n = 6 n = 3 n = 5 n = 6 n = 5 n = 4 n = 5 n = 4 n = 6 
Ca19 Mother 136 136 134 136 136 136 134 136 136 136 132 136 136 136 136 136 132 136 - - 136 136 136 136 136 136 132 136 132 136 136 140 

 Juv. 1 136 136 132 136 132 136 136 136 136 136 132 136 136 136 136 136 132 136 136 136 136 136 136 136 136 136 136 136 132 140 140 140 
 Juv. 2 136 136 134 134 136 136 136 136 136 136 132 136 136 136 132 136 132 136 136 136 136 136 136 136 136 136 132 140 132 140 132 140 
 Juv. 3 136 136 132 136 132 136 - - 136 136 132 136 132 136 136 136 132 136 136 136 136 136 136 136 136 136 132 136 132 136 136 140 
 Juv. 4 136 136 132 134 136 136 136 136 132 136 132 136 132 136 132 136   136 136 136 136 136 136 136 136 136 136 132 136 140 140 
 Juv. 5 - -       136 136 136 136 132 136 136 136   134 136 - - 136 136   132 136   136 140 
 Juv. 6 136 136       136 136 136 136 132 136 132 136     132 136         136 140 
 Juv. 7         136 136   132 136                   
 Juv. 8             136 136                   
 Juv. 9             136 136                   

NPA NSA 0 1 2 0 1 1 0 1 1 1 1 0/1 1 1 1 1 0 1/2 - - 1 1 0 1 0 1 2 0/1 2 0 2 0/1 
Ca20 Mother 256 258 256 258 256 256 256 256 256 256 256 256 258 258 258 258 - - - - - - 258 258 - - 258 260 258 260 258 258 

 Juv. 1 - - 256 258 256 258 256 256 256 256 256 256 258 258 258 258 - - 258 258 - - - - 258 258 258 260 258 262 258 260 
 Juv. 2 256 258 256 258 256 256 256 256 256 256 256 256 256 258 258 258 258 258 258 258 258 258 258 258 - - 258 258 258 258 258 260 
 Juv. 3 256 256 256 258 256 256 256 256 256 256 256 256 258 258 258 258 258 258 258 258 - - - - - - 258 260 258 262 258 260 
 Juv. 4 256 258 258 258 256 258 256 256 256 256 256 256 258 258 258 258   258 260 258 258 258 258 258 260 258 258 258 258 258 260 
 Juv. 5 - -       256 256 256 258 258 260 258 260   258 258 258 258 258 258   258 260   256 258 
 Juv. 6 256 258       256 256 256 258 258 258 - -     - -         258 258 
 Juv. 7         256 256   258 258                   
 Juv. 8             256 258                   
 Juv. 9             258 258                   

NPA NSA 1 0/1 1 0/1 1 1 0 1 0 1 1 1 2 1 1 1       0 1   1 0/1 2 0 2 1 
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Ca26 Mother 325 325 325 335 335 335 325 325 325 335 325 335 325 325 335 335 335 335 335 335 325 335 325 335 - - 325 325 325 325 325 325 
 Juv. 1 325 335 335 335 325 335 325 335 335 335 325 325 325 325 335 335 325 335 325 335 325 335 - - - - 325 325 325 325 325 335 
 Juv. 2 - - 325 335 325 335 - - 325 335 - - 325 325 325 335 325 335 325 335 325 335 325 325 - - 325 335 325 325 325 325 
 Juv. 3 325 335 325 335 325 335 - - 335 335 325 325 325 325 325 335 335 335 325 335 325 325 - - - - - - 325 325 325 325 
 Juv. 4 - - 325 335 - - 325 325 325 325 - - 325 335 325 335   325 335 325 325 325 335 325 335 - - 325 325 325 335 
 Juv. 5 325 335       325 335 325 325 325 335 335 335   335 335 325 325 - -   325 325   325 325 
 Juv. 6 - -       325 335 325 325 325 335 - -     - -         325 325 
 Juv. 7         325 335   325 325                   
 Juv. 8             325 335                   
 Juv. 9             - -                   

NPA NSA 1 0 0 1/2 1 0 1 1 2 0 1  1 1 1 1 1 1 1 1 1 0/1 1 0/1   1 1 0 1 1 1 
Ca27 Mother 280 280 271 280 271 271 271 271 280 280 271 279 271 271 271 271 280 280 - - 271 280 280 280 - - 271 271 271 271 271 271 

 Juv. 1 271 280 271 271 271 280 271 271 - - 271 279 271 271 271 280 271 280 271 279 271 271 - - 271 279 271 280 271 271 271 271 
 Juv. 2 280 280 271 271 271 279 271 271 280 280 271 271 271 271 271 280 271 280 271 279 271 271 271 280 271 271 271 271 271 271 271 280 
 Juv. 3 280 280 271 280 271 280 271 271 271 280 271 280 271 271 271 280 271 280 271 271 271 280 - - 271 271 271 280 271 271 271 271 
 Juv. 4 271 280 271 271 - - 271 280 280 280 271 271 271 280 271 280   - - 271 271 280 280 279 279 271 280 271 271 271 271 
 Juv. 5 - -       271 280 271 280 271 280 271 280   271 271 - - 271 280   271 280   271 271 
 Juv. 6 271 280       271 280 271 280 271 280 271 271     - -         271 271 
 Juv. 7         271 280   271 271                   
 Juv. 8             271 280                   
 Juv. 9             271 279                   

NPA NSA 1 1 1 0/1 2 0 1 1 1 1 2 0/1 2 1 1 1 1 0   1 0 1 1   1 1 0 1 1 1 
Ca30 Mother 163 163 163 163 163 163 145 163 163 163 163 163 163 163 163 163 163 163 163 165 163 165 145 163 145 163 163 163 163 163 163 170 

 Juv. 1 163 163 145 163 163 163 163 172 163 165 163 163 163 163 145 163 163 163 163 163 - - 145 163 145 163 145 163 145 163 163 163 
 Juv. 2 163 170 163 163 163 165 145 172 163 165 163 165 163 163 145 163 163 163 163 163 163 163 163 163 - - 163 163 145 163 163 163 
 Juv. 3 163 163 163 163 145 163 - - 163 165 163 163 163 163 145 163 163 163 163 163 163 163 - - - - 163 170 145 163 163 163 
 Juv. 4 163 165 163 163 163 163 145 172 163 163 163 165 163 163 163 163   163 163 163 170 - - 163 163 145 163 145 163 163 163 
 Juv. 5 163 163       163 165 163 165 163 163 145 163   163 163 163 170 163 163   145 163   163 163 
 Juv. 6 145 163       163 165 163 165 163 163 163 165     - -         163 163 
 Juv. 7         163 165   163 163                   
 Juv. 8             163 163                   
 Juv. 9             145 163                   

NPA NSA 3 1 1 1 2 1 1 0 1 1 1 1 1 1 2 1 0 1 0 1 1 1 1 0/1 1 0/1 2 1 1 0 1 0 
Ca40 Mother 278 278 278 285 278 278 278 278 278 278 280 280 278 282 278 282 278 278 278 282 278 278 - - 278 280 278 278 278 278 278 278 

 Juv. 1 278 282 278 285 278 278 278 278 278 285 282 280 278 278 276 278 276 278 278 282 278 278 - - 278 278 - - 278 278 278 282 
 Juv. 2 278 282 278 285 278 282 278 278 278 278 280 280 282 282 278 278 278 282 278 278 278 278 - - - - 278 278 278 278 278 278 
 Juv. 3 276 278 278 285 278 282 - - 278 285 278 280 282 282 278 278 278 278 278 282 278 278 - - - - 278 278 278 278 278 282 
 Juv. 4 278 282 278 278 - - 278 278 278 285 282 280 280 282 278 282   278 278 278 278 278 278 - - 278 280 278 278 278 278 
 Juv. 5 - -       278 285 280 282 278 282 278 278   278 278 278 285 278 280   278 278   278 282 
 Juv. 6 278 278       278 285   278 282 278 278     278 278         278 278 
 Juv. 7         278 285   278 282                   
 Juv. 8             278 282                   
 Juv. 9             278 282                   

NPA NSA 2 1 1 0/1 1 1 0 1 1 1 2 1 3 0 2 0/1 2 1 1 0/1 1 0/1   1 0 1 1 0 1 1 1 
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Ca47 Mother 194 194 194 198 194 194 198 198 194 194 194 194 194 198 194 194 194 194 - - 194 194 194 194 194 194 194 194 194 194 194 194 
 Juv. 1 194 194 194 194 194 198 198 198 194 194 194 194 194 198 194 194 194 198 194 194 194 198 194 194 194 198 194 194 194 194 194 194 
 Juv. 2 194 194 194 194 194 198 198 198 194 198 - - 194 198 194 194 194 198 194 194 194 198 194 198 194 194 194 194 194 194 194 198 
 Juv. 3 194 198 194 198 194 198 198 198 194 194 194 194 198 198 194 198 194 194 194 194 194 198 194 198 194 194 194 194 194 194 194 198 
 Juv. 4 194 194 194 194 - - 198 198 194 194 194 198 194 194 - -   194 194 194 198 194 198 194 194 194 194 194 194 194 194 
 Juv. 5 194 194       194 198 194 194 194 194 194 198   - - 194 198 194 194   194 194   194 198 
 Juv. 6 194 194       194 198 194 198 194 194 194 194     194 198         194 198 
 Juv. 7         194 198   198 198                   
 Juv. 8             194 194                   
 Juv. 9             194 194                   

NPA NSA 1 1 1 0/1 1 0 0 1 1 1 1 1 2 0 1 1 1 0/1   1 0 1 1 1 1 0 1 0 1 1 1 
Ca66 Mother 208 213 208 213 213 229 213 218 213 218 213 218 218 221 208 221 218 218 - - - - 208 218 - - 213 218 213 218 213 218 

 Juv. 1 208 208 213 221 208 229 - - 208 218 213 221 218 221 218 221 213 218 218 221 - - -  - - 208 213 213 218 213 218 
 Juv. 2 208 218 213 213 213 213 213 218 208 218 213 221 - - 208 218 213 218 221 221 221 221 218 218 - - 208 213 213 213 218 221 
 Juv. 3 208 208 213 213 208 213 208 213 218 223 213 213 - - 208 218 218 218 208 221 221 221 -  208 213 213 218 213 218 218 221 
 Juv. 4 208 208 208 208 213 218 208 218 213 223 218 221 218 221 218 221   208 218 208 221 208 221 218 221 218 221 213 218 213 218 
 Juv. 5 208 208       - - 218 221 208 218 208 218   218 221 - - 218 218   213 218   218 221 
 Juv. 6 208 213       213 218 218 221 218 221 208 218     - -         213 218 
 Juv. 7         213 218   218 221                   
 Juv. 8             218 221                   
 Juv. 9             218 221                   

NPA NSA 2 0 3 0 3 0 1 1 2 1 2 0 1 1/2 1 0 1 1     2 0   2 1/2 1 0/1 1 1/2 
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Appendix 5. The following publications have been prAttaoduced based on work conducted for this thesis: 

Peer‐reviewed articles 

Pernetta,  A.P.  &  Reading,  C.J.  2009.  Coronella  austriaca  (Smooth  snake)  Paraphimosis.  Herpetological 

Review 40(1): 95. 

Pernetta,  A.P.  &  Reading,  C.J.  2009.  Observations  of  two melanistic  smooth  snakes  (Coronella  austriaca) 

from Dorset, United Kingdom. Acta Herpetologica 4(1): 101‐104.  

Pernetta, A.P., Reading C.J. & Allen,  J.A. 2009 Chemoreception and kin discrimination by neonate smooth 

snakes (Coronella austriaca). Animal Behaviour 77: 363‐368. 

Natural history article  

Pernetta, A.P. 2007. The secret life of the smooth snake. Reptile Care 4(2): 16‐19. 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