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Abstract

This thesis reviews the availability and suitability of non-invasive samples for
examining genetic diversity of reptiles. Such samples were used to examine the
phylogeography of British snakes, namely Natrix natrix, Vipera berus and Coronella
austriaca. In addition, Anguis fragilis was used as a model reptile to assess the impact
of land development and consequent habitat loss on present day reptile populations.

For the first time, we demonstrate that snake faecal, egg and foetal tissues, as
well as sloughed skin and carcasses, are valuable sources of non-invasively sampled
(NIS) material permitting genetic studies with minimal disturbance to the individual and
its population. Using mitochondrial cytochrome b primers, 500 and 758 bp length
sequences were successfully amplified from a variety of NIS tissues. Furthermore, a
new method was developed for obtaining snake faeces in the field.

Non-invasively collected samples supplied sufficient quality DNA to reconstruct
cyt b mtDNA phylogenetic histories for V. berus (434 bp), C. austriaca (141 bp) and N.
natrix (265 bp). Median spanning networks, Bayesian inference and Neighbour joining
analyses grouped all three British snake species within Italian lineages. V. berus showed
greater genetic variability (5 haplotypes) than the other two monophyletic British snake
species. It is likely that V. berus survived in British Younger Dryas refugia whilst both
C. austriaca and N. natrix retreated to more southerly European refugia.

Using the common slow worm, Anguis fragilis, as a model species, the impact
of land development on present day reptile populations was calculated by accessing the
success of established translocation protocols. During monitoring, we achieved a slow
worm recapture rate of 24% with all animals maintaining or increasing body condition
in the first year following translocation. We recommend a minimum of 5 year post-
translocation monitoring of receptor site with preferably four receptor site visits per
year. This number of visits is a compromise between ideal recapture rate and mitigation
costs.

The effect of parasitic load on translocated slow worm populations was
investigated though the first British record and field study of Neoxysomatium
brevicaudatum (83% prevalence, n=100). Increased parasite load negatively affected
slow worm body condition with parasitic loads varying amongst host populations. We
discuss the value of post-translocation monitoring and disease surveillance as an

important conservation tool in preserving threatened reptile species.
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CHAPTER 1
CHAPTER 1: General introduction

1.1 Introduction

European reptiles are currently affected by a range of conservation issues, all of
which have consequences to the future survival of these animals across their range
(Aragjo et al., 2006; Henle et al., 2004). Perhaps the greatest challenges are presented
by a changing environment compounded by increased anthropogenic expansion. House
developments have decreased connectivity between reptile metapopulations and the
expanding network of highways has increased reptile roadkills (Ashley and Robinson,
1996). In addition, these land developments have diverted natural water runoff which
increases reptile exposure to flooding through the withdrawal of natural drainage
channels (Kelman, 2001; Penning-Rowsell, 2001). Compounded by climate change, the
surrounding habitats can become tinder dry and vulnerable to fires (Aragjo et al., 2006;
Hailey, 2000). The increasing human population size has driven the construction
industry to design smaller accommodation plots, which has proportionally affected the
traditional garden size, reducing suitable reptile breeding and egg laying sites (Shine et
al., 2002). Reptiles are further affected by the consequent reduction in garden ponds and
loss of garden microhabitat, including with fringe end scrub, both within and connecting
between gardens. The current trend for high maintenance amenity grassland and
concrete driveways offers little to assist reptile habitation (Hitchings and Beebee, 2002).
Also, the demand for exotic pets can leave native animals out competed in the
remaining ideal habitat by escaped aliens (Cadi and Joly, 2003).

In addition to domestic concerns, intense agricultural practices put reptiles at
increased risk of exposure to pesticide and manufactured chemical spillages. Finally,
many important reptile habitats are lost or damaged each year due to the increasing
trend for monoculture habitats such as bio-fuel crop, pine forests and rapeseed
(Bloomfield and Pearson, 2004; Shine et al., 2002).



CHAPTER 1
Within this thesis six key questions are addressed:

)} Do non-invasive samples collected from the three British snake species,
Vipera berus, Natrix natrix and Coronella austriaca, yield sufficient

quantity and quality mtDNA to construct phylogenies?

(II)  Which European mtDNA lineages of these three snake species do UK

populations comprise?

(II)  Assuming V. berus was the first snake species to populate the British Isles,
does it possess greater genetic diversity compared to the grass and smooth
snakes?

(IV) Are the isolated populations of C. austriaca in the UK (Surrey, Dorset and
Hampshire), genetically distinct and if so, what are the implications for the
management of this locally threatened species.

(V) Using Anguis fragilis as a model species, how efficient is reptile

translocation mitigation and can population management be improved?

(VD) Do the parasite loads of translocated slow worms affect host growth rates?

Britain is populated by six native reptile species; three lizards (Lacerta
(Zootoca) vivipara, Lacerta agilis and Anguis fragilis) and three snakes (Coronella
austriaca, Natrix natrix and Vipera berus). To date, few studies have examined the
genetic structure of these animals across their range (but see Santos et al., 2008;
Ursenbacher et al., 2006; Guicking et al., 2006; Carlsson et al., 2004). The cryptic, shy
nature of these reptiles in the wild makes sample collection challenging and non-
invasively collected sample material is essential to support current sampling efforts.
Currently, European reptile species are threatened from climate change and habitat
loss; the latter almost exclusively the result of human expansion. Consequently, a high
number of reptile population translocations occur across Europe every year. However,
currently no consideration is given to the influence of parasites during such
programmes with resistance to new host-parasite relationships disregarded in the

equation of population survival.



CHAPTER 1
1.1.1 Squamata

Snakes and lizards belong to the Order Squamata. Europe currently has 34 of the
~2900 extant species of snakes of which only three occur in the UK (Arnold and
Ovenden, 2002; Beebee and Griffiths, 2000). Two of the species, the grass, or ringed
snake (Natrix natrix) and the smooth snake (Coronella austriaca), are non-venomous,
and belong to the Family Colubridae. The third, the adder or European viper (Vipera
berus), is mildly venomous and belongs to the Family Viperidae. Over twice as many
lizard species occur in Europe (n=79; Arnold and Ovenden, 2002; Beebee and Griffiths,
2000) but again with only three native UK species; the sand lizard (Lacerta agilis), the
common lizard (Lacerta (Zootoca) vivipara) and the slow worm (4nguis fragilis).

This thesis focuses on the three indigenous British snake species and the most
common lizard species (Anguis fragilis). The annual activity of these ectothermic
species generally extends from spring to autumn with an over-winter brumation period.
Consequently, sampling and studies of these reptiles in the field is only possible for six
to eight months of the year, dependent on species and gender (see Figure 1.1).

JIFIM|AM|J|J]|A|S |O|N|D

PP ———
Grass snake Activity
Mating
(Natrix .
nariy | Fsslaving |

Egg hatching
Adder Activity

(Vipera g
berus) Birth of young
Smooth B
snake Activity
Matin,
(Coronella &
austriaca) Birth of young
Slow worm | Activity
(Anguis Mating
Jragilis) Birth of young

Figure 1.1  Annual activity of British snakes (grass snake, adder and smooth snake)
and the slow worm lizard studied within this project (Data derived from Beebee and
Griffiths, 2000; personal observations).
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CHAPTER 1

Adders have a wide distribution throughout mainland Britain, Anglesey and the
Isle of Wight (Figure 1.3), but are absent from the Isle of Mann and Ireland (Arnold and
Ovenden, 2002; Phelps, 1981). They occur in small populations of 10-40 adults in open
habitats with heathland, moorland dunes, woods and field edges (Spellerberg, 2008;
Reading et al., 2007). The adder prefers lighter chalk or sandy soils to heavy clay
residing in undisturbed areas. Its distribution is interrupted by densely populated human
development throughout Europe (Herczeg et al., 2007; Bonnet et al., 1999; Gasc et al,
1997; Madsen et al., 1996; Nilson, 1980).

Comparing the current distribution maps of the adder to the maximum extent of
ice and permafrost at the end of the last ice age (ca. 20,000 years ago) indicates that the
adder has migrated north from glacial refugia which it has currently abandoned. With
climate change and retreating permafrost the original refugia may have become too
warm to sustain the adder populations resulting in a range shift (Ursenbacher et al.,
2006; Carlsson et al., 2004; Beebee and Griffiths, 2000).
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CHAPTER 1
twenty ventral scales (Beebee and Griffiths, 2000). The iris is copper coloured with dark
circular pupils (Figure 1.4). Its alternative common name of the Ringed snake comes
from its distinctive yellow and black ‘collar’ marking around the neck which can be
absent in older females (Arnold and Ovenden, 2002; Beebee and Griffiths, 2000).

The grass snake is Britain’s only oviparous snake species (Wisler et al., 2008;
Isaac and Gregory, 2004; Reading and Davies, 1996). Females lay their eggs in June to
July (see Figure 1.1), normally in rotting vegetation (Isaac and Gregory, 2004;
Boulenger, 1913). The eggs hatch into miniature versions of the adults in September
(Amold and Ovenden, 2002; Madsen, 1987a). Males compete for mates forming a
mating ball around the female snake (Shine and Mason, 2005; Shine et al., 2000b;
Luiselli, 1996). The largest male is normally successful in tail mélées and consequently
in copulation (Borczyk, 2004; Shine et al., 2000b; Shetty and Shine, 2002; Luiselli,
1996; Madsen & Shine, 1993c). Large females tend to be more attractive to males than
smaller ones. This could be due to a greater release of pheromone from the larger
female or for her ability to produce a greater egg clutch (or both). Females mate only
once and then become unattractive to males (Shine and Mason, 2001; Beebee and
Griffiths, 2000).

In Britain, large females will lay an average of 20 eggs each and up to 250
communally (Beebee and Griffiths, 2000). On mainland Europe over 2000 eggs were
recorded to have been laid in a single superclutch with females choosing to lay together
once ideal conditions have been identified (Gregory, 2004; Arnold and Ovenden, 2002;
Golder, 1984). Clutch size is directly related to the size and age of the female with
older, larger, fitter, females attracting larger, fitter males and consequently having larger
clutches. Eggs measure 15x25 mm when laid but soon swell as they absorb water and
hatch at around 35 days (Arnold and Ovenden, 2002; Beebee and Griffiths, 2000).

The snake brumates throughout the winter months from October in burrows and
under rock piles, re-emerging in late March (see Figure 1.1). Although the snakes do not
feed during brumation, in North America snakes do move in colder spells preferring to
either huddle together with other snakes or to retreat deeper into burrows to maintain
body temperatures (Beebee and Griffiths, 2000). Their body temperatures can fall as
low as 0.4°C during hibernation (Mertens, 1994). On their re-emergence in March, the
grass snake is lethargic and spends most of its time openly basking. Although a diurnal
species, the snake will hunt at night if conditions are warm enough (Isaac and Gregory,

2004). Body temperature is maintained at between 26 and 30°C with no snakes being
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CHAPTER 1
snakes generally live for up to 15 years but have been recorded living as long as 28
years in the wild (Arnold and Ovenden, 2002; Beebee and Griffiths, 2000).

1.1.3.1 Range

The grass snake is widely distributed throughout Europe, ranging from northern
Africa to Scandinavia and across Europe east to Lake Baikal. It is a primarily lowland
animal although it can on exception reside at heights of over 2000 m in the Alps (Wisler
et al., 2008; Beebee and Griffiths, 2000; Hofer et al., 2001). It is found throughout
England and Wales but is scarce in the north and there are no confirmed records from
Scotland (see Figure 1.5). The Grass snake is absent from Ireland and is the only snake
to be found in the Channel Islands (Guicking et al., 2006; Gregory and Isaac, 2004;
Arnold and Ovenden, 2002).

1.1.3.2 Behaviour

Grass snakes are swift and extremely spatially aware. Once spotted they are
challenging to approach with field study requiring skill and patience (Isaac and
Gregory, 2007; Van Roon et al., 2006). Rather than adopting an ‘ambush’ policy, the
grass snake is an active hunter constantly on the move (Beebee and Griffiths, 2000).
After egg laying in June the snake engages in hunting and hiding only basking in long
grasses and other such protected habitats (Arnold and Ovenden, 2002). On maturation,
ecdysis occurs twice a year for males (after brumation and at the close of the year) and
once for females (directly following egg laying; see Figure 1.1) (Beebee and Griffiths,
2000; Landmann, 1979; Maderson, 1965).

10
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CHAPTER 1
urban habitats that surround and limit its further expansion (Reading, 2004; Beebee and
Griffiths, 2000; Braithwaite et al., 1989). Smooth snakes generally favour a small-scale
mosaic of low-level vegetation, bare ground and limited scrub (Natural England, 2007;
Marrs and Watt, 2006; Spellerberg and Phelps, 1977). Only small isolated patches of
heathland would have existed between the retreating ice of the Younger Dryas (a brief
period that saw a rapid return to glacial conditions in the higher latitudes of the
Northern Hemisphere, 12,900-11,500 years ago) and the quickly establishing forests of
the British Isles following a period of rapid warming 10000 BP (Jones et al., 2004;
Alley, 2000; Hewitt, 1999; 1996; Winifred, 1977). Afforestation quickly spread and by
9000 BP pollen records suggest that almost all of Britain was under canopy (Vincent,
1990; Yalden, 1982). As the smooth snake requires an open lowland heathland habitat,
at the north of its range it must have reached the extent of its present day distribution
around this time (Natural England, 2007; Beebee and Griffiths, 2000). Up until the 17"
century man had a continuous impact on heathland creation and maintenance by the
felling large stretches of forest (Green, 1990; Heil and Diemont, 1983). Inadequate
habitat management in conjuction with improvements in agricultural and transport
technology has lead to a steady decline in heathland habitat allowing non heathland
crops species to grow and nutrients to be put back into the previously nutrient poor soil
(Gleed-Owen, 1997; Snow and Marrs, 1997; Barr et al., 1993; Green, 1990; Eversham
et al., 1996; Heil and Diemont, 1983). This has restricted the smooth snake’s current
day distribution and restrains it from future population expansion (Beebee and Griffiths,
2000).

1.1.4.2 Behaviour

The smooth snake exits brumation later than the other two British snake species
(Phelps, 1978) with full yearly activity displayed in Table 1.2. It is diurnal and highly
secretive participating in a substantial subterranean existence to regulate ideal body
temperatures of between 28°C to 33°C. During summer nights, smooth snakes bury
themselves under a few cm of topsoil allowing their temperature to drop to as low as
11°C (Spellerberg and Phelps, 1975). The snake is commonly found in areas of sparse
vegetation residing in crevices and rock piles. They bask in sunshine but do so
intertwined around heather, gorse or other vegetation. This so-called mosaic basking
(cryptic heliothermy) allows thermoregulation whilst remaining practically invisible to
predators. Arnold and Ovenden (2002) state that the smooth snake sheds its skin
between 4 to 6 times a year. However, Spellerberg and Phelps (1977) previously
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reported the smooth snake as shedding its skin twice and on occasion three times a year.
These latter observations are consistent with the author’s findings from a three year
field research project with T.E. Phelps.

The smooth snake is slow moving and easily captured but bites readily when
handled and can exude a foul smelling secretion form the anal gland. Smooth snakes are
opportunistic hunters but the diet consists of mainly (70%) Lacerta lizards (Goddard,
1984). However, slow worms and small snakes (including vipers) are also consumed
constricting larger prey in its coils and the smooth snake will on occasion eat small
mammals or conspecifics (Luiselli et al.,, 1996; Reading, 2004). The smooth snake
commonly reaches maturity at 4 years and produces between 2 and 15 fully formed
young (Luiselli et al., 1996; Beebee and Griffiths, 2000; Arnold and Ovenden, 2002).
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CHAPTER 1

The slow worm has a wide European distribution sharing the mainland with the
largest of the anguids, the glass lizard (Amold and Ovenden, 2002; Platenberg and
Griffiths, 1999; Luiselli, 1992b). Although absent from Southern Spain and Portugal,
southern Greece, Ireland and most of the Mediterranean Islands, north west Iran and
Adriatic Turkey, it generally resides at high population densities throughout the
remainder of mainland Europe (Arnold and Ovenden, 2002; Beebee and Griffiths 2000).
It is the most common British reptile preferring to occupy herbaceous microhabitats
with high vegetation cover but can be found in a range of habitats. Slow worm
population densities have been predicted at 1700, 600-2000 and 1000/ ha (Ferreiro et
al., 2004; Arnold and Ovenden, 2002; Herpetofauna groups of Britain and Ireland
(HGBI), 1998 respectively). The siow worm can be found at high altitudes to the south
of its range attaining heights of 2-2400 m in the Alps (Luiselli, 1992b; Beebee and
Griffiths 2000) but have been estimated to occur at lower population densities of >80/
ha (Capula et al., 1998).

1.1.5.2 Behaviour

As a thigmotherm, this semi-fossorial lizard prefers to thermoregulate under
refugia and is rarely observed in open ground but can, on occasion, be seen mosaic
basking amongst long vegetation (Platenberg and Griffiths, 1999; Beebee and Griffths,
2000; Meek, 2005). They endeavour to maintain a body temperature between 14.5 and
28°C (mean 25.3 to 26.4°C) throughout their active period of March-October (Brown
and Roberts, 2008; Patterson, 1990).

Although highly weather dependant, males will leave brumation sites earlier
than females, commonly mid-February in Wales (Ferreiro et al., 2004; Platenberg and
Griffiths, 1999; personal observations). Slow worms are difficult to see during both
very cold and extremely warm days when they reportedly maintain a mostly
subterranean existence (Beebee and Griffiths, 2000). Slow worms are not strictly social
animals but will communally brumate, aggregated within the same hibernacula and will
readily share refugia with conspecifics (Beebee and Griffiths, 2000; Leighton, 1903).

Unlike other British lizards, the slow worm nearly always ‘freezes’ rather than
flees when disturbed. Mechanically it would find it difficult to ‘outrun’ its predators and
instead deprives them of key behavioural stimuli (i.e. movement) by ‘freezing’ in the
position it was discovered. If picked up the lizard thrashes about wildly and defecates.
Its Latin name, Anguis fragilis or ‘fragile snake’, refers to the lizard’s ability to shed its

tail in response to such an attack. This is made possible by means of a fracture plane
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that exists across the caudal vertebra. This behaviour is, however, observed more
commonly in adult slow worms (Beebee and Griffiths, 2000; Holman, 1998). To a
predator, the slow worm head may not be completely distinguishable from its tail, and
therefore a bird will frequently attack the ‘wrong end’ of the slow worm flying away
with the lizard’s tail whilst the slow worm survives. When a tail is shed, the slow worm
‘freezes’ whilst the tail, packed with mitochondria, thrashes around for up to 15
minutes; long enough to secure the animals safety in the majority of cases. Slow worms
regularly exhibit scarring and up to 70% found in the field have shed tails (Arnold and
Ovenden, 2002; Beebee and Griffiths, 2000). Although the tail grows back it never
attains its original length and in the majority of cases retains a small stump. This does
not affect reproduction as the slow worm, unlike other British lizards, does not store
extensive fat reserves in its tail (Bryant and Bellairs, 1967). Thus, Ferreiro et al. (2004)
was not able to determine any relationship with female tail length and reproductive
success or broad size.

Like most cold tolerant reptiles in the north of their range, slow worms are
viviparous and breed biannually (Capula et al., 1992; Patterson, 1983). In the breeding
season some males can take on spectacular turquoise spots along the dorsal surface
(Beebee and Griffiths, 2000; Capula et al., 1997). Mating has been observed in early
June (2008) at two separate South Wales sites by the author (personal observations; see
Figure 1.8). Males are highly aggressive during mating pinning females into position by
clamping their jaws behind her neck prior to copulation, which can last up to 10 hours.
Post copulation females are often visibly scarred but heal quickly over a few months
(Bohme, 2006; Beebee and Griffiths, 2000; Capula et al., 1998; personal observations).
After mating in late May, females give birth to live young in the following September
(see Figure. 1.1). Slow worms typically give birth to between 6-12 young but can
produce a brood of up to 26 offspring. The young are cryptically coloured polished gold
with a black dorsal stripe to camouflage them amongst dry autumn grasses (Arnold and
Ovenden, 2002; see inset Figure. 1.8).
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CHAPTER 1
species into Europe. These animals would have expanded as rapidly as prey,
temperature, geographical boundaries and their intrinsic dispersal ability would have
allowed (Jansen et al., 2007). With the rising sea levels, certain reptile populations
would become isolated on islands as land bridges gave way to ocean expanses (Graham
et al., 2003; Hewitt, 1996). Only three snake species naturally populated the British
Isles from their more southerly Younger Dryas refugia. All three species exhibited
adaptation and behaviour that facilitated a more rapid northerly dispersal than their
competitors, establishing populations in Britain prior to the severing of the land bridge
connection to mainland Europe (Petit et al., 2003; Haggett, 2001; Gibb and Foster,
2000; Hewitt, 2000, 1999, 1998; Taberlet et al., 1998; Frazer, 1989). Many non-native
snake species are released in the UK each year but few survive to sustain viable
populations (Pimentel, 2002; Beebee and Griffiths, 2000). One exception is the
Aesculapian snake that failed to colonise the British Isles through natural dispersal but
following its accidental release from the Welsh Mountain Zoo almost 40 years ago it
now lives in a population of around 120 individuals at Colwyn Bay on the North Welsh
coast (personal observations, 2006; Pimentel, 2002; Beebee and Griffiths, 2000).
Fortunately, it has had no obvious impact on local biodiversity (Wolfgang Wiister,
personal communication, 2006; Manchester and Bullock, 2000).

1.2.2  Cold tolerance

Seasonally cold northerly clines expose animals to shorter summer seasons that
impede egg development, juvenile survival and food resource availability. Reptiles
become sluggish and unable to feed in lower temperatures and so when energy negation
continues to exceed energy absorption, reptiles retire to thermally-buffered over-
wintering refugia (Voituron et al., 2004; Beebee and Griffiths, 2000; Ultsch, 1989).
Brumation only terminates when sufficient solar energy resources are available that
permit energy absorption. If exposure to temperatures below 0°C is unavoidable then
reptiles can employ one of two survival strategies; freeze avoidance (i.e. supercooling)
or freeze tolerance (Storey, 2006; Beebee and Griffiths, 2000; Storey and Storey, 1992).
The latter refers to reptiles that can tolerate freezing of extracellular body fluids during
brumation. Such reptiles can revive many weeks later from a frozen state where up to
50% of their total body water had been locked in ice (Storey, 2006; Costanzo et al.,
1995a; Storey and Storey, 1992). However, under laboratory conditions, Andersson and
Johansson (1991) found that although newborn adders recovered completely from

limited freezing at -3.1°C for up to 3 hours, they did not survive exposures of 22-30
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hours (Burke et al., 2002). British reptiles appear to favour supercooling strategies and
the selection of adequate overwintering facilities (Voituron et al., 2004; Andersson and
Johansson, 2001). The exception being the common lizard, Lacerta (Zootoca) vivipara,
that exhibits the unusual capacity to tolerate sub-zero temperatures by both supercooling
and freeze tolerance. This lizard can remain in a supercooled state for 21 days at -3.1°C
(a record duration for any vertebrate) and can survive the conversion of 50% of its total
body water into ice for 1 day at-3.1°C (Voituron et al., 2004, 2002; Costanzo et al.,
1995b).

1.2.3  Advantage of ectothermy in cooler climates

Although cold and darkness increasingly hinders the northern expansion of
reptiles there are some advantages to being ectothermic under such dispersal trends.
Sustaining the high body temperatures required by endothermic animals is energetically
demanding and heavy on food resources (Armold and Ovenden, 2002; Burghardt et al.,
1996; Bennett, 1988). In contrast, in times of resource depletion ectotherms can cut
back substantially on their food intake without losing body condition and prolonging
their chances of survival (Beebee and Griffiths, 2000). Due to their low metabolism,
reptiles can survive on as little as 10% of the food resources of their endothermic
counterparts (Burness et al., 2001; Beebee and Griffiths, 2000). This enables reptiles to
occupy niches at higher population densities than endotherms, in some instances
occupying regions unable to sustain endothermic animals (Arnold and Ovenden, 2002;
Bonnet et al., 1998). Food availability, however, does dictate reproductive effort in
reptiles (Beebee and Griffiths, 2000). When food is abundant, it is common for clutches
to be produced that are equal in weight to the parent, but when resources are limited
clutch size is reduced to accommodate growth (Wapstra and O’Reilly, 2001; Beebee
and Griffiths, 2000; Madsen, 1987a; Shine, 1980).

1.2.4 Body temperature

Reptiles need to regulate body temperatures above ambient conditions to extend
their range into more northerly territories (Shine, 2004). This can be achieved internally
(limited endothermy) through morphological features and behaviour, i.e., through
selection of appropriate thermal microhabitats (Lutterschmidt et al., 2003; Brodie and
Russell, 1999; Goff and Stenson, 1988; Crowley and Pietruszka, 1983). Reptiles are
commonly categorised as purely ectothermic, only able to regulate their body

temperature from their surrounding environment (Davies and Johnston, 2000; Vittand et
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al., 1999; Bonnet et al., 1998). However, Davenport (1990) suggests that reptiles exhibit
a spectrum of thermoregulation strategies ranging from endo- to ectothermic (Gledhill,
2007; Seymour et al., 2004; Davenport, 1990).

In Britain the adder will actively expand its ribcage in order to increase the
surface area to body volume ratio (Beebee and Griffiths, 2000; Phelps, 1981). This
enables the snake to absorb maximum solar energy more efficiently at cooler, higher
altitudes than other British snakes. Once the adder has achieved the desired body
temperature it will revert back into its more familiar cylindrical body shape to retain the
achieved temperature (Shine, 2004; Arnold and Ovenden, 2002; Phelps, 1981; personal
observations). Large reptiles are more thermally stable than small ones and larger body
size in colder environments is adaptive (Meiri, 2008; Chiaraviglio, 2006; Tanaka, 2005;
Angilletta et al., 2004; Pearson et al., 2003).

In addition to body size, body colour plays a key role in reptile thermoregulation
(Beebee and Griffiths, 2000; Forsman, 1995; Gibson and Falls, 1979). Melanism is one
of the most common colour variants with black phenotypes far more efficient at
absorbing solar radiation, permitting them to exploit more northerly and montane niches
unfavourable to other snakes, even conspecific specimens (Clusella-Trullas et al., 2008;
Luiselli, 1993, 1992b; Forsman and As, 1987; Gibson and Falls, 1979). Melanistic
adders are rare but can, on occasion, occur sporadically at high frequency of up to 50%
of a population. Melanism is uncommon in smooth snakes and grass snakes, the
exception being a number of small Mediterranean islands where a higher than normal
frequently of melanistic grass snake females have been observed (Amold and Ovenden,
2002; Taborowskii and Mynarski, 1962). In adders, there is a higher frequency of
melanism in females than males. As with all British snake species, melanistic females
tend to be bigger and give birth to large, stronger broods due to their ability to
thermoregulate more efficiently (Forsman, 1995; Monney et al., 1995; Andrén and
Nilson, 1981). In addition, melanistic males tend to be larger and commonly win food
disputes and mating combats (Luiselli, 1993; 1992a; Andrén and Nilson, 1981).
However, size variation amongst polymorphic populations is disputed by Forsman
(1995). In contrast to the obvious advantages in expressing a melanistic phenotype,
specimens experience diminished crypsis within their environment which in turn leads
to higher rates of predation (Forsman, 1995; King, 1992).

The frequency of albinism is, not surprisingly, low for all British snake species
with such conspicuous specimens under a higher risk of predation. However, an albino

grass snake was held in captivity at London Zoo in 1951 (Smith, 1951) and an albino
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adder was captured on a Cornish hedge bank along the A40 by the author in 2002
(personal observation, 2002).

1.2.5 Predation

Remaining cryptic within the environment is essential to reptile survival. In
northerly clines, reptiles are under a constant threat from an array of predators including
ravens (Corvus corax), crows (Corvus corone cornix), magpies (Pica pica), hedgehogs
(Erinaceus europaeus), weasels (Mustela nivalis), foxes (Vulpes vulpes), buzzards
(Buteo buteo), pheasants (Phasianus colchicus), kestrels (Falco tinnunculus), and in
accordance with the vicinity urban habitat, domestic dogs and cats (Herczeg et al., 2007;
Armold and Ovenden, 2002; Beebee and Griffiths, 2000; Andrén and Nilson, 1981;
Phelps, 1981). Also in northern regions, snakes tend to be more sluggish having to bask
for longer time periods than their southern conspecifics.

Snake fight or flight antipredatory response behaviour varies considerably
between northerly and southerly regions. If a snake’s locomotor ability is compromised
by cold conditions whilst migrating north, then it is more likely to display and strike
rather than flee (Shine et al., 2000a; personal observations). Under such conditions,
measurable distinctions have been observed between faster male and slower female
locomotion in the garter snake (Thamnophis sirtalis) (see Shine et al., 2000a). However,
rather than size or sexual divergence in antipredator behaviour, this reaction was
attributed to a range of other factors including fatigue, poor condition, digesting a meal,
being gravid or if an effective escape route is hindered by conspecifics or propinquity
(Herzog and Bailey, 1989; Goode and Duvall, 1988; Duvall et al., 1985; Arnold and
Bennet, 1984; Andrén, 1982).

In general, venomous or faster moving reptile species tend to practice
heliothermy to more efficiently thermoregulate in extreme northern (or southern) clines
(Herczeg et al., 2003; Klingenbock et al., 2000; Spellerberg, 1972). Standard colour
morph adders are able to bask cryptically within their environment (Andrén and Nilson,
1981). As a heliotherm, the grass snake basks in open long grasses but can, on occasion,
be encountered climbing bushes to take full advantage of solar radiation (Spellerberg
and Phelps, 1977). In contrast, the slower moving reptiles, such as the smooth snake and
slow worm are best described as semi-fossorial thigmotherms (Luiselli, 2006; Cabido et
al., 2004; Platenberg and Griffiths, 1999; Agrimi and Luiselli, 1994). They primarily
absorb their heat energy through conduction and are most often encountered sheltering

under refugia and rarely bask in the open (although mosaic basking has been observed
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by the author in both species). For slower moving reptiles, thigmothermy offers a means

of thermoregulating whilst remaining cryptic to predators (Arnold and Ovenden, 2002;
Shine, 2002; Beebee and Griffths, 2000; Spellerberg and Phelps, 1977).

1.2.6  Parasitism

Understanding the epizoology of wild reptile populations is important for
conservation and evolutionary biology (Jacobson et al., 2005; Cheatwood et al., 2003;
Uller et al., 2003; Calle et al., 2001; Karstad, 1961). However, declines in snake
populations are largely unreported as qualitative or anecdotal evidence frequently
substitutes quantitatively sampling for these reptiles (Winne et al., 2007). This is not
true for all reptiles with sampling of certain lizard populations (e.g. Anguis fragilis)
possibly due to ease of capture, limited vagility and their comparatively higher
population density. Pathogens such as fungi (e.g. chytridiomycosis [Batrachochytrium
dendrobatidis], coccidioidomycosis [Coccidioides immitis or C. posadasii],
cryptococcosis [Cryptococcus neoformans species complex]; Harris et al., 2006; Knapp
et al., 2006; Rachowicz et al., 2006; Briggs et al., 2005; Cheatwood et al., 2003),
bacteria (e.g. Aeromonas, Citrobacter, Enterobacter, Pseudomonas and Salmonella;
Lips et al., 2006; West, 2004; Cambre et al., 1980; Shotts et al., 1972; Caldwell et al.,
1940) or viruses (e.g. Ranavirus, West Nile virus and arboviruses; western equine
encephalitis, eastern equine encephalitis, Venezuelan equine encephalitis; Johnson et
al., 2008; Klenk and Komar, 2003; Steinman et al., 2003; Hyatt et al., 2001; Bowen,
1977; Thomas et al., 1958) can reach epidemic proportions changing species richness
and the diversity of an ecological community through local extinctions across a wide
range of species. However, transmission rates can be lowered in reptiles at the fringe
edge of northern dispersal due to lower population densities and limited contact
between reptiles (Lips et al., 2006; Daszak et al., 2003; Johnson et al., 2003).

Perhaps a greater threat to northerly migrating reptiles is the introduction of new
pathogens, to which the reptile may have limited or no resistance. Parasites can
adversely affect natural populations posing significant threat to species that are residing
at low population density or at an endangered status (Pedersen et al., 2007; Castro and
Bolker, 2005; Lafferty and Gerber, 2002; Gibbon et al., 2000; Woodroffe, 1999;
Cunningham and Daszak, 1998; McCallum and Dobson, 1995; Scott, 1988). Examples
of parasites effecting reptiles across their range include protozoa (e.g. Cryptosporidium;
Trypanosoma brucei, T. bufophlebotomi n. sp. T. scelopori, Plasmodium floridense, P.

azurophilum and P. azurophilum; Ayala, 2007, Perkins et al., 2007; Green et al., 2003;
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Schall and Staats, 2002; Schall et al., 2000; Njagu et al., 1999; Upton et al., 1989),
helminths (e.g. Mesocestoides sp. Tetrathyridia [cestode], Mesocoelium sp, Allogyptus
crenshawi [trematode], Thelandros cubensis, Skrjabinodon sp, Spinicauda amarili
[nematode], and Centrorhynehus sp. [acanthocephalan]; Sharpilo et al., 2001; Hanley et
al.,, 1995; Dobson et al., 1992; Aho et al., 1990) and ticks (e.g. Amblyomma

marmoreum, A. cajennense and A. hebraeum; Fielden et al., 2008; Allan et al., 2000).

1.2.7 Reproduction

In temperate regions, the activity season (ca. mid-April to mid-October) for
reptiles, is generally thought to be too short to allow females, particularly those of
viviparous species, to bask, accumulate sufficient food resources and store adequate fat
reserves to breed in consecutive years (Reading, 2004; Biebach, 1996; Naulleau &
Bonnet, 1995; Madsen & Shine, 1993a; Whittier & Crews, 1990). Thus, the female of
the three native British snake species breed on a biennial or even triennial schedule to
the extreme north of their range (Beebee and Griffiths, 2000; Luiselli and Zimmermann,
1997; Luiselli et al., 1996; Madsen et al., 1996; Blem, 1982) with males breeding
annually (Madsen and Shine, 1992; Andrén and Nilson, 1981). Snake species at such
northern clines are at the limits of ectotherm reproduction with British snakes
commonly found in a state of anorexia after giving birth (Gregory et al., 2006; Filippi,

Viviparity evolved from egg laying in many lineages of squamates in response
to extreme climates (Chiaraviglio, 2006). Both Vipera berus and Coronella austriaca
are viviparous as this reproductive mode ensures offspring are large enough to hunt
independently from birth and be of sufficient size to maintain body heat to survive at
higher altitudes and more northerly vicinities. It eliminates the need to guard or incubate
young permitting parental movement, hunting and basking (Arnold and Ovenden, 2002;
Madsen et al., 1996; Luiselli et al., 1995).

Compared to sympatric viviparous snakes, the oviparous grass snakes can
achieve a much higher reproductive rate owing to larger clutch size and more frequent
reproduction (occasionally annual, rather than biennial or triennial) (Beebee and
Griffiths, 2000; Luiselli et al., 1997). The grass snake commonly lays communally
exploiting a range of heat sources from residential buildings to decomposing plant
matter to incubate its eggs. This strategy has assisted the grass snake in attaining the
most northerly cline of any egg laying snake (Arnold and Ovenden, 2002). Alternative
strategies, although not observed for UK grass snakes, include shivering thermogenesis

during egg incubation which can result in large and prolonged metabolic increments
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(Wang et al., 2003; Vinegar et al., 1970; Hutchison et al., 1966). Oviparous snakes bask

significantly more often before oviposition than after, whereas males bask at a
comparatively low rate throughout the same period (Madsen, 1987a). Further studies of
oviparous temperate-zone snakes using radiotelemetry tracking of the Rat snake (Elaphe
obsolete) revealed gravid females maintained higher body temperatures and
thermoregulated more precisely than nongravid females or males (Blouin-Demers and
Weatherhead, 2001). In this instance, gravid oviparous snakes, such as Natrix natrix,
may be exhibiting the same set of behaviours that characterize pregnancy in viviparous
species (Shine, 2004; Gregory et al., 1999).

Animals will generally exploit two extreme strategies to accumulate sufficient
resources to fuel reproduction becoming either capital or income breeders (Drent and
Daans, 1980). Income breeders tend to be mostly endothermic and are not particularly
suited to long-term storage with investment in reproduction directly related to foraging
success. Ectothermic snakes are considered typical capital breeders (Bonnet et al., 1998;
Jonsson, 1997; Else and Hulbert, 1981) as a consequence of their low metabolism
accumulating body reserves to fuel their reproductive effort (Bonnet et al., 1998; Pough,
1980). However, recent studies have highlighted the plasticity of snakes in their
breeding strategy (Santos et al., 2007). Female Vipera aspis combine resources from
both capital and income strategies to maximize litter size (Lourdais et al., 2003; Bonnet
et al., 2001), while breeding success in C. aqustriaca is influenced by both a combination
of capital and income energy, directly correlated to prey density in the breeding year
(Reading, 2004). Tropical natricine snakes are able to produce two annual clutches by
using endogenous resources for the first and exogenous resources for the second clutch
(Santos et al., 2007; Brown and Shine et al., 2002).

For snakes, reproduction is the most intensive energy drain over a short time
period (Santos et al., 2007; Drent and Daans, 1980). Body reserves can become rapidly
exhausted through physiological (vitellogenesis, spermatogenesis) and behavioural
(female searching, female attraction, male-male combats) reproductive processes
(Bonnet et al., 1998; Jonsson, 1997; Else and Hulbert, 1981). In viviparous snakes,
anorexia during pregnancy can generally be assigned to the conflicting demands of
feeding and thermoregulation (Gregory et al., 2006), both essential to successful
reproduction (Gregory and Isaac, 2004). Snakes accumulate energy, in the form of
lipids, when resources are plentiful. Lipids are a highly concentrated source of

metabolic energy (Thompson and Speake, 2003) that in snakes are stored in fat bodies
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located along the abdominal cavity from the liver to the cloaca (Santos and Llorente,
2004; Dougthy and Shine, 1997; Derickson, 1976).

Top predators, such as snakes, exist at low densities within an ecosystem.
Expanding into more northerly clines can further lower population density.
Consequently, mate encounter rates are lowered. Under such circumstances prolonged
sperm storage is favoured in females (Gist & Congdon 1998; Olsson & Madsen 1998).
Sperm storage has been observed in Vipera berus (365 days; Stille et al., 1986.), Natrix
natrix (180 days; Petter-Ronseaux, 1953; Rollinat, 1946) and Coronella austriaca (150
days; Rollinat, 1946) although snakes do not exhibit any specific organ adaptation for
prolonged sperm storage compared to, for example, insects (Sever & Hamlett, 2002;
Pitnick et al. 1999). Sperm storage for snakes at extreme northerly clines could be
mandatory supporting mating in the autumn and fertilization in the following spring
(Aldridge & Duvall, 2002; Oring et al., 1992; Schuett, 1992). It might also support
multiple paternity, increasing genetic diversity of small populations through fertilization
from mixed sperm stored from previous matings (Uller and Olsson, 2008; Birkhead,
1993). Sperm stored over a long period is known to be capable of fertilizing snake eggs
(Olsson et al., 2007; Pearse et al., 2002; Cuellar, 1966). Furthermore, multiple
paternities resulting from the mixing of stored sperm has been documented in captive
Agkistrodon contortrix (see Birkhead, 1993; Schuett & Gillingham, 1986).

1.2.8 Diet

Predators, such as snakes, remain nested within the geographical range of their
prey. Snake diet can be restricted by gape and body size and, as a consequence, this can
restrict their range (Meiri, 2008; Okuyama, 2007; Case et al., 2005; Laurich et al.,
2003). The smooth snake’s primarily reptile diet would limit its northerly expansion to
the expansion rate and density of its ectothermic prey (Reading, 2004; Luiselli et al.,
1996). However, large smooth snakes become far more opportunistic in their choice of
prey with the incorporation of mammals being common place (Reading, 2004; Luiselli
et al., 1996; Cohen et al., 1993; Spellerberg and Phelps, 1977). Inclusion of endothermic
mammalian prey would present opportunities to expand into areas devoid of small
reptilian prey and niches too cold to support them.

Diet not only limits a snake’s northerly expansion but can also influence the
migration route taken. The basic amphibian diet of N. natrix would restrict this snake to
low wetlands or within 1-2 km of river or marsh; the accepted range of frogs and toads
from a watercourse, respectively (Beebee and Griffiths, 2000). It is highly unlikely that
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arid desert regions would offer a suitable terrain for northerly migrations of small grass
snakes (Gregory and Isaac, 2004; Luiselli et al., 1997). However, larger specimens
could overcome limited stretches of arid habitat by incorporating a more diverse diet. In
contrast, V. berus would generally avoid wetter habitats, preferring to hunt its
mammalian prey amongst heath, wood and grasslands.

Prey availability may restrict the grass snake to low altitudes as it primarily
hunts amphibians and fish. This diet is a limiting factor to the grass snakes northerly
migration as prey abundance enables energy to be recouped more rapidly, which in turn

permits annual breeding.

1.2.9 Altitude

Although N. natrix is found in mountainous habitat to the south of its range
(Krystufek, 2008; Thorpe, 1975) it remains a primarily lowland species to the north
with substantial mountain regions proving a limiting factor to migration (Arnold and
Ovenden, 2002; Beebee and Griffiths, 2000). Similarly, the smooth snake is a montane
specialist to the south of its range but it remains a primarily lowland animal to the north
(Beebee and Griffiths, 2000; Luiselli et al., 1996). The behaviour of the adder differs
from the aforementioned snakes in that it is a cold tolerant specialist (Bhagwat and
Willis, 2008; Meliadou and Troumbis 1997) and is out-competed to the south of its
range by locally adapted V. latasti in the Iberian Peninsular, V. aspis in Italy and by V.
ammodytes in the Balkans (see Ursenbacher et al., 2006; Carlsson et al., 2004; Arnold
and Ovenden, 2002; Beebee and Griffiths, 2000). In the Italian Alps, the adder is found
at altitudes of up to 2600 m (Rauter et al., 2002; Bollmann and Reyer 2001; Luiselli and
Anibaldi, 1991). At the northern edge of its range mountainous expanses present little
obstacle to the adder, but would potentially present barriers to dispersal for both the
smooth and grass snake.

1.2.10 Aquatic environments

In addition to mountain ranges, many river systems and wetlands dissect the
migration route of reptiles to north Europe. Although all snakes can swim, not all are
routinely found in the water. Tercafs (1961) found that V. berus cannot co-ordinate its
movements or keep its head above water when attempting to swim for prolonged
periods. Although adders are reasonable swimmers over short distances and may enter
water briefly to evade predators (personal observation) negotiation of substantial faster

flowing river systems and waterways would be challenging and may present a barrier to

28



CHAPTER 1
dispersal. However, Forsman (1995) confirmed two individual adder migrations
between islands in the Baltic Sea off the east coast of Sweden; one >2 km and another
of ~20 km. He also reported gull activity across all his study islands. It is highly
unlikely that an adder negotiated a single 20 km open sea swim (Beebee and Griffiths,
2000; Phelps, 1981) and amongst the more plausible explanations for such a migration
would be island hopping to final destination or accidental distribution by tidal current,
with or without detritus. However, another possible dispersal method would be capture
and consecutive escape from an airborne gull. In 2006, the author witnessed a slow
worm seemly falling from the sky some 3 m away. On closer observation, deep cuts
indicative of a bird’s beak were seen running along the back of the slow worm.

Smooth snakes are often observed near bogs but are not thought to regularly
swim (Beebee and Griffiths, 2000). However, isolated reports do exist of smooth snakes
swimming for prolonged periods (Smith, 1951) so small slow flowing river systems and
lakes may not provide a sufficient barrier to smooth snake dispersal. In contrast, the
grass snake is semi-aquatic and is often associated with ponds, ditches, marshes and
water (Aubret and Shine, 2008; Gregory and Isaac, 2007). They are excellent swimmers
keeping their heads above water in a periscope type pose whilst the lateral undulations
propel the snake forward (Beebee and Griffiths, 2000). Grass snakes enter ponds
regularly to hunt amphibians and will even dive possessing the ability to remain under
water for up to 30 minutes at a time in order to ambush prey (Arnold and Ovenden,
2002; Griffiths et al., 1998). During hunting in ponds precise thermoregulation is
abandoned with short basking periods countering the cold dips to boost body
temperatures (Madsen, 1984). Lakes and river systems do not present a barrier to
migrating grass snakes. On rare occasions N. natrix has even been sited far out to sea
(Guicking et al., 2006; Foufopoulos and Ives, 1999; Boulenger, 1913), and although
presumably these animals have drifted with currents, snakes carried amongst detritus
could survive for periods long enough to founder nearby island populations (Schoener
and Schoener, 1984; Heatwole and Levins, 1973).

1.2.11 Climate change

The current large scale declines in herpetofauna across the globe cannot be
directly attributed to human expansion and the consequent loss of reptile and amphibian
habitat (Aradjo et al., 2006; Gibbon et al., 2000; Houlahan et al., 2000; Alford &
Richards, 1999; Daszak et al., 1999; Blaustein and Wake, 1998; Halliday, 1998). This is
perhaps best illustrated by the decline of reptile populations in the tropical rainforests of
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Australia and South America where man’s environmental impact (agriculture,
deforestation, or pollution) is negligible (Aradjo et al., 2006; Gibbon et al., 2000;
Daszak et al., 1999; Pounds et al., 1997; Mahony, 1996). Whitfield et al. (2007) found a
75% decline in total densities of leaf litter amphibians and reptiles in primary forest
since 1970 from their 35 year study at La Selva Biological Station, lower Central
America. However, although global reptile declines have not been directly attributed to
Man, anthropogenic impact on the global environment through increased ultraviolet
(UV-B) irradiation (e.g. embryo development; Anzalone et al., 1998; disputed by Licht,
2003), acid precipitation, temperature (e.g. temperature dependent sex determination;
Godfrey et al., 1999; Janzen, 1994), environmental pollution and consequently adverse
weather patterns adversely affect populations (Araujo et al., 2006; Corn, 2005; Carey
and Alexander, 2003; Collins and Storfer, 2003; Kiesecker et al., 2001; Gibbon et al.,
2000; Alford & Richards, 1999).

1.2.12 Urban environment

Snake habitat has been influenced by human activity since forest felling
following the Younger Dryas (Green, 1990; Heil and Diemont, 1983). Modern day
dispersal of snakes is challenged by the continual expansion of urban and suburban
environment (Beebee and Griffiths, 2000). Black tar road surfaces offer excellent
basking habitat, which may account for the large number of roadkills due to snakes’
limited ability to evade traffic (Shine et al., 2004; Ashley et al., 1996). Urban habitat,
along with woodland fringe, has restricted the smooth snake to its southern English
niche, south of the industrial and urban zones (Arnold and Ovenden, 2002; Beebee and
Griffiths, 2000). One exception is a small population of smooth snakes inhabiting a
busy motorway verge in Surrey (Beebee and Griffiths, 2000; Spellerberg and Phelps,
1977). The grass snake has adapted better to urban environments than the other two
British snakes. It will commonly hunt from residential fish ponds and lay eggs in
compost heaps (Isaac and Gregory, 2004; Boulenger, 1913). Along with adders, it will
use major road systems and railway embankments as corridors to expand its range
(Wisler et al., 2008; Arnold and Ovenden, 2002; Mertens, 1995). Apart from such
routes, adders do not readily enter inner urban habitat. All snake species are further
affected by continued human expansion and intervention through direct killing,
introduction of new predators or competitors (by accidental release or biological
control), trade, habitat loss, or deliberate and accidental fire (Winne et al., 2007; Aragjo,
2003; Spellerberg, 1977).
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1.2.13 Human expansion and translocation

Consideration must be given to selection pressure from human development and
reptile population translocation. Slow worms, along with adders, grass snakes and
common lizards are only partly protected under the Wildlife and Countryside Act (1981,
Section 9, as amended) requiring developers to avoid death or injury to the reptile
within the timescale of the translocation exercise and making trade of the animal illegal
(JNCC, 1998). Unlike the smooth snake and the sand lizard, the slow worm does not
attract full European protection. Slow worm translocations do not currently require the
conditions of monitoring of a licensed translocation. The slow worm is one of the three
native lizard species of the British Isles; the others being the common lizard (Lacerta
(Zootoca) vivipara), and the sand lizard (Lacerta agilis) (Armold and Ovenden, 2002;
Beebee and Griffiths, 2000). Of these, 4. fragilis is the only species that could be
practically used to assess the feasibility of translocations due to its ease of capture, non-
invasive identification, limited vagility and, most importantly, comparatively high
population density. (Webster, 2007; Ferreiro et al., 2004; Platenberg and Griffiths,
1999; Capula et al., 1998; Capula and Luiselli, 1993; Smith, 1990; Stumpel, 1985).
Although it is the most common British reptile, little is known of their ecology
(Webster, 2007; Ferrerio et al., 2004; Capula et al., 1997; Capula and Luiselli, 1993).

1.2.14 Genetics and evolution

Finally, in the face of the aforementioned selection pressures it is essential for
reptiles to maintain genetic variation for the long term survival of the population (Amos
and Balmford, 2001). Demographic stochasticity, genetic drift or inbreeding can reduce
genetic variation inturn reducing pdpulation fitness and compromising the populations’
ability to respond to environmental change. The necessity to maintain genetic variation
within a population is best illustrated by Madsen et al. (1999) who introduced new
genotypes into a severely inbred and isolated population of Vipera berus to the extreme
north of its range. This not only halted the populations’ steep decline towards extinction

but resulted in extensive population expansion.
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1.3  Phylogeography

A phylogeographic approach can be a useful analytical tool in uncovering
cryptic speciation, although its main focus is generally on intraspecific genealogies and
their relation with geography, history and demography (Avise, 1994). Phylogeography
is a branch of biogeography studying the spatial patterns of genetic diversity within and
between species. Phylogeographic reconstructions have been used to infer the
geographic origin of populations, genetic bottlenecks and range expansions in many
species including reptiles (Ursenbacher et al., 2006; Taberlet et al., 1998; Avise et al.,
1987). Biogeographic barriers, such as mountain ranges (Hewitt, 2000) and rivers
(Goossens et al., 2005; Eriksson et al., 2004; Telfer et al., 2003), may disrupt gene flow
thus moulding genetic structure. Phylogeography departs from classical population
genetics by explicitly focusing on the species’ history, in particular the biogeographic
past, when studying patterns of genetic variation through inferred gene trees, but still
owes its statistical and mathematical foundations to it (Knowles and Maddison, 2002).

1.3.1 Migration routes

The current distributions of reptiles in the British Isles imply that these species
survived ice age events in warmer southern European refugia (Beebee and Griffths,
2000). As the Mediterranean Sea forms a deep trench it did not dry out during the lower
sea levels of ice age episodes and hence would have formed a barrier to the southern
dispersal of European terrestrial reptile species (but see Hsii et al., 1977, regarding the
Messinian salinity crisis). With climate change events some 15-18,000 years ago came
the rapid range expansion of reptile species into Northern Europe (Hewitt, 2000).
Temperatures rose to as high as, or even higher than, those of modern day for several
millennia until the rapid cooling of the Younger Dryas. Reptile species sought shelter in
relatively northerly refugia before climate change and colonisation of Northern Europe
and Britain some 10,000 years ago. Major river systems and mountain ranges, such as
the Alps and Pyrenees, would have presented challenging barriers to dispersal for many
reptile species. These mountain ranges supported considerable glaciations with bound

ice reducing sea levels by up to 120 m (compared to current day levels).
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1.3.2 Molecular Markers
A variety of mitochondrial and nuclear markers are available to phylogeographic
and conservation genetic studies; their selection and utility being dependent upon the

questions posed.

1.3.2.1 Mitochondrial DNA

Mitochondrial DNA (mtDNA) has been until now the marker of choice in the
majority of phylogeographic studies allowing common ancestry to be determined
through shared derived characters (Zhang and Hewitt, 1997). The popularity of mtDNA
sequencing stems from several factors including non-recombining uni-parental
(maternal; with the exception of paternal leakage/ hetroplasmy) inheritance, few
duplication/ insertion/ deletion events, a conserved gene order and number (Kaneda et
al., 1995; Avise et al., 1987; Fischer-Lindahl 1985; Giles et al., 1980) and its rapid rate
and well understood mode of evolution (Kocher et al., 1989; Moritz et al., 1987). The
effective population size of haploid mtDNA is approximately 25% when compared to
diploid nuclear autosomal genes with biparental transmission (Moore, 1995). MtDNA is
therefore likely to be congruent with a species phylogeny due to high probability of
coalescence even when divergence events have occurred over short time periods.
Mitochondrial DNA exists in high copy number in each cell presenting excellent
opportunity to amplify from non-invasively collected sample material such as ancient,
faecal substrates and weather degraded field samples. The rate of evolution is 5-10
times higher in mtDNA than the nuclear DNA of most animals (DeSalle et al., 1986;
Ferris et al., 1983; Brown and Stimpson, 1982). However, the rate of evolution is not
constant throughout the mitochondrial genome or for the same genes between species
(Ballard and Kreitman, 1995; Cann et al., 1984). Factors such as substitution rate
heterogeneity must therefore be considered and corrected for, especially when a
molecular clock is used to date the coalescence of mitochondrial lineages.

Inherited as a single linkage group (Hoech et al., 1991), animal mtDNA is a
circular molecule of 15-20 kb and in vertebrates contains genes for 22 transfer-RNAs, 2
ribosomal-RNAs and 13 messenger-RNAs coding for proteins involved in the electron
transport and oxidasive phosphorylation. The only non-coding region of the mtDNA is
the ~1.5 kb long control region which is involved in the regulation and initiation of
mtDNA replication and transcription (Ballard and Rand 2005; Moritz et al., 1987).
MtDNA is prone to oxidative damage since the mitochondria are the sites of cellular
respiration and consequently rich in free oxygen radicals (Martin and Palumbi, 1993).
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This oxidative damage and higher replication errors when compared to that of the

nuclear DNA genome (Brown, 1979) coupled with more relaxed constraints on the
DNA repair mechanisms (Cann et al., 1984) result in rapid accumulation of selectively
neutral mutations (principally base substitutions). These nucleotide substitutions make it
possible to establish phylogenetic relationships, even between the lower taxonomic

ranks of species and subspecies (Cann et al., 1984).

1.3.2.2 Cytochrome b

Cytochrome b is an integral membrane protein that contains two hemes in a
protein of molecular mass of about 40 kDa. Cytochrome b is one of the best known of
the 9-10 proteins that make up complex III of the mitochondrial oxidative
phosphorylation system (Hatefi, 1985) and is the only one encoded by the mitochondrial
genome. It contains two redox centres involved in electron transfer. The knowledge of
structure-function relationships in cytochrome b enhances the utility of its gene for
evolutionary investigations (Irwin et al 1991). Cytochrome b has been used to establish
the evolutionary relationships between true vipers (Lenk et al., 2001), Vipera berus
genetic structure and phylogeography (Ursenbacher et al., 2006; Carlsson et al., 2004),
the evolution and phylogeny of the genus Natrix (see Guicking et al., 2006) and the
molecular systematics of racers (Nagy et al., 2004) amongst others. Partial cytochrome
b sequence was chosen as a ‘phylogenetic probe’ since as a functional protein-coding
gene it would be easier to align than non-coding genes (i.e. the D-loop) and in reptilia,
cytochrome b exhibits a similar rate of evolution as the D-loop (Ursenbacher et al.,
2006).

1.3.3  Molecular clocks

The relative high levels of sequence variation in the animal mtDNA control
region (and cytochrome b in reptiles) allow calculation of a ‘molecular clock’ to be
established. This has previously been estimated in the region of 0.47-1.32% per million
year (my ) for mtDNA divergence rates for small to medium sized ectotherms
(Zamudio and Greene, 1997). There have been few specific estimates for the rate of
sequence evolution of the cytochrome b gene in squamate reptiles. In bushmasters
(Lachesis sp.) the divergence rate for cytochrome b has been estimated at 0.6-0.76%
my™ (Pook et al., 2000).
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1.4  Aims and layout of the thesis

This study investigates the genetic diversity in the increasingly threatened Natrix
natrix, Coronella austriaca and Vipera berus populations across Europe and aims to
define how these species came to populate the British Isles from their ice-age refugia
using phylogeographic analysis of cytochrome b mitochondrial DNA sequences. In
addition, current day reptile population management issues are examined using Anguis
fragilis as a British model reptile to assess translocation protocols. For the first time,
parasite loads of translocated slow worms are assessed and correlated with host growth
rates.

Three data chapters allow the following hypotheses to be tested:

Hypothesis I: Non-invasive materials from British snake species are present in

sufficient quantity and quality to construct mtDNA phylogenies.

Hypothesis I1: V. berus was the first snake species to populate the British Isles and
maintained a presence in the UK during the Younger Dryas.

Hypothesis III: The C. austriaca populations of Surrey and isolated populations in
Dorset and Hampshire, UK are monophyletic.

Hypothesis IV: Current reptile translocation mitigation is inefficient and can be
updated to reduce both effort and cost.

Hypothesis V: The parasite loads of translocated slow worms affect host growth rates

and present a previously undetected challenge to reptile mitigation.

The thesis is presented as five self contained chapters. Methodologies are
outlined in each specific data chapters. Chapter 2 on non-invasive sampling has been
recently published in the Herpetological Journal. Chapter 3 concerns comparative
British snake phylogeography and in Chapter 4 4. fragilis is used as a model organism
to assess the efficiency of reptile translocation. Finally, Chapter 5 gives an overview of

the entire study and highlights future research avenues.
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CHAPTER 2
CHAPTER 2: An evaluation of non-invasive sampling for genetic analysis in

northern European reptiles

Abstract

Genetic studies of native herpetofauna populations are important for the
conservation of European biodiversity. However, previous studies have been largely
dependent on invasive sample collection. Here we explore the efficiency of non-
invasive sampling (NIS) for molecular studies and review the potential different sources
of such samples. Snakes produce a multitude of by-products, such as sloughed skin,
faeces and eggs or embryos, which along with road kills, predated specimens and
museum samples, could potentially be used in molecular studies. We describe a new
method for obtaining snake faeces in the field and, using mitochondrial cytochrome b
primers, we successfully amplified 500 and 758 bp sequences from a variety of tissues
collected by NIS. The availability and degradation of such material differed greatly, and
both DNA extraction and PCR success appeared dependent upon sample origin and
storage. Nevertheless, for the first time we demonstrate that faecal, egg and foetal
tissues, as well as sloughed skin and carcasses, represent valuable NIS source material

permitting genetic studies with minimal disturbance to the individual and its population.

2.1 Introduction

The study of indigenous herpetofauna in the field is important for conservation
and our understanding of reptile ecology in a changing landscape. Increasingly, prime
reptile habitat in northern Europe is being modified, destroyed or fragmented (Beebee
and Griffiths, 2000), with reptiles having to adapt to changes instigated by
anthropogenic expansion. In general, translocation success rates for amphibians and
reptiles are lower than those for mammals and birds (Platenberg and Griffiths, 1999,
Reinert and Rupert, 1999; Dodd and Seigel, 1991; Griffith et al., 1989), and yet
translocation exercises rarely employ genetic data. This is perhaps surprising, given the
now seminal study of Madsen et al. (1999), who demonstrated unequivocally that the
introduction of new genotypes into a severely inbred and isolated population of Vipera
berus not only halted its precipitous decline towards extinction but resulted in dramatic
population expansion. However, molecular ecological approaches are now more
commonly used in the conservation of herpetofauna (e.g. Leaché and Reeder, 2002;
Morrison and Scott, 2002; Ciofi and Bruford, 1999; Madsen et al., 1999) and cryptic
snake taxa are being re-assigned following genetic analysis (Wiister et al., 2002;

65



CHAPTER 2
Burbrink, 2002; Puorto et al., 2001). Molecular characterization of individuals may also
resolve novel insights into how genetic variation is partitioned within and among
populations (e.g. Carlsson et al., 2004). Invasively obtained material has tended to be
the source for herpetological genetic studies to date (Feldman and Spicer, 2002; Voris et
al., 2002; Keogh, 1998) but this is now less acceptable with the wide availability of
commercial non-invasive sampling (NIS) DNA extraction kits. These offer affordable,
alternative methods for molecular studies with minimal disturbance to the animal and its
population (Morin and Woodruff, 1996). Below we summarize the various sources of
NIS material that could potentially be utilized for molecular studies, concentrating on
our target taxa, the three snake species indigenous to northern Europe: the adder (Vipera
berus), the grass snake (Natrix natrix) and the smooth snake (Coronella austriaca).

2.1.1  Sloughed skin

Sloughs can be found fragmented or whole around hibernation sites, often
entwined within gorse, bracken and other coarsely textured plants, and beneath tins or
other such cover. With warm weather conditions, sloughs dry quickly in the field and

can be folded into an envelope or sample bag on collection and stored dry.

2.12  Aborted embryo, egg, road kill and museum samples

Muscle is available for DNA extraction from semi-predated and stillborn
carcasses, road kills and museum samples (Dallas et al., 2003). Stillborn offspring from
both the adder and the smooth snake can be collected in the vicinity of hibernation sites.
Grass snake eggs, laid from late June to July, are found in compost and manure heaps,
decaying tree stumps, woodchip piles and even rotting seaweed. Around 30% of eggs
fail to hatch in the autumn or are infertile (Beebee and Griffiths, 2000), therefore
nonviable unfertilized eggs should only be collected after this period, being identifiable
by their discoloured state. Although museums are a potential source of animal tissue,
traditional specimen fixatives (commonly formalin) are optimized for morphological
study, which degrades DNA (Chang and Loew, 1994; P#ibo, 1989; Chaw et al., 1980).
Extracting DNA from formalin-fixed material is possible but laborious and PCR
amplification success rates are low (Serth et al., 2000). The analysis of tissue stored in
formalin pH <7 for longer than 12 months should be restricted to analysis of short
(<100-200 bp) DNA fragments (Bucklin and Allen, 2003).
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2.13 Faeces
Faecal samples typically contain low quantities of degraded target DNA
(Taberlet et al., 1999; Gerloff et al., 1995), but have proved to be a valuable source of
DNA from avian and mammalian samples (e.g. Regnaut et al., 2006; Robertson et al.,
1999; Taberlet et al., 1999) and should also be useful in herpetological studies. Snake
faeces are challenging to obtain in the field non-invasively but can potentially be found
throughout the snakes’ active period from late April to October. As faecal material
contains a range of micro-organisms and is particularly prone to deterioration by
endogenous nucleases, the highest quality DNA is found in freshly collected faeces
(Wehausen et al., 2004; Taberlet et al., 1999). Faecal matter gathered in the field should
be immediately sealed and cooled in a collection bag. This can either be frozen at —20°C
or stored in ethanol (>95% molecular grade), RNALater (Ambion) or silica gel
(Nsubuga et al., 2004) at 4°C.

2.1.4 Cloacal and buccal swabs

Cloacal and/or buccal swabbing is a rapid, inexpensive and potentially easy to
implement field method for obtaining reptile DNA samples (Miller, 2006). However, in
addition to the delicate bone structure of British reptiles, there are obvious hazards
associated with buccal swabbing from both venomous and non-venomous reptiles.

Therefore, for both these reasons this procedure is not recommended for British snakes.

2.1.5 Teeth and bone

Teeth and bone samples, from semi-predated and stillborn carcasses, shed teeth,
road kill and museum samples, might yield DNA of sufficient quality for certain
studies, but because of the time involved in sample preparation and the number of
replicates required (see Rohland et al., 2004; Wandeler et al., 2003), they should only be
considered in the absence of other more suitable tissues. This study aimed to
demonstrate the utility of a range of non-invasively collected samples for mitochondrial
DNA PCR in the three native UK snake species.
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2.2 Material and methods

2.2.1 Origin of samples

Table 2.1 shows the preservation method of the samples collected during the
current study. An additional 20 sloughs and 20 carcasses from Vipera berus were
collected 1-30 days prior to DNA extraction. Field collected carcasses, road kills and
foetal samples were directly frozen at —20°C or preserved in 95% ethanol. Ancient
ethanol preserved tissue (A.E.P.T.; collected pre-1907 to 1969) consisted of museum
samples donated by the National Museum of Wales, Cardiff. Non-viable grass snake
eggs, located in compost heaps, were preserved at —20°C. Sloughed skins, mostly
collected at the entrance of identified adder domains, were preserved dry at room
temperature for up to two years. An additional fresh slough was obtained from an adder
observed in the process of ecdysis. Snake faeces (associated with sloughs) collected
from a range of UK sites were either immediately frozen at —20°C or preserved in 95%
ethanol. A 10 pl blood sample, obtained by caudal extraction from an adder and stored
in 90 ul of Seutin’s buffer (Seutin et al., 1991) at room temperature, was collected as a
positive PCR control.

2.2.2 DNA extraction

Sloughed skin required a rehydration step to remove impurities prior to DNA
extraction. A fragment (1-2 cm?) of slough was placed in a 1.5 ml eppendorf tube
containing 1 ml of double distilled (dd) water at 55°C in a rocking incubator. After 46
h the water was removed and a further 1 ml of dd water added to each sample prior to
incubation at 55°C for a further 8—12 h. DNA extraction was performed on these
rehydrated samples, egg yolks (approximately 0.2 cm®), NIS muscle (1 cm?) and blood
(5 ml in Seutin’s buffer) following the manufacturer’s protocols for Qiagen DNeasy®
(Cat. # 69504) tissue extraction kit. Faecal material (1 cm®) was extracted following the
manufacturer’s protocol for the QIAamp® DNA stool mini kit (Cat. # 51504). DNA
extraction was not attempted from teeth or bone in the current study but relevant
protocols and commercial kits are available (see QIAamp® DNA minikit protocol). A
maximum of three extraction attempts were performed for each sample, with second
and third extractions only prepared on failure to successfully amplify a product after
three PCR attempts from the previous extraction. Partial cytochrome b gene
amplification and sequencing two different snake PCR primer sets were used that

generated approximately 500 and 758 bp amplicons. The first primer pair consisted of a
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forward primer (UKsnakecyto F, 5> CAACATCAACTTAGCCTTCTC 3°) adapted
from cytochrome b primer, 703bot (Pook et al., 2000) and a reverse primer
(UKsnakecyto R, 5° GTGGAATGGGATTTTATCG 3°) designed from an alignment of
partial cytochrome b gene from Vipera berus (GenBank accession number AJ275728)
and  Natrix  natrix  (AF471059). The  second  primer  set, 5
TCAAACATCTCAACCTGATGAAA 3'and 5' GGCAAATAGGAAGTATCATTCTG
3', were previously used by Pook et al. (2000) to generate a 758 bp cyt b fragment.
Primer set 1 was tested on all tissue samples, whereas set 2 was only tested on the
additional 20 sloughs and 20 carcasses from Vipera berus. Each PCR was performed in
25 ul comprising 1 ul of DNA, 1xInvitrogen buffer (200mM Tris-HCL, pH 8.4, 500
mM KCI), 3 mM MgCl,, 250 mM of each dNTP, 0.5 mM of each primer and 1 U of
Invitrogen Tag polymerase. DNA amplification was performed at 96°C for 4 min and
then 35 cycles of 94°C for 1 min, 50°C for 1 min and 72°C for 2 min with a final
extension cycle of 72°C for 3 min in an Applied Biosystems GeneAmp® PCR system
9700 thermocycler. Both negative (dd water) and positive (adder blood) controls were
included with each PCR. PCR success was determined by running products on an
agarose gel. Fragment length of PCR product was determined by interpolation using a
100 bp ladder. PCR products were purified using the GeneClean® Turbo for PCR kit.
For each DNA sequencing reaction, 3 pl of PCR product, 2.5 pul Better Buffer
(Webscientific Ltd, Cat. # 3BB-10), 0.5 ul ABI Big Dye Vs. 3 and 2.4 pmol of primer
was made up to a final volume of 11 pl volume with deionised dd water. Sequencing of
the isopropanol purified products was performed in both forward and reverse directions.
Sequencing PCR entailed a step of 94°C for 90 s followed by 25 cycles of 96°C for 15 s,
50°C for 10 s and 60°C for 4 min. Samples were run on an ABI 3100 DNA semi-
automated DNA analyser (Perkin Elmer) and sequences were aligned using

Sequencer™ and corrected by eye.
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2.3 Results

2.3.1 Faecal sample collection

Although potentially accessible, snake faeces are challenging to identify and
rarely located in the field. During the course of this study, we developed a simple semi-
invasive method of faeces collection following the observation that snakes often
defecate in response to direct disturbance or handling. In a series of trials, individual
snakes were carefully scooped from the ground in an upright motion whilst the tail was
quickly transferred into a small plastic collection bag. As adders are venomous and have
particularly delicate cervical vertebrae, extreme care is necessary when securing a hold
on these animals and the mid-body should also be supported while the snake is held
aloft and the tail placed into the collecting bag. However, unless suitably qualified we
strongly advise the use of restraint tubing to secure the adder allowing safer handling.
Repeated sampling (»=100) revealed that the majority of British snakes handled in this
fashion would defecate in the bag, usually within 20 s of capture. This procedure was
most reliable with grass snakes (about 95% defecation) compared to smooth snakes
(about 75%) and adders (about 70%). These animals could then be released after
photography, measurement and other details had been recorded. The sample bag was
quickly cooled in situ before storage at —20°C.
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Figure 2.1  Mean number (+SE) of PCR reactions required to generate a positive 500
bp partial cytochrome b gene amplification product from non-invasive snake sample
material. Road kill and other carcasses are grouped together.

*Error bars are not shown for the faecal samples as for both species only one of the two
PCRs successfully amplified.

2.3.2 DNA extraction and amplification

Table 2.1 displays the success rates of extraction and amplification of the 500 bp
mtDNA products from non-invasively collected sample material. These tissue types
were sampled for all three British snake species with the exception of faeces and ancient
ethanol preserved tissue (A.E.P.T.) for Coronella austriaca, which were not available in
the current study. All different types of tissue samples eventually amplified and
sequenced, but with varying rates of success both between tissue types and species
(Figure 2.1). As predicted, the highest success rates for DNA extractions and
amplification were obtained from recently preserved muscle samples, namely fresh

foetus and other carcasses including road kill.
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Table 2.1 DNA extraction and PCR amplification success of 500 bp cytochrome b
mtDNA products from non-invasively collected British snake samples (A.E.P.T. =
Ancient Ethanol Preserved Tissue).

Species Tissue type No. of Preservation method No. of No.of  Positive
samples extracts PCRs PCR
Coronella  Slough 5 Dried 9 17 5
austriaca Foetus 2 Ethanol 2 2 2
Carcass 2 Ethanol 2 2 2
Road kill 3 Ethanol 2 7 3
Natrix AEPT 3 Ethanol (one stored for 50-100 y) 9 26 3
narix  Faeces ! Ethanol 1 2 0
Faeces ! Frozen 1 2 1
Slough 5 Dried (one fresh) 6 8 5
Egg 2 Frozen 3 4 2
Carcass 2 Ethanol 2 2 2
Roadkill 3 Frozen 4 5 3
Vipera Faeces 1 Ethanol 1 2 0
berus Faeces 1 Frozen 2 3 1
Slough 5 Dried (one 2 y old) 8 15 5
Carcass 2 Ethanol 2 2 2
Road kill 2 Frozen 3 4 2
Road kill 1 Ethanol 1 1 1

From faeces, 500 bp fragments were amplified from one of five samples for both
V. berus and N. natrix, but products were weak in intensity and the resulting sequences
were of extremely poor quality. A.E.P.T. snake samples required up to three extractions
before positive amplifications were achieved in five of the six samples tested (Table
2.1), with only 41% and 11% amplification success rate for V. berus and N. natrix,
respectively. Sequences of 500 bp with very few or no ambiguous bases were obtained
from all tissue types, apart from faeces. The 758 bp cyt b fragment was successfully
sequenced from V. berus carcasses and sloughs; sequencing of this larger amplicon was
not attempted from other tissues types. Interspecific sequence homology allowed
alignment of partial cyt b sequences from all three species and yet sufficient base
substitution existed to reliably determine and identify sequences at species level.
BLAST searches revealed that all sequences generated during the current study matched
with GenBank sequences of adder, grass snake or smooth snake.
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2.4  Discussion
This is the first study to demonstrate the feasibility of DNA amplification from
snake faeces, egg and foetal material, as well as from other non-invasive samples
including slough skin and non-invasively sampled (NIS) muscle. Although snake faeces
have previously been used to identify the morphological remains of specific prey items
(e.g. in the black rat snake; Weatherhead et al., 2003), their utility as an NIS material for
DNA extraction from snakes had not previously been investigated. The most reliable
NIS sources in this study were muscle tissue and slough skin, with ancient tissue
samples being the least reliable. Some snake by-products can be easily located in the
field, but consideration must be given to exclude temporal duplication of samples from
the same individual, for instance multiple skin sections from the same slough that have
broken up and dispersed. If only a small number of samples are analysed, such non-
random sampling can skew data and give a false representation of population genetic
diversity. However, repeated sampling of the same individual over time can provide
useful ecological data regarding movement and lifespan. Recording the exact location of
collected samples is critical and advances in geographic information system (GIS)
technology (Salem, 2003) allow patterns of genetic structure to be analysed in a
geographical context (e.g. Kidd and Ritchie, 2006). It is also important to record the age
of the sample and method of preservation. PCR from template DNA extracted from
degraded tissue is problematic, due not only to general DNA degradation but also to the
presence of inhibiting factors (Wehausen et al., 2004; Kohn and Wayne, 1997). In
addition, using universal (highly conserved) mitochondrial PCR primers, there is an
increased likelihood of inadvertently amplifying non-target organism DNA.
Furthermore, even if DNA does amplify, decayed nuclear DNA is more commonly
associated with genotyping errors, such as allelic dropout and false alleles (Taberlet et
al., 1999). In the current study, we also developed a new method for faeces collection
from wild-caught snakes. In the field, British snakes can be secured and scooped
verticaliy from the ground, initiating a defecation defence response. The faeces can be
simultaneously collected and appropriately preserved for subsequent DNA extraction.
There appeared to be a relationship between stool consistency and successful sample
collection: grass snakes (that have loose stools) are more likely to defecate when
handled than either smooth snakes (with intermediate stools) or adders (firmer stools).
Such variation in faecal consistency is related to diet, with grass snakes preferring
amphibians and fish, smooth snakes eating mostly reptiles and rarely small mammals,

and adders consuming mostly small mammals. Typically, snakes with loose stools
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defecate more regularly than those with firm stools and so our observations are not
surprising, but we demonstrate how this natural response can be exploited for semi-NIS.
Faecal samples have previously been an overlooked source of reptile DNA. However,
faeces are routinely used to genotype protected species (e.g. Chih-Ming et al., 2004;
Garnier et al., 2001; Bayes et al., 2000; Goossens et al., 2000). Although DNA from
faecal samples is degraded, microsatellite analyses and sequencing of short amplicons is
usually possible, but DNA fragments of greater than 500 bp are difficult to sequence, as
observed in the current study. More in-depth studies are required to assess the maximum
size of amplicons than can be sequenced from snake faeces. In addition, storage
methods for snake faeces should be optimized, as has been done for large mammals. For
example, Roeder et al. (2004) described a two-step method of preservation whereby
gorilla faecal samples stored in ethanol for 24-36 h were subsequently transferred into
silica for optimal DNA preservation. The most reliable source of non-invasive sample
material was muscle tissue from carcasses (road killed and semi-predated specimens),
recent museum samples and foetal tissue. Roads provide excellent basking opportunities
for snakes (under low-traffic conditions) as they heat up quickly, maintaining
temperature throughout the day and into the cooler evening (Shine et al., 2004; Ashley
and Robinson, 1996). Unfortunately, snakes are often not quick enough to evade
vehicles, exhibiting momentary immobilization in response to traffic (Andrews and
Gibbons, 2005), but no agency records snake road kill statistics for the UK, despite the
fact that animal carcasses do provide high quality genetic data for a multitude of studies
including phylogeography and phylogenetics (Piertney et al., 2005 Doyon et al., 2003;
Keogh, 1998). DNA from grass snake eggs was successfully extracted and amplified,
but success rates could not be assessed during the current study due to the small sample
size. Unhatched eggs should only be collected late in summer/autumn after all viable
eggs have hatched, but such samples are likely to be contaminated by microbial PCR
inhibitors (Fernando et al., 2003). Avian eggshell membrane is established as a non-
invasive DNA source (Fernando et al., 2003; Strausberger and Ashley, 2001), allowing
genotyping of an identified egg-laying female without disturbance; however, this is the
first study to show that yolk tissue can also be used to identify British reptiles such as
the grass snake or sand lizard. We have not yet tested whether DNA can be successfully
extracted from the membranous egg shells of grass snakes. Of the non-invasive
materials tested in this study, sloughed skin was the easiest to collect and store directly
from the field. DNA extraction from slough does require an initial rehydration step, but
this is still a simple and quick method. The lower yield of DNA (compared to muscle)
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