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A university is very much like a coral reef. It mes calm
waters and food particles for delicate yet marvelously constructed
organisms that could not possibly survive in the pounding surf of reality,
GKSNB LIS2LX S a1l ljdSadazya fA1S ¢
nonsense.

SirTerry Pratchet{The Sience of Discworld
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Chapter 1: General introduction

These foul and loathsome animals are distinguished by a heart with a single ventricle
and a single auricle, doubtful lungsdaa double penis. Mostre abhorrent because of
their cold body, pale colour, cartilaginousIgken, filthy skin, fierce aspect, calculating
eye, offensive smell, harsh voice, squalid habitation, and terrible venom; and so their

creator has not exertetlis powers to make many of them.

-- Carl von Linne (Linnaeus) provides a not very flatteringrggn of reptiles and
amphibians, in the 1 edition of hisSystema Natura€l758).

1.1 Amphibians

Contrary to what Linnaeus believed over 250 years ago, we now know that amphibians
constitute a very diverse class of vertebrates. There are over 75@Biaran species
currently described (AmphibiaWeb 2016), and more are being discovered as new
areas, particularly in the tropics, are being explored. According to AmphibiaWeb
(2016), 750 new amphibian species have been described during the past five years.
Amphibians are classified into three orders: frogs and toads (Anura), salamanders and
newts (Caudata or Urodela) and caecilians (Gymnophiona). As their name suggests,
amphibians (from the Greek wordsnphi both or double, andbios life) typically have

a biphasic life cycle, with a relatively short aquatic larval stage and, following

metamorphosis, a longved terrestrial adult stage.

The first amphibians appeared around 365 million years ago, in the Late
Devonian Early Carboniferous (Carroll 2009).dftamphibians (i.e. Lissamphibians)
are thought to have originated around 315 million years ago, in the Late Carboniferous
(San Mauro 2010). Thus, this class of simadlied vertebrates has managed to survive
major geological processes, extinction eveatsl climatic changes, and now occupy

Y2aild 2F GKS ¢g2NIRQa GSNNBAGNAIf KlFIoAadlda o

All amphibians share some characteristics that strongly influence all aspects of
their life history. Amphibians are ectotherms, i.e. their body temperature caneot b
regulated through their metabolism and varies according to the temperature of their
aquatic or terrestrial environment. Consequently, amphibians must regulate their

body temperature through their behaviour, for example by avoiding, whenever
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possible, urdvourable (too cold or too hot) thermal conditions. As a result of their
dependency on ambient thermal conditions, amphibians have much lower metabolic
rates than endothermic animals (e.g. mammals). The thin skin of amphibians lacks
scales, feathers and rahowever, it contains a great number of blood vessels and it
is highly permeable to water and other materials. Although this makes amphibians
highly susceptible to desiccation, it also allows them to absorb water and to exchange

gases, i.e. to breathéhrough their skin.

Due to their physiological, ecological and behavioural characterigics
Wells 2007, amphibians are particularly sensitive to abrupt changes in their
environment. Amphibian populations have been declining at a global scale ftasthe
several decades (Houlahan et al. 2000), with about one third of all species considered
globally threatened (Stuart et al. 2004). Some of the most important factors driving
amphibian population declines include anthropogenic climate change (Readiiig 200
Griffiths et al. 2010; Ficetola and Maiorano 2016), the intensified habitat loss through
habitat degradation and destruction (Gallan et al. 2007; Surasinghe and Baldwin 2015)
and emerging infectious diseases (&gtrachochytrium dendrobatidi§illesje et al.

2014;B. salamandrivoransViartel et al. 2013).

1.2 Newts

Newts belong to the family Salamandridae, which originated around 95 million years
ago (Steinfartz et al. 2007). Like most amphibians, salamanders and newts are long
lived animals (for aummary see Table 14.8 in Wells 2007) that, under favourable
conditions, may mate each year dugtheir wholeadult life. Unlike other amphibians,
most salamanders have internal fertilization; during courtship males deposit on the
substrate a spermatopher(i.e. a capsule containing the sperm), which females pick
up with their cloaca to inseminate their mature eggs. Insemination by multiple males
iIs common in some newt species (Garner and Schmidt 2003). After fertilizing their
eggs, females then proceed dieposit them, a process which may take several weeks.
This means that mating and oviposition are two distinct processes, which may be

separated in time and space.
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Adult individuals in European newts (the former genugurug gather to
breed in permanenbr temporary water bodies during their breeding season. They
are considered prolonged breeders because their breeding season may last from
several weeks to several months. Female newts deposit their eggs singly, by wrapping
each egg individuallpn aquatd @S 3 SO IR NI DAEINF My O YR |
oviposition period may last from a few days up to several months (Verrell et al. 1986).
Individual newts migrate asynchronously to and from their breeding site and may
remain there for various lengths ohtie, while sexual dimorphism in arrival time has
been documented in some species (Arntzen 2002). As a consequence, sex ratios may
change during the breeding periad the breeding siteand there is no specific point
in time throughout the breeding seasom iwhich all breeding individuals are

simultaneously present in the breeding area.

During their breeding season, several European newt species (as many as five,
Arntzen and De Wijer 1989nay share the same breeding pond. Van Buskirk (2007)
has shown that rany newt species, including our studgeciesi(e. alpine and smooth
newts), often co-occur. Furthermore, a survey in soutfestern Francewhere three
newt species are syntopitias revealed that sites occupied by two or by all three
species were more maerous than sites occupied by agi@ species (Joly et al. 2001).
Experimental studies of competitive interactions betweeroocurring newt species
areabsent fromthe literature. However, several studies have shown the existence of
microhabitat partitioning, which may help reduce predation and competition for
resourcesDPNA FUGKA YR aéft20dGS wmopyTT)W2t& FyR DA

1.3 The study site

Our study site is a semiatural temporary pond in northern Peloponnese, southern
DNBESOS 6oyt QONMQUW D 2Waiic ynnyY | dadf &3 CAIad ™
Kalavryta. Alpine and smooth newdse syntopic at this siteeturning to the pond

each year to breedNVhen completely filled with water, the pond has a surface area of

about 300 M and a maxnum depth of 80 cm. The pond usually begins to fill with

water in February and is completely dry by September, although the exact
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hydroperiod varies each year as it depends on local weather condifRvasipitation

and snow melt are responsible for theaslging and eventually the spilling over of the
local karstic water network, hence part of the water overwashes during winter and
spring, flowing into the pond. Due to this continuous overwash of cold karstic water
and the small pond depth, the water temgure in the pond remains low and rather
stable across the water columiVhen the spilling over stops in late spring/early
summer, groundwater discharge into the pond is interruptduis the pond starts
drying out and water temperature incases as welNo fish or other vertebrate newt
predators occur in the pond, although there are many invertebrate newt predators
such as diving beetles (Dytiscidae) and backswimmers (Notonectijzaa}.from the

two newt species under study, several other amphibian ssecboth caudates
(Salamandra salamandjaand anuransHyla arborea, Rana dalmatina, Pelophylax
kurtmueller), breed in this pond. In additionporother established newt populations
occur in the immediate area around the pand@hus it is evident that thismall
temporary pond constitutes an important breeding site for the local amphibian

community.

1.4 The study animals

The alpine newtlchthyosaura alpestridaurenti 1768), occurs in large parts of central
and southern Europe, with Greece being the $muh limit of its distribution (Fig. 1.2).

In Greecethe alpine newt occurs at high altitudes the Pindbs mountain range,
Rodop and northern Peloponnese, where it constitutes small and highly isolated local
populations with high levels of genetic vdita (Sotiropoulos et al. 1995; 2007).
Greek populations of the alpine newt belong to the subspeldbthyosaura alpestris
veluchiensis(Wolterstorff, 1935. Genetic studies indicate that populations from
centaklnorthern Greece and the Peloponnese exhibsignificant differences both in
mitochondrial haplotypes and in allozyme frequencies and constitute separate
Conservation UnitéSotiropoulos et al2007; 2008). This is reflected in the fact that
the alpine newt in Greeads classified agulnerable while Peloponnesian populations

are considered aBndangeredSotiropoulos 2009).
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Fig. 1.1Thestudy site, a temporary pond in southern Greece. Top and middle rows: general view of the study area du
winter (left) and spring (right). Bottom row: the tgrarary pond, haHilled with water in winter (left) and completely dry in
autumn (right).
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Fig. 1.2The distribution of the alpine newtghthyosaura alpestri§éop) and the smooth newt,
Lissotriton vulgarigbottom). The study area, marked by the radow, lies at the southern
limit of both species' distribution (Source: IUCN Red «&stion 2016).

The smooth newt, Lissotriton vulgaris(Linnaeus 1758), is widespread
throughout most of Europe, except from the Iberian Peninsula and southern France

(Fig. 1.2. In Greece most smooth newt populations belong to the subspecies
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Lissotriton vulgaris graecugWolterstorff, 1905, although populations of the

subspecied.. vulgaris schmidtlerorurfRaxworthy, 1988dpccur in the northeastern

part of mainlandGreece (Pabijan et al. 2015) and on the island of Samothraki
6aSlii2dz2NAa YR Y2NYAfA24d HampO® DNBSOS Aa
distribution, with the southernmost populations occurring in tReloponneseThe

successful establishment of thisespes has recently been reported from Melbourne,

Australia, where it is considered an invasive species, most likely introduced via the pet

trade (Tingley et al. 2014)hesmooth newt is classified dseast Concerthroughout

its range (Arntzen et al. 2009

There is aaumber ofpublished studies imewt speciesrom Greece, most of
them investigating their distribution, phylogeny and biogeography (Sotiropoulos et al.
1995; Sotiropoulos et al. 2007; Pabijan et al. 2015), as well as patterns of genetic
(KyrekopoulouSklavounou et all997; Sotiropoulos 2004; Sotiropoulos et al. 2808
Sotiropoulos et al. 2009; Sotiropoulos et al. 2013) and morphological variation
(Sotiropoulos et al. 2001; Sotiropoulos 2004; Sotiropoulos et al. [200808). In
contrast, vey few studies on Greek newts investigate aspects of their ecology (feeding
habits,. NJ y B@4Danthalou et al. 199%Manthalou2000 resource partitioning
between speciesManthalou et al. 1999Manthalou2000 andmorphs,5 Sy 23§ f | y R
Schabetsberger 2IB; Moustakas and Sotiropoulos 20l5aquatichabitats
characteristics5 Sy 2 § 1. This study isherefore an important contribution to the

knowledge of the ecology of newts in the southern limit of their distribution.

1.5Thesisoutline

In thisthesiswe examine various aspects of the population and behavioural ecology
of the two syntopic populations of alpine and smooth newts occurrinthatstudy

area. The main body of thighesisconsists of four chapters, each with its own
methodology, results andiscussion. These four chapters are followed by a general
discussion, in which we give an overview and synthesis of major findings, and look into
some aspects of our findings that were not already discussed in the previous four

chapters. A brief descrifath of the four main chapters is given below.
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Capturemark-recapture (CMR) methods are widely used in ecological studies
to estimate population parameters (e.g. abundance, survival rates) and collect data
on the demography, migration and life cycle of anisndhe correct identification of
individuals is a requirement of CMR methods, and it is commonly achieved by applying
artificial marks or by mutilation of studgnimals. Pattern mapping is an alternative,
norrinvasive method to identify individuals by liging their natural body markings,
such as spots, stripes or blotches. These natural patterns are photographed and then
used to distinguish between individuals. @mapter 2we explore the use of pattern
mapping for the identification of individual alpim@d smooth newts over a thregear

time period using the freely available, opsource software WildD.

Amphibian breeding migrations are strongly influenced by environmental
conditions, due to the distinctive physiological, ecological and behavioral
characteristics of amphibians. Furthermore, the breedmgyration patterns of
individual animals might be influenced by their sex, size, physiological state, and/or
overall reproductive quality. From 2012 to 2014 we collected rnadapture data for
the two syntopic populationsas well as morphometric data for individual neyasd
data on environmental factorsChapter 3. Using these datawe study the
reproductive dynamics of these populations and assess whether individual traits and

environmental covariges influence their breedingnigration patterns.

Amphibians are particularly sensitive to environmental changes due to their
physiological, ecological and behavioral characterisfosphibian populations have
been declining globally for the last severacddes, and climate change is often
regarded as one of the most important factors driving these declinegShapter 4we
describe a laboratory experiment in which we investigate how temperature affects
ovipositing females, eggs and hatchlingthietwo syntopic populations of alpine and

smooth newts

Consumption of conspecific and heterospecific eggs and larvae is common in
many animal taxa, including many amphibians. Adult newts ofteoccoir temporally
and spatially with conspecific and heterospeciiiewt eggs and larvaeand adult

individuals may benefit from their consumption, but little is known on the degree of
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RAAONAYAYIFGAZ2Y Ay GKS ySgiaQ Chapid Bweld 2 NB
describe two laboratory experiments in which we examine eetadult male and
female alpine and smooth newts discriminate between conspecific and heterospecific

eggs and larvae in their predatory behaviour.

1.6 Acknowledgments

George lliopoulosprovided valuablehelp with the presentation of geological

information.
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2.1 Introduction

Capturemark-recapture (CMR) methods are widely used in ecological studies to
estimate population parameters (e.g. abundance, survival raiad)collect data on

the demography, migration and life cycle of animals; the ability to distinguish
individuals from other conspecifics in natural populations is fundamental to this
process (Lebreton et al. 1992; Williams et al. 2002). Individual id=ttdn is most
commonly achieved by applying artificial marks (e.g.-t&$, Visible Implant
Elastomers, bands, tattoos) or by removing small parts (e.g. toe or scale clipping or
tipping) of animals. Some of these invasive techniques may induce stresglaadce

the survival and/or behaviour of the target animal (Gautkiderc et al. 2004,
McCarthy and Parris 2004; Langkilde and Shine 2006; Antwis et al. 2014), and are often
expensive, particularly in loAgrm studies (Morrison et al. 2011). In additi there

have been concerns about ethical and animal welfare issues that arise from their

broad use (Wilson and McMahon 2006; Parris et al. 2010; Perry et al. 2011).

An alternative, norinvasive method to identify individuals is to utilize their
natural body markings, such as stripes, spots or blotches. These natural patterns are
photographed and then used to distinguish between individuals. Although pattern
mapping is a cheap and namvasive method, it is considered very tirmnensuming
(Donnelly et al. 294), particularly in large datasets and/or letggm CMR studies.
However, recent technological advances in digital photography and pattern
recognition algorithms (Arzoumanian et al. 2005; Van Tienhoven et al. 2007; Gamble
et al. 2008; Bolger et al. 2012ave enabled field ecologists to create and analyse large
photographic databases quickly and efficiently while minimizing effort and
misidentification errors (Bolger et al. 2012), thus allowing for larger sample sizes in
CMR studies. In recent years pattenapping has been employed in a wide and quite
varied range of animals, including beetles (Caci et al. 2013), seadragons {§taitin
2011), lizards (Sreekar et al. 2013), giraffes (Halloran et al. 2015) and dolphins
(Martinho et al. 2014).

The global dclines of many amphibian populations (e.g. Blaustein and Wake

1990; Stuart et al. 2004; 200Q8stress the need for longerm information on their
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demography and population dynamics (Blaustein et al. 1994).-tayng monitoring
studies employing CMR methodse an important tool for estimating abundances and
then identifying negative populatietrends. Although most amphibians exhibit some
form of natural patterns, the temporal inconsistency of these patterns documented in
some species and the fact thatstéonsidered a timeonsuming method (Donnelly et

al. 1994) prevent the widspread use of pattern mapping in amphibian CMR studies.
Instead, more traditional methods such as td@ping and PHagging are usually
preferred (Ferner 2010), despite themviasive nature and the fact that many of the
target-species are of conservation interest. Adult newts (Amphibia, Salamandridae)
exhibit natural spot patterns that can be utilized for the identification of individuals.
Alpine newts, Ichthyosaura alpestrjshave numerous spots on their flanks, and
smooth newtsLissotriton vulgaridhave spots on their belly and throat areas (Figs. 2.1
FYR H®HO O | | IGinkischngHeanisch(1 99 Musdd hése spot patterns

to successfully identify individuals of eoth and alpine newts, albeit using a small
number of animals because the method was at the time considered impractical for
f I NBS LRLzZFdA2ya o611 3JaGNIY MPpToO ®

The correct identification of individuals is a basic assumption of CMR methods,
and violation ofthis assumption may lead to negatively biased populaparameter
estimates (Morrison et al. 2011). Thus, when using the natural patterns of individuals
as a marking method, it is vital to ensure that the patterns of the tagpefcies are
both sufficienty varied and distinct to allow for individual identification, and remain
unchanged at least for the duration of the study (Ferner 2010). Here, we explore the
use of pattern mapping for the identification of individuals in the alpine and smooth
newts overa threeyear time period using the freely available, opssurce software
Wild-ID (Bolger et al. 2012). Our aims &r¢o assess the efficacy of using the spot
patterns of alpine and smooth newts for their individual identification in real CMR
datasets vaying in sizeiji) to test the temporal consistency of the spot patterns of
these individuals over the thregear study period anil) to evaluate the performance
and reliability of WildD as a tool for computeaissisted pattern recognition in the two

target-species.
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Fig. 2.1Spot patterns of male and female alpine and smooth newts. The dashed white lines in each image
indicate the cropped region that was used for the identification of individuals with-\ilda)lchthyosaura
alpestrisfemale, (b). alpestrismale, (c)Lissotriton vulgarifemale, (d)L. vulgarisnale. The black scale bars on

the right represent 1 cm.

2.2 Methods
HOHOM CASER ¢2NJ] FYR aYFNJAYy3I¢ LINEROSRdAz2NB

Sampling at our study site was carried out for three consecutive years -2,

approximately twice a month (2012) or once a week 02014) during the neveQ

[ 20
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breeding season, using digets to capture adults in the water. Because accurate
morphometric data (seeChapter 3 on all captured newts were required, it was
deemed neessary to anaesthetize them. We note, however, that anaesthesia is not
strictly required for taking photographs, and other methods for immobilizing captured
newts for a few seconds can be applied (e.g. Baker and Gent 1998). We anaesthetised
all captured inlividuals in a solution of 0.25g MS222 (Sigmédrich) in 1L water, in
which 0.25g of baking soda (sodium bicarbonate) was added to neutralize the pH level.
Each newt was placed on a wet sponge and, after measurement, photographs were
taken of the later&(left) side of alpine newts and the ventral side of smooth newts.
All pictures were taken using a haheld Nikon D40 DSLR camera with a 35mm /1.8
Nikkor lens and using the built flash when required. The handling time for each
anaesthetised individuavas approximately five to ten seconds. Depending on the
number of captured newts the whole process usually lasted for a few hours. After
making sure that all newts recovered successfully from anaesthesia, they were

released at the site of capture withthe day of capture.
2.2.2 Manual identification and WHID evaluation

Breeding adult males and females can be easily distinguished from each other in both
species (Fig. 2.1), thusales and females of each species wieated as a different
group. Afterthe 2012 sampling was concludede constructed four photographic
datasets, one for each group. These datasets consisted of 298 alpine (162 females,
136 males) and 49 smooth (36 females, 13 males) newts. To establish the identity (i.e.
if they are new captres or recaptures) of all newts in the 2012 datase¢sfollowed

a manual identification procedure, in which by eye we compared the image of each
captured newt to all other images in the same group; individuals captured at a given
sampling session were eared to all individuals from all previous sessions. We were
thus able to unambiguously identify all captured animals and assign them either as

recaptures or new captures (see Results).

For the computesassisted individual identification we used the patte
recognition  software WildD (Bolger et al. 2012; available at

http://envs.dartmouth.edu/people/douglaghomasbolger). WildID processes the
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images in each dataset sequentially and calculates a similarity score for each pair of
images. After all simitdy scores are computed, WHiD presents the tof20 ranking
images for each image for visual confirmation through the user interface.
Consequently the final decision for accepting or rejecting a match is made by the user.
We analysed the 2012 datasetstlwiWild-ID, using the results of the manual
identification procedure as the known (i.e. correct) matches. Theppoeessing stage
consisted of the removal of unnecessary background information (Fig. 2.1). The user
of Wild-ID was blind as to the true ideity of all individualsand inspected all tof20
images presented for each unknown image by VWMiddTo evaluate the performance

of Wild-ID we estimated the total number of recaptures that were not placed within
the top-20 ranking images, as well as thenmoer of images wrongly assigned as

recaptures.
2.2.3 Within and betweenyears identification

The encouraging results of Wild5 F2NJ GKS FANRG &SFNRa O6HAwMm
LINEYLIISR dza (2 dzaS A4 F2N) G6KS FTatthesgAiy3d (¢
total number of captured animal&Nf was much greater than the first year (200=

347, 2013N = 2462, 2014N = 1190). Although WiIkD ranked all recaptures of the

first year well within the topl0 positions (see Results), we chose to inspédbp-20

ranking images in these much larger datasets to avoid missing any recaptures and to

assess the performance of Wild5 Ay f I NHS RIGFaSdad ! AL AyS
captured newts were partitioned in four groups according to species andrskwere

pre-processed to remove background information. We constructed one dataset for

each group of each year (i.e. eight withjear datasets), and each dataset was

analysed separately with WHiD.

¢2 FaasSaa gKSIKSNI Iy AhakyadoveRide dndty So G Qa
assess the ability of WHID to identify individual newts captured across years, we
created three betweeryears datasets for each group: two datasets for the-gaar
time interval (i.e. 2012013 and 2012014) and one dataset fahe two-year time

interval (20122014). In each of these datasets we searched for individuals that were
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last captured in the former year and recaptured in the latter. Again, we inspected all

top-20 ranking images presented for each unknown image by-WWild

2.3 Results
2.3.1 Field work and temporal consistency of spot patterns

A total of 3333 (1902 females, 1431 males) alpine and 666 (422 females, 244 males)
smooth newts were captured during the thrgear period (Table 2.1). The visual
inspection of allwithin-year and betweeryears recaptures revealed that the spot
patterns of individual newts of both species do not change over time. In Fig. 2.2 we
present some example images of newts of both species that were recaptured across

years.
2.3.2 Manual Idenfication and WildID evaluation (2012 dataset)

The spot patterns of individual newts in all four datasets of 2012 were sufficiently
varied to allow for the unambiguous identification of all individuals using the manual
identification procedure. We were tlsuable to assign with certainty all captured

animals as either recaptures or new captures.

Wild-ID successfully identified all recaptures in all groups and placed them in
the top-20 ranking images. Additionally, none of the images were wrongly assigned as
recaptures in any group. Of the 25 recaptures, 22 (88%) ranked first, 24 (96%) ranked

within the top-3 and all 25 recaptures ranked within the tap positions.
2.3.3 Withinyear and betweeryears identification with WildD

The patternrecognition algothm of WildID was highly successful in all datasets and
groups, as indicated by the very high rankpagitions of most recaptures, shown in

Table 2.1 and Fig. 2.3.
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Fig. 2.2Example images of alpine and smooth newts recaptured in different years tbat gintually no change in their spot
patterns. Three individuals per groupdaare shown. Each pair of images in the different columith (@rresponds to the same
individual, captured in different years. The date of capture is shown at the upperoleftrcof each image. (dghthyosaura
alpestrisfemales, (b). alpestrismales, (clLissotriton vulgari$emales, (dL. vulgarianales. The white scale bars on the righ
represent 1 cm.

Within-year identification

In the alpine newt, 710 out of 722 (B%b) female and 514 out of 517 (99.4%) male
recaptures ranked first. Only four female and one male alpine newt images were
positioned below the togB ranking images. In the smooth newt, 105 out of 129
(81.4%) female and 73 out of 79 (92.4%) male recaptizneled first. Eleven female

and two male smooth newt images ranked below the-Bpositions.



