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Abstract

Abstract

The ability of animals to vary growth, developmeate and behaviour in response to
environmental conditions has been well documenpedticularly during the larval
phase in animals with complex life cycles. Theletton and maintenance of plasticity
in response to environmental conditions is likelybe adaptive in animals that face
unpredictable environments. However, there aredsgects of life histories in animals
with complex life cycles, which would be expected favour plasticity, that have
received limited attention: traits during metamacpblimax and variation in the life
history phase at which temperate species spendititer. Therefore the aims of this
thesis were to consider the environmental factoass are likely to result in plasticity in
the timing and duration of metamorphic climax awdtdbute to variation in the over-
wintering life stage, using amphibians as studyrahs.

To assess the ability of animals to respond tdarenmental conditions during
metamorphic climax conditions were manipulated myinmetamorphosis independent
of larval treatment. Accordingly all larvae entkrenetamorphic climax having
experienced the same conditions. The African athiwad,Xenopus laevisvas used. |
examined the influence of environmental temperatpredation risk and starting body
size on several traits during the transitional stégg. mass, snout-vent length (SVL),
head width, tail morphology, duration and locomoparformance). Morphological
measures and the duration of the life stage weogvisho vary with temperature and
predation risk. As predicted, higher temperated the risk of predation resulted in
faster development through metamorphosis and smsikes on completion. The
acceleration of metamorphosis was demonstratedue potential costs, not in the form
of reduced locomotor performance as predictedjrbatreduction in juvenile size as a

result of faster metamorphic development. Thisgests that, during this potentially
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vulnerable stage, it would be advantageous torade time to complete in the absence
of predators. Greater body size at the onset ¢hmmerphosis requires a longer time to
complete metamorphic climax suggesting that hawdngreater quantity of tissue to
reconfigure during metamorphosis takes more tim&herefore, the conditions
experienced during metamorphosis may have impontgpitcations for juvenile fithess
and should be considered in studies of life hisplagticity.

In many temperate species with complex life cycteg life history stage at
which a species can survive the winter is geneffatld, imposing time limits on the
timing of development. Most of these species mtisrefore often modify
developmental rate to reach the appropriate stagee at the onset of winter, usually
at a cost to other traits. However, variationhe stage or developmental group that
some amphibian, fish and insect species spend ititenvhas been observed, such as in
the common frogRana temporarian the UK, which can spend the first winter afeit
a tadpole or as a juvenile frog. To investigateftttors that contribute to this variation
in life history, | examined the influence of enviroental temperature, food availability
and water depth on the rate of larval developmadtgrowth. Data on development,
growth and environmental temperature of a field ydajoon of R. temporaria which
have been observed to over-winter as larvae, walected to determine how and when
the two divergent early life history patterns ofve®pment were established.
Development rate was slowed by reduced temperatme$ood availability and greater
water depth during rearing. Temperature and foaallability also had a significant
impact on the proportion of larvae that over-wiatkrbut in the field other factors are
likely to contribute to the within-population vati@n in wintering strategy. While a
greater water depth did prolong larval developmastpredicted, this does not appear to

be due to the cost of surfacing to respire actsn@ aonstraint on development, since a
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similar slowing in development was observed inltheg-lessBufo bufotadpoles. The

results of these studies did not allow a definimgsessment of whether over-wintering
as larvae represents an adaptive strategy or oaurthe result of developmental
constraints. There is some evidence that overenitg as larvae might be adaptive,
since on completion of metamorphosis individuakst thintered as larvae were larger
than those that completed metamorphosis late isuhemer. Further work is necessary
to identify other factors contributing to the oweintering of larvae irRana temporaria

and to determine the adaptive significance, if ariyhe alternative life history patterns.
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Chapter 1: General Introduction

In many organisms it is well established that aofgme can give rise to different
phenotypes depending on environmental conditionesfVi2berhard 2003). This
plasticity in morphology and/or life history, is gected to occur in species that are
likely to experience a range of different enviromta¢ conditions either through a
single life-time or across generations (Pigliuc@D2). Plasticity will be adaptive if it
allows an organism to maintain relatively high é&s across a range of environments
(Bradshaw 1965; Sultan 1987; West-Eberhard 198®8)wever, the plasticity of a trait
may have maintenance or developmental costs thké malisadvantageous in some
conditions, such as stable environments (Via & leark®85; Stearns 1989; Van
Tienderen 1991; Moran 1992; Relyea 2002). Altevedt, plasticity might simply be a
physiological response to environmentally stress@uiditions, rather than an adaptive
trait (Sultan 1995; Pigliucci et al. 2006).

Life history strategies are known to vary with eowimental conditions. For
example, in the Atlantic salmo®almo salarand Chinook salmor©Oncorhynchus
tshawytschathe age at which an individual initiates smoltvayies with temperature
and photoperiod. Some individuals smolt and metatvards the sea in their first year,
while others may spend a year or more as parrein titeshwater habitat (Metcalfe et al.
1988; Metcalfe & Thorpe 1990; Beckman & DickhoffgB). Similarly, morphology
has been shown to vary with factors such as p@daisk, environmental temperature,
inter- and intra-specific competition, landscapedture and food availability (Hjelm &
Johansson 2003; Andrade et al. 2005; Relyea & 20@b; Merckx & Van Dyck 2006;
Georgakopoulou et al. 2007; Relyea 2007). For g@nseveral fish species (e.g.

perchPerca fluriatilis and crucian car@arassius carassijslevelop deeper bodies in
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the presence of a predator than when predatorakement (Bronmark & Miner 1992;
Vollestad et al. 2004; Eklov & Jonsson 2007). Téumfers a survival advantage in
predator-containing environments (Nilsson et a@5)9

The costs of plasticity are much less understolite capacity to be plastic may
be costly to maintain and there may be trade-ofth wther traits across various time
scales. There may also be costs associated watrteular environmentally-induced
phenotype. The possession of a deeper body inacrwarp, in response to predator
presence, has been demonstrated to have a cosé ioohtext of density-dependent
intra-specific competition. At high densities dbal bodied individuals are able to gain
twice as much mass as deep bodied individuals €fRstin & Bronmark 1997).
Similarly, in daphnia@aphniaspp.) the induction of morphological predator defs
results in changes in life history, where the pti@tween birth and first reproduction
is extended (Black & Dodson 1990; Caramujo & Boav2®00).

Environmental conditions can also result in beharab plasticity, which can
further modulate life history and morphology vapat (Lima & Dill 1990; Skelly &
Werner 1990; Abrams & Rowe 1996; Ball & Baker 199%alsh & Downie 2005; De
Kerckhove et al. 2006). Generally, in the presesica predator, individuals modify
their behaviour by foraging less, which reducesrisie of mortality (Sih 1987; Lima &
Dill 1990). This behaviour carries the cost ofueitg foraging, which can influence
growth or development.

The work presented in this thesis investigates malggical and life history
variability in both the onset and the duration oétamorphic climax, in response to
several environmental factors, using anuran amahgbi Kenopus laevis Rana
temporaria and Bufo bufg as experimental species. Specifically, my aimsrew

twofold: 1) to determine whether amphibians areabég of displaying plasticity in the
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duration of metamorphic climax; and 2) to invedigaariation in the seasonal timing
of metamorphosis in temperate anurans, relatinigedife history phase (either larval or

juvenile) at which individuals spend their firstrer.

Animals with complex life-cycles

The term ‘complex life cycle’ has generally comentean a life history that involves
the progression through more than one discreteogmall phase. This usually, but not
always, involves an abrupt ontogenetic niche siméuding a change in an individual’s
morphology, physiology and behaviour. The abrupha shift is allowed by a set of
developmental processes that irreversibly changeanamal from one form to another,
commonly referred to as metamorphosis (Istock 19@ilpur 1980; Moran 1994). The
evolution and persistence of complex life cycles been attributed to two explanations.
Firstly, developmental biologists have long esti#d that certain developmental
processes are highly conservative, and that cestaiges of a life cycle (e.g. larval
stage) persist because they are an essentialfpafteaible developmental pathways or
vestigial traits reflecting previous evolutionarystory (Gould 1977; Moran 1994).
Alternatively, an ecological viewpoint is that colew life cycles are established as
adaptive mechanisms for alternating between metloddstilizing resources or for
producing phenotypes suited for different functiossch as growth versus dispersal
(Istock 1967; Wilbur 1980; Ebenman 1992; Moran 1)994iven the prevalence of
animals with complex life cycles (approximately 8@¥organisms are considered to
have complex life cycles: Werner 1988), it is intpat to understand the ecological
processes determining life history and morpholdgitasticity in these animals, which
may also help to explain more subtle ontogenetanghks in animals that do not have

complex life cycles.
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Amphibians as study animals

Amphibians have commonly been used for empiricatl dheoretical work on
developmental and morphological plasticity, witlyraat deal of research using anuran
amphibians particularly (e.g. Wilbur & Collins 197Betranka et al. 1987; Warkentin
1995; McCollum & Van Buskirk 1996; Denver 1997; kitau & Kujasalo 1999; Merila
et al. 2000a; Van Buskirk & Saxer 2001; Relyea 2Q0Relyea 2001b; Relyea &
Hoverman 2003; Relyea 2004; Rose 2005). Anurahs, ftogs and toads, are
commonly used in investigations of this nature beeaof the ease of acquiring and
rearing large numbers of individuals. Anuran oetogsis does not have a period of
developmental quiescence as occurs in most ingectyicles during pupation (Phillips
1998). The developmental biology of anurans ha lextensively studied, and clear
stages are distinguished during ontogeny, withgaaisation of structures and tissues
involving programmed cell death and tissue re-modgl occurring during
metamorphosis (Ishizuya-Oka 1996).

Typical anuran development is categorised by emibcydevelopment within
the egg, with hatching into the external environtreena larva occurring over a range of
developmental stages. The hatching stage is ysap#cific to a species, but can
exhibit plasticity, as in the red-eyed treefrog@sponse to predation threat (Warkentin
1995). This is followed by rapid growth during tfeeding larval phase (Gosner stage
24 — 41; Nieuwkoop & Faber (NF) stage 41 — 58).isTphase can be further sub-
divided into 1) early larval period, or pre-metapioosis, characterised by growth, but
little external morphological change; and 2) proian@orphosis, when internal and

external development progresses (Gosner staged25NF stage 55 — 57), most visibly
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with the development of hind limb buds as endogsnitiyroid hormone levels rise
(Nakajima et al. 2005).

Following the larval stages is the onset of metainosis, characterised by peak
levels of thyroid hormone, during which major imtar and external changes take place.
The most notable changes that occur are the reqatimsoof the tail and the emergence
of the fore-limbs, but during metamorphosis in amsr almost every organ is
transformed (Duellman & Trueb 1986; Nakajima et24105). While the mechanisms
by which these transformations occur can allowedéht degrees of independence
between larval and adult traits, many adult stmastuare simply remodelled larval
structures, linking life history stages (Alley & @aron 1983; Duellman & Trueb 1986;
Ishizuya-Oka & Shi 2005; Schreiber et al. 2005)teAmetamorphosis, juvenile frogs
begin another phase of growth, which is followed dBxual maturation as adults

(Duellman & Trueb 1986).

General theory on morphology at and timing of ontognetic transitions

It has been proposed that in anurans, and otheradsiwith complex life cycles, the
timing and size at ontogenetic transitions (suclmatamorphosis or maturation) should
be adaptively modified to the conditions experieh¢&/ilbur & Collins 1973) and
potentially traded-off against future conditions ogquirements (Werner 1986).
Therefore, for example, under good larval condgiometamorphosis should be delayed
to take advantage of the opportunity for growthnagrsely, in poor larval conditions,
metamorphosis should be accelerated (Wilbur & @slll973). Originally, this model
largely related ‘good’ and ‘poor’ conditions to thetential for recent or current growth
(Wilbur & Collins 1973; Hentschel 1999). Howeveétr,has become clear through

further models and empirical work that many otleatdrs determine ‘good’ and ‘poor’
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conditions (such as environmental temperature, goi@a risk, competition and time
constraints, among other factors), which can mddutae timing and/or size and
morphology at transitions (Smith-Gill & Berven 1919dwig & Rowe 1990; Rowe &
Ludwig 1991; Relyea 2007). Furthermore, adaptatit;n benefit the current stage’s
conditions may not always benefit the subsequeagesor stages (Benard & Fordyce
2003; Relyea & Hoverman 2003; Vonesh 2005b; Fiee€oDe Bernardi 2006; Richter-
Boix et al. 2006).

Competition and resource availability are closkhked with the traditional
concepts relating to ‘good’ or ‘bad’ growth condiis, with high levels of competition
and/or low food availability resulting in poor catidns. This is predicted to result in an
accelerated development rate (Wilbur & Collins 197Blowever, food levels and the
timing of life history transitions are not often gasily reconciled. Extremely high
levels of competition or low food availability mayot allow sufficient resources for
individuals to accelerate development and stilcheaninimum size requirements for
progressing through development, causing longeeldpmental times (Murray 1990;
Leips & Travis 1994).

In poikilothermic animals, environmental temperathas been demonstrated to
have a strong effect on the timing of ontogendtges, but its effect on size and other
morphological traits has been less consistent. uBt temperature results in slower
development and therefore increases the duratiom given stage (embryonic stage:
Douglas 1948; Bachmann 1969; Bradford 1990; MiickeSeymour 2000; Laugen et
al. 2003a; larval stage: Loman 2002; Alvarez & Baa 2002a). In amphibians, this has
commonly been linked to thermal effects on enzymattion (Viparina & Just 1975;
van der Have & de Jong 1996) rather than adaptiastipity. However, adaptive

responses to environmental temperature have beswnsh insects (Partridge & Coyne
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1997) and the evolution of higher intrinsic devetmgnt rates in populations, within a
species, that occur at higher latitudes or altéusénere temperatures are lower
(counter-gradient variation: Loman 2003; Laugenaét 2003b). The effects on
morphology have been more varied. Generally, |desperatures result in larger body
sizes (Atkinson 1994; Ashton 2002; Alvarez & Ni@e2002a; Measey & Van Dongen
2006), but this is not always the case (Ashton 2Q@d et al. 2005; Laugen et al.
2005). Other morphological features, such as dedj,and tail length, have also been
found to be affected by temperature (Blouin & Bro®fA00; Merila et al. 2004;
Castaneda et al. 2006).

The risk of predation, particularly risk that im@e or size specific, is another
factor that can influence the duration and morpdpl@f ontogenetic stages (see
reviews: Benard 2004; Relyea 2007). Life histdrgadry predicts that if predation risk
during a stage is high, individuals should accééetevelopment, even at the cost of
growth, and leave the high predation risk stagecas as possible. Additionally, it has
been shown that adaptive morphology, such as aeddmmly or tail (McCollum &
Leimberger 1997; Teplitsky et al. 2003), or behavie.g. reducing activity: Petranka
et al. 1987; Sih 1987; Lima & Dill 1990; Skelly & &her 1990; Anholt et al. 1996;
Laurila et al. 1997; Griffiths et al. 1998) may &a@opted to mitigate predation risk, but
can reduce growth and/or development (McCollum & \Buskirk 1996). However,
empirical evidence for accelerated developmentraddced size in the presence of a
predator has been mixed (Relyea 2007). Commomngdation risk during embryonic
development results in accelerated hatching (Wairker®95; Kusch & Chivers 2004;
Vonesh 2005a). During the larval phase, only ttualies using caged predators have
demonstrated acceleration of larval developmentiflaaet al. 1998; Kiesecker et al.

2002); the remainder have demonstrated no chandgenger larval durations (see

10
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Relyea 2007). Actual predation during the larvhhge can have further effects on
growth and development beyond the predicted adajpiiasticity described above. For
example, predators remove individuals from the japmn, which can reduce
competition, increasing per capita resource aviitialand improving conditions for
growth (Relyea 2007), which does not occur duringn-feeding embryonic
development.

Finally, there are other factors that have tfarsreceived less attention, but
which could provide interesting influences on plast. Photoperiod has been shown
to have an important influence on development #edhistory decisions in some taxa
(Clark & Platt 1969; Mcwatters & Saunders 1998;iNy Gotthard 1998; Lambrechts
& Perret 2000; Tachibana & Numata 2004; CabaniteA&inson 2006), but our
understanding of its influence on anurans is lichiend somewhat contradictory.
Laurila et al. (2001) did not find an effect of pbperiod on development iRana
temporarig but development was affectedRana pipiengWright et al. 1988) and both
development and growth were affectedRana catesbeianéBambozzi et al. 2004).
Water depth, habitat size and habitat permanence &lso been indicated as factors
influencing phenotypic plasticity in anurans (FedeMoran 1985; Pandian & Marian
1985a). Empirical evidence has also indicatedttiee may be a limited period during
which plasticity may be expressed (Hensley 19984 & Travis 1994). In amphibian
larvae, food availability only influences larvalrdtion when experienced during early
larval stages. After a critical point, which mag fhexible (Hentschel 1999), reducing
or increasing food availability no longer influesdarval period, but may still have an
impact on size at metamorphosis. Additionally, issivmental conditions will not be

experienced individually and some may work in ofjms, therefore the response to a
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particular environmental factor will depend on riggative selective strength (Pigliucci
2001).

While there has been considerable work investigafitasticity in amphibian
ontogeny, there are still aspects that are poorigetstood. The duration of
metamorphic climax has received some theoreti¢cahtibn, yet there has been almost
no experimental work on the ecology of this lifagg (Wassersug & Sperry 1977,
Downie et al. 2004). Similarly, there have beemralation studies (Collins & Lewis
1979) and an increasing number of anecdotal remort®ver-wintering as larvae in
some anurans in recent years (Archibald & Downi@6l®intar 2000; Fellers et al.

2001; Lai et al. 2002), but no experimental work.

Metamorphic climax

Metamorphosis offers a unique opportunity to ingde life history and morphological
plasticity for a number of reasons. Firstly, ilikely to meet the theoretical conditions
that would predict adaptive selection for respoasrariation (Schlichting & Pigliucci
1998; Pigliucci 2001). Metamorphosis takes plaoce ai variable environment,
experienced by a single individual, and it is ptabathat individuals are capable of
receiving environmental cues. Also, it is expedieat completing metamorphosis ‘as
fast as possible’ would carry costs, since it hesnbshown in a variety of species and
life stages that accelerated development is leisiesit (Present & Conover 1992;
French et al. 1998; Robinson & Partridge 2001)ediuces subsequent fitness (Metcalfe
& Monaghan 2001; Fischer et al. 2005). Secondtamorphosis represents a distinct,
obligate stage of an anuran life cycle, with easlbntifiable beginning and termination
points, making it quantifiable. Finally, it is &eof many of the confounding factors

present in studies of phenotypic plasticity in @mutarvae. During metamorphosis,
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individuals are non-feeding, relying on stored teses, therefore competition for food
resources is not a factor. This simplifies analydi predator-mediated plasticity, since
thinning of population density through predator tabity, which can result in greater
per capita resources, will not influence developtm@nmorphology during this stage.
In studies with lethal predators, this may allowgr@ater understanding of predator
selection effects in addition to induction effeciRelyea 2007). Additionally,
behavioural plasticity will have less of an impdating metamorphosis, since foraging
is not required. However, this will also providegg@od contrast with insect studies of
this nature, since mobility is still possible arattbrs such as microhabitat selection
may be responsive to environmental conditions.

Until recently, our understanding of metamorphication has been shaped by
theories relating to evolutionary biology. Theseravderived from Williams' (1966)
supposition that selection would drive developmiepkeses of elevated predation-risk
to be as short as is possible to comply with deguakental requirements.
Metamorphosis was perceived as such a stage (R, 2ue to potentially reduced
locomotor performance relative to other life staf@®ssersug & Sperry 1977; Arnold
& Wassersug 1978). While in certain anuran spemietamorphosis, as well as the
larval stage, has been truncated, such as in teetdieveloping and parental-caring
species, metamorphosis still persists and has desmonstrated to display both intra-
and inter-specific variation (Downie et al. 2004)Therefore, it is likely that
metamorphic duration is able to respond to enviremia conditions, since there may
costs to accelerating development similar to thalsserved in the larval and embryonic

stage.
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Over-wintering as larvae

Many current models of anuran life history plasyidiave been developed to include
time constraints, where individuals are expectedadoelerate development as time
progresses closer to an end point of high or coraptertality risk (Wilbur & Collins
1973; Lardner 2000). Factors such as pond drgimd) the onset of winter are often
expected to be time constraints on the developraadt survival of larval anurans.
However, a number of urodelan (salamanders andshespecies are known to over-
winter as larvae in ponds (e.g. Whitford & Vinede966; Bruce 1982; Beebee &
Griffiths 2000; Bernardo & Agosta 2003) and an e@asing number of anuran species
have been observed over-wintering as larvae (eolin€ & Lewis 1979; Archibald &
Downie 1996; Pintar 2000; Fellers et al. 2001; @alhn et al. 2001; Lai et al. 2002).
This may indicate one of two situations: 1) thatemwintering has always been
prevalent, but has only recently been observetdrd species; or 2) that over-wintering
is becoming more common, as a strategy, amongsaiarvae. The second situation
may indicate an adaptation in anurans to mildetevenassociated with climate change,
which may be an early sign of developmental pléagtia response to climate change.
Therefore, it is very important to understand taetdrs involved in this understudied

aspect of anuran life histories.

Study system

The African clawed toadXenopus laev)sbelongs to the family Pipidae and originally
comes from Southern Africa, but is found throughtwet world due to its use during the
1940’s as a pregnancy test in hospitals and &3 lage as the amphibian of choice for
developmental biologists. It is a medium-sized {apl2 cm in length) anuran that

predominately remains in stagnant waters as art,ddaling only when forced to by
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pond drying. It is commonly used in experimentg] & a model species in genetic and
embryology research, for a number of reasonss dini extremely hardy species that is
very resistant to disease and infection, which makeeasy to maintain in the
laboratory. They are widely available as a restitheir use during the 1940’s. Finally,
they are easy to breed in captivity. Females @mdéluced to breed by injecting them
with human gonadotropic hormone (Polack 1949) ardtgpically lay several hundred
eggs. X. laeviswas of particular interest in this study sincealtows a directly
comparable method for assessing locomotor perfocmahroughout development,
because the adults are permanently aquatic.

While this species is fully aquatic and does naivenbetween habitats as is
common of many other anurans (moving from aquatiede to terrestrial adults) it still
undergoes a complex metamorphosis, during whichostinall organ systems are
transformed. Larva¥enopusare algal filter feeders that respire mainly thiotige use
of gills and cutaneous gas exchange, while juveaild adultXenopusare voracious
carnivores that breathe atmospheric oxygen thrdwggs. Additionally, on completion
of metamorphosiXenopuds much less vulnerable to predators.

The European common froRéna temporaripbelongs to the family Ranidae,
which is one of the largest amphibian families (Géteal. 2007), and is found
throughout Europe, with the exception of some Meditnean and Arctic areas. Itis a
medium sized frog (6 — 9 cm) that is predominatelyestrial, but occupies damp or
wetland areas. This species has a relatively shdréxplosive breeding season, which
occurs in early spring. Metamorphosis is normabfiynpleted within 12 — 17 weeks of
spawning, at the end of the summdRana temporarias commonly used in studies
investigating phenotypic plasticity and is easilyaigable in the UK. However, this

species is of particular interest, since it is oh@®nly a few temperate region species
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that has been recorded to over-winter during thealastage. While life history
plasticity in this species, and other larval ovemering species, has been extensively
examined, no empirical research has been condumtedhich factors induce this
extreme form of plasticity in anurans.

The European common toa8ufo bufg belongs to the family Bufonidae and is
found throughout Europe, parts of Western Asia Biodth-Western Africa. It is a
medium (6 — 9 cm), entirely terrestrial speciest tonly returns to water bodies to
breed. Breeding in this species begins in sprgemerally several weeks aftBana
temporariain the UK. Development to metamorphosis generakes 9 — 12 weeks
and this species has not been reported to oveewas larvae. It is of interest, in this
context, as a comparison wifR. temporariaon the effect of water depth, due to
differences in the progression of larval developmerB. bufo does not develop
functional lungs until just prior to the on-setroEtamorphosis and metamorphosis is at
a small size, whered®. temporariabegins to develop lungs much earlier as larvae and

generally metamorphose at a larger size ¢bepter 7).

Thesis content

In this thesis | attempt to determine environmentapacts on the duration and
progression of metamorphosisXenopus laeviand the variation in over-wintering life
history stage irRana temporaria In chapter 2, using the natural variation in sizes at
the onset of metamorphosis that occur under lamadlitions, | investigate the effect of
temperature and body size on the duration of metainesis inX. laevis decoupled
from the effects of larval conditions. | also assthe swimming performance at several
stages (larval, metamorphosis, and juvenile) dumieyelopment to determine the

vulnerability of different life stages to predatiosk. Inchapter 3 following similar
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procedures tchapter 2, | attempt to determine whether the duration amdjiession of
metamorphosis iX. laevisis responsive to the presence of a predator.n lati@mpt to
determine costs associated with a plastic respams@etamorphic duration, post-
metamorphic size and swimming performance are ssdeslIn the final chapter on
metamorphic duratiorghapter 4, | focus on morphological changes that occur durin
metamorphosis iX. laevisand how these are affected by environmental teatyer in
relation to the temperature-size rule.

The second half of the thesis centres on overenimj as larvae irRana
temporaria Chapter 5 reports on a set of experiments aimed at undelistgrihe
factors that influence this delay in metamorphoBis.manipulation of environmental
conditions (environmental temperature, food avditgh | assess the conditions that
contribute to the proportion of over-wintering tatgs and the differences resulting in
froglets that have over-wintered as larvae andehbat complete metamorphosis in the
summer. Inchapter 6 | investigate the occurrence of over-winteringtine field.
Comparisons are also drawn between field and ladayrancidences of over-wintering.
In chapter 7 the effect of water depth on larval developmembowgh and surfacing
behaviour is assessed, Rana temporarieandBufo bufg as a possible factor in over-
wintering.

In chapter 8 | conclude with a discussion of the results asth experiments

within the general context of developmental platstic
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Chapter 2: Plasticity of the duration of metamophian the African

clawed toad

Accepted for publication: 22 June 2007; publishedioe: 18 September 2007
Walsh, P.T., Downie, J.R., & Monaghan, Z007. Plasticity of the duration of metamorphosis in the
African clawed toadJournal of Zoologydoi:10.1111/j.1469-7998.2007.00367.x:

Abstract

In organisms with complex life cycles, such as aimjphs, selection is thought to have
minimized the duration of metamorphosis, becauseishthe stage at which predation
risk is presumed to be highest. Consequently, mafaimic duration is often assumed to
show little if any environmentally induced plastyci because the elevation in the
extrinsic mortality risk associated with prolongingetamorphosis is presumed to have
selected for a duration as short as is compatilitle mormal development. | examined
the extent to which metamorphic duration in therantamphibianXenopus laevisvas
sensitive to environmental temperature. Metamorphi@tion was influenced by body
size, but independent of this effect, it was sthpnigpfluenced by environmental
temperature: the duration at 18°C was more tharbldothat at 24 and 30°C. | also
compared the vulnerability of larval, metamorphgsand post metamorphienopus
to predators by measuring their burst swimming dpe8urst swim speed increased
through development and while | found no evidenkat tit was reduced during
metamorphosis, it did increase sharply on compietdb metamorphosis. | therefore
found no evidence of a substantial increase in emalnility to predators during
metamorphosis compared with larval stages, andehtre slowing of metamorphosis

In response to temperature may not be as costigabeen assumed.
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Introduction

Organisms with complex life cycles often have a hamof distinct life-history stages,
each with substantially different requirements askis (Wilbur 1980). The durations of
different stages have been shown to vary with emwirental circumstances. Variation
in the duration of the larval period, for exampl®s been demonstrated in several
studies covering a wide range of taxa (e.g. manmertebrates: Twombly 1996;
insects: Blakley 1981; fish: Policansky 1983; anymms: Werner 1986; Harris 1999).
The duration of the transition between stages,noiteolving a metamorphosis, has
received considerable attention in terms of devalamtal mechanisms, but much less in
terms of the effects of environmental circumstandé® duration of metamorphosis is
presumed to be minimized by selection because ehigh vulnerability to predators
during this period (Williams 1966), due to redudedomotor ability and hence to be
insensitive to environmental circumstances (Ros@5p0Contrary to Rose's (2005)
statement that metamorphosis is a developmentadepbé fixed duration, with no
intraspecific variation, a recent analysis of medgwhic duration has shown that it
varies considerably among and within anuran spe€igs analysis also suggested that
minimizing predation risk is not the sole factor determining the duration of
metamorphosis, but that it is related to local glowonditions, as indicated by body
condition and size, and to environmental tempeeatDownie et al. 2004).

Anuran amphibians are widely used in studies ofdffect of environmental
factors on life cycles because they go throughrcéeal distinct stages. Following
hatching from the egg, there is a larval period ratirized by rapid growth.
Metamorphosis then occurs, during which time irndlindls do not feed and change from
a tail-driven tadpole to a four-legged froglet;sting then normally followed by further

growth and then by sexual maturation. It has bemgested that metamorphosis is a
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particularly vulnerable period in this group. Foample, Arnold & Wassersug (1978)
found that chorus frogBseudacris triseriatavere more frequently captured by garter
snakes during metamorphosis than as pre-metamofphiae or post-metamorphic
juveniles. Additionally, it was established that timpaired locomotor performance
(measured as swimming endurance) of metamorphdsiigiduals compared with
tadpoles observed in this species was responsdilethie increased vulnerability
(Wassersug & Sperry 1977).

The locomotor impairment thought to be typical aftamorphosis is of critical
importance to the hypothesis that the duration miran metamorphosis has been
minimized by selection. While there have been sdv&udies evaluating the effects of
conditions during the larval period on the speethofal and juvenile movement (Van
Buskirk & Saxer 2001; Alvarez & Nicieza 2002b; Alkgg & Reyer 2003), and
differences in locomotion between pre- and postametrphic urodeles (Shaffer et al.
1991; Azizi & Landberg 2002; Wilson 2005), the lowmtor performance of
metamorphosing individuals has only been examingsvo other anuran species since
Wassersug & Sperry's (1977) original study. WatKii897) did not find a significant
difference in maximum burst swim speed between ptamorphic individuals (Gosner
stage 37; Gosner 1960) and individuals at the starnetamorphic climax (Gosner
stage 42) irHyla regilla. However, Huey (1980) demonstrated that burstdpeBufo
boreasdecreased during metamorphosis, from a peak pfstrd the onset, in tandem
with a decrease in tail length.

In this study, | examined the plasticity of metaptoc duration in the fully
aquaticXenopus laevign relation to conditions during metamorphosis. Bgs were
twofold. Firstly, | examined the effect of experimally imposed temperatures during

metamorphosis, taking into account variation inybstze due to differential growth
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during the larval period. Secondly, | examined firedator avoidance capability of
individuals at different stages in their developmén determine whether this is
impaired during metamorphosis compared with thenpegamorphic larval and post-
metamorphic juvenile stages.

There are several methods for assessing the preaabidance capability in
anurans, such as turning speed, endurance swimmergmum attainable swim speed
or burst swim speed (Wassersug & Sperry 1977; Hi880; Wassersug 1989). Burst
swim speed, the starting velocity from a stationpogition, has been shown to be
important for avoiding predation across all deveteptal stages (Miller 1982; Azizi &
Landberg 2002; Wilson et al. 2005). Therefore, lasuwed predator avoidance

capability using burst swim speed.

Methods and Materials

Animals and rearing conditions

Approximately 250 wild-type eggs . laevisDaudin were obtained from St Andrews
University (St Andrews, Fife, Scotland, UK) in 200Badpoles were kept in a single
40 L holding tank for 20 days before being transf@érto 10 smaller holding tanks, by
which time they had reached approximately Nieuwka@ouw Faber (NF) stage 42
(Nieuwkoop & Faber 1994).

Each of the smaller holding tanks (30 x 20 x 20 comntained 25 tadpoles and
was filled withc. 11 L of aerated, de-chlorinated, copper-free watke temperature in
the tanks was controlled by heaters, which werdcted off during the night, and
maintained the temperature at 30°C during daytimé B8°C at night. This range is
representative of the temperatures tbat laevis would experience under natural

conditions (Tinsley & Kobel 1996). Thus, all tadgslwere exposed to the same range
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of experimental temperatures before metamorphds#;this range encompassed the
full range of temperatures to be used in the erpants during metamorphosis avoided
any acclimatization problems. Perspex sheets wkxeeg@ over the tanks to reduce
water loss from evaporation, and a constant wateellwas maintained in all tanks.

Tadpoles were exposed to a 12 h:12 h light/darkectliroughout the larval period.

They were fed daily or. 0.2 g of dried algal pellets per tank, ground aydrated

before being suspended in water.

Experimental protocol

Checks were made three times a day for individslataving emergence of one or both
forelimbs, indicative of the commencement of metgrhosis (stage 60). In total, 139
tadpoles were transferred to separate, individupéemental tanks (15 x 20 x 20 cm)
at the onset of metamorphosis. The remainder weteinctluded due to natural
mortality before the onset of metamorphosis or bseathey did not commence
metamorphosis within the time span of the studgividuals were checked three times
a day for completion of metamorphosis (stage 6@gniified by complete talil
absorption (tail length <0.5 mm). Experimental mmkere maintained at constant water
temperatures of 18, 24 and 30°C, and tadpoles altveated sequentially to the three
temperature treatments at the onset of metamorphbse 18 and 24°C treatments each
had 46 individuals, while the 30°C treatment hadiividuals.

Wet mass, after removal of surface water (£0.00kgdput—vent length (SVL),
head width, tail length and maximum tail depth nueasients (0.1 mm, using
callipers) were taken at the commencement of mefamosis. There were no
significant differences in mass, SVL, head widtil kength, tail depth (Table 2.1) or
body condition (mean: 0.106+0.001 SE;135=1.573, P=0.211) at the start of

metamorphosis between the three temperature tratgmdail length and depth
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(0.1 mm) measurements were taken every 3 daysglunetamorphosis, to determine
whether metamorphosis progressed with the samerpaibh all three temperature
treatments. At the completion of metamorphosis, an&/L and head width were
measured. Body condition at the start and end damerphosis was calculated from
body measurements using the formula provided inthvegi1987), defined as
condition=(mass/SVi) x 1000.
Newly metamorphosed juvenile individuals to be adstfor locomotor

performance were maintained at their metamorphmp&rature until testing; after

testing, they were transferred to a stock tank taaiad at 24°C.

Swimming speed data collection
Measurements of swimming speed were taken from tl§es 48—66, comprising the
larval stages (stages 48-59), the middle of metphusis (stage 63, when 50% of the
tail was reabsorbed) and soon after metamorphoas s@mplete (stage 66+). Pre-
metamorphic tadpoles were grouped as follows: std@e-51 (small hind-limb buds);
stages 52-55 (differentiation and flattening ofdhfnot); and stages 5659 (separation
of toes and development of hind legs). Mid-metarhogis (stage 63) was selected
because it is likely to represent the most critigatiod during which metamorphosis
would be impaired, because the tail is being rgmdisorbed and the hind limbs are still
developing.

Owing to the sensitivity of the equipment beingdjgégming of swimming had
to be performed in one room (air temperature 20/WC)all temperature treatments.
Individuals to be filmed were brought into the roama shallow dish 1 h before being
filmed to acclimatize to the temperature (the watenperature ranged between 19 and

27°C, due to heat from the lighting equipment reggifor filming). The 1 h time period
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was selected as an acceptable period for accliatatiy, as a longer period might have
affected the developmental processes being inwaetig Water temperature at the time
of trials was recorded and included in the analymssa covariate. This did not
significantly affect locomotor performance at anfytibe three developmental stages
(tadpoles: F1 26=1.784, P=0.194; metamorphsF; 5=1.330, P=0.255; and juveniles:
F1761.911,P=0.171).

A Photron FASTCAM-PCI high-speed camera (PhotrorAU&c., San Diego,
CA, USA) was used to capture video footage. Theeramvas placed facing directly
down into a tank 20 cm long, with laminated griggpaalong the bottom; there was a
4 cm wide corridor through the middle of the grfidled with c. 1 cm depth of water.
The camera was mounted sufficiently far above tlagewsurface (0.8 m) relative to
water depth (1 cm) to minimize parallax errors @tedmining position. Each individual
was placed at one end of the tank and allowedttte sand then gently prodded at the
base of the tail with a glass stirring rod wrappeded electrical tape to elicit an escape
response. These procedures limited the tadpolesitoming forward in response to the
stimulus.

Filming was carried out at 250 frames per secopsl) (@nd the camera recorded
up to 5 s of swimming; the swim speed of each iidgdial was measured five times with
c. 1 min break between each. There was no evidentabatuation through the series of
trials in any of the three developmental groupife-metamorphict®=0.029,P=0.06;
metamorphic:r>=0.006, P=0.23; juvenile:r’=0.0, P=0.67). As in other studies (e.g.
Wilson et al. 2005), the first-300 ms (37 frames) following initial movement were
used representing burst speed, a critical variabligeeing from a predator (Watkins

1996; Dayton et al. 2005).

24



Chapter 2

Data analysis

Data are presented as mean *+ $Etests were used to determine whether variation in
metamorphic duration differed between temperatrgatinents. Principal components
analysis was carried out on the four body measunsn&VL, head width, tail length
and depth) for use in analysis on metamorphic @uratA single factor was extracted
(PC1), which explained 62.4% of the variation, esgnting predominately body rather
than tail measurementg? was used to determine differences in metamorploidatity
between temperature treatments. Tail loss duringamerphosis was assessed using 3-
parameter, sigmoid regression (SigmaPlot 10, SyStwftware Inc.) defined as

a
—(x=X%,)/b) "’

y= wherex, is the inflection pointb the steepness of curve aad

1+ e(
the range ofy values. The remaining analyses were performedguammalysis of
variance withpost hocTukey tests (SPSS 14, SPSS Inc.).

For film analysis, Photron Motion Tools software wased, which allowed
digital analysis, giving the distance per frameldegy) and the distance travelled. The
maximum measurement achieved from the five trias wsed for data analysis.

Before stage 60, individual tadpoles were takerramdom from the small
holding tanks for swim testing; they were then ned¢d to the tank, and so it was not
possible to track them as individuals. Therefohe, data on locomotor performance
between larval and metamorphic stages are treatedindependent samples.
Comparisons were made between four developmentaipgr three pre-metamorphic
stages (all experiencing the fluctuating tempegateanvironment) and one at mid-
metamorphosis (stage 63). Three such analysespeei@med to allow comparisons
between larval and metamorph swim speeds at thee thlifferent temperature
treatments experienced only after metamorphosisremeed. Comparative analysis of

locomotor performance between metamorphic and jlevestages (stages 63 and 66)
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was performed on known individuals using a lineaixed model with repeated

measures.

Results

Metamorphic duration

Metamorphic duration differed significantly betwettie three experimental treatments.
It was the slowest at the lowest temperature, takivice as long at 18°C than at 30°C
(Fig. 2.1). The difference between the two higleengeratures, while significant, was
relatively small (c. 1day). The variability in raetorphic duration differed
significantly among the temperature treatmentsh wie 24°C treatment being the least
and the 30°C treatment the most variable (F=15.P3).001; 18°C: range 14.04—
20.02 days, CV: 9.32%; 24°C: 7.19-10.00 days, C¥6%; 30°C: 6.00-10.19 days,
CV: 13.76%)).

As the body size (PC1) increased, the duration efamorphosis increased
(F1117=7.646, P=0.007). Metamorphic duration was noluariced by starting body
condition (k. 117=2.803, P=0.097; Fig. 2.2). The effects of tempeeatvere significant
(F2,117=3.812, P=0.024) and there was no interaction b&tvwemperature and body size
(F2,117=0.721, P=0.488) or temperature and condition {£0.089, P=0.915).

Mortality levels were significantly different amortigeatments. No mortality
occurred in the 24°C treatment. The 30°C treatrhadtthe highest mortality rate (11
mortalities, 23.4%), while the 18°C treatment hagbsl (six mortalities, 13%)

(x*=11.905, d.f.=2, P=0.003).
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Tail loss during metamorphosis

Tail re-absorption followed a sigmoid pattern, wahrapid decrease in tail length
occurring between days 3 and 6 in the two higherperatures (24 and 30°C) and
between day 6 and 12 in the 18°C treatment (Fig). 2.Inflection points (¥ and
steepness of curves (b) were significantly differeaetween the three treatments: (X
F2,12/210.986, P<0.001; b:xf+#60.279, P<0.001); post hoc analysis showed thsit th

difference was between 18°C and the two higher &atpre treatments.

Locomotory performance
SVL had a significant positive effect on burst swapeed during the larval {(z=9.223,
P=0.005) and juvenile stages;(E17.154, P<0.001), but only marginally during
metamorphosis @5=4.000, P=0.051). The temperature treatment expeteluring
metamorphosis had a significant effect on metamdmpist swim speed §5=5.586,
P=0.006), but this was not found in juveniles,4&0.245, P=0.783). During
metamorphosis, individuals from the 24°C treatmleatl a significantly faster burst
swim speed than the higher and lower temperate@nrent groups, which were not
significantly different from one another (Fig. 2.4)

To assess whether locomotion is impaired during metphosis, comparisons
were made between larvae and metamorphs and betmetamorphs and juveniles.

The comparisons between the three larval stage gr@ma metamorphic
individuals at the three temperature treatmentssiaiwed a significant relationship
between maximum swimming speed and stage (18%G;+~6.807, P=0.0007; 24°C:
F345=11.989, P=0.0001; 30°C3k~6.378, P=0.001; Fig. 2.4). | found no evidence of
locomotor impairment during metamorphosis: at 18 3@°C, metamorphic burst swim

speeds did not differ from burst speeds attainegigymetamorphic larvae. In fact,
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metamorphs at 24°C actually swam significantlydashan the late-stage larvae. The
maximum swimming speed increased as individualsgnessed through larval
development and continued to increase up to midumetphosis (NF stage 63).
Therefore, swimming speed at metamorphosis was ethiced compared with late-
stage, pre-metamorphic larvae of similar sizes\aasl significantly faster than smaller,
early-stage larvae.

Correcting for metamorphic temperature treatmentsdbs0.299, P=0.742)
and SVL (kgo.78=6.807, P=0.011), at the end of metamorphosis iddals swam

significantly faster than they did during metamarpis (F g0.12557.741, P<0.001).

Discussion

Metamorphic duration

The results show that metamorphic duration is sgrasib environmental temperature.
At temperatures commonly experiencedXylaevis(c. 21°C), metamorphosis takes

8 days (Huang et al. 2001). Metamorphosing in ¢ehdperatures resulted in more than
double the standard length of time to complete metphosis. Metamorphosis at the
two higher temperature treatments (24 and 30°C)muach closer in duration, with the
duration at 30°C taking about a day less than &€ 2%his result indicates that above a
certain temperature threshold, the speed of mefamsrs is optimized, as is suggested
by Downie et al. (2004) for other species.

There was also substantial variability in metamarpburation within the
temperature treatment groups. Body size was then mamponent explaining this
variation. Contrary to the prediction of Downieakt (2004), metamorphic duration was
not related to the index of body condition. Howeuownie et al. (2004) did not use

the term body condition in the precise manner @efiby Veith (1987). The lack of
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relation with body condition might be a result bétrearing conditions. All individuals
were reared at relatively low densities, with amratance of food on a daily basis.
Therefore, the condition at the start of metamorghegas relatively high and less
variable than would be expected in the wild. Repndividuals at different densities or
lower food availabilities may allow the effects bbdy condition on metamorphic
duration to be studied in more detail.

Within-group variability in metamorphic durationfigred between the three
temperatures. At 30°C, metamorphosis was completdte fastest time, but the degree
of variation was the highest. Additionally, the tadity rate was the highest in this
group. The higher mortality indicates that there rbaycosts associated with such a
rapid rate of metamorphosis, as has been founapia igrowth rates (Arendt 1997). At
24°C, the temperature treatment closest to whatldvbe experienced b}. laevisin
the field (Tinsley & Kobel 1996), the variation wHee smallest. This indicates that at
the temperature a species is adapted for, a thedeaklopmental optimum is

established (Stahlberg et al. 2001).

Locomotor performance

The temperature experienced during metamorphosigliffedent effects on swimming
speed during and after metamorphosis. At stageth&324°C temperature treatment
resulted in individuals having a faster maximum rawspeed, with either extreme
having slower speeds. Alvarez & Nicieza (2002b) destrated a similar result in
juvenile jumping performance in the Iberian paintesty Discoglossus galganpwith
performance peaking at an optimal temperature asutedsing as the temperature
increased or decreased. Miller (1982) found a sintilend in adulXenopus with the

highest locomotor performance occurring at 27°C aedormance decreasing with
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elevated or lowered temperatures. Additionallyour study, size was found to have
only a marginally significant effect on swimmingega during metamorphosis, possibly
due to other factors, such as the progression d hinb development, being more
critical. This result suggests that the temperagxpgerienced during metamorphosis
may have some effect on musculoskeletal developrsenh as the type or capacity of
hind limb musculature being developed during metainosis, which influences
swimming performance.

On completion of metamorphosis, temperature nodoihgd an effect on swim
speed, but size, specifically SVL, did have an aff@his result contrasts with the
report of a temperature effect on juvenile locomotreported by Alvarez & Nicieza
(2002b). However, in their study, the temperatureatments were experienced
throughout the larval period, while in this studyividuals were only subjected to
different temperatures from the start of metamosghorlhus, the temperature effects
found by Alvarez & Nicieza (2002b) might be a cansence of effects operating
during larval development.

Comparisons between larval and juvenile locomoterfggmance may be
complicated by differences in thermal capacity leetw the musculature that the two
stages use for locomotion. Sherman (1980) showagdittBufo woodhousii fowlefithe
developing hind limbs were less able to cope witlermal stress than the tall,
suggesting that extremely high temperatures woaNdur tadpole speed over juvenile
speed. However, this is not likely to be the casthis study, because the thermal range
used was well within the species tolerance and Wwelbw the thermal maxima of
Xenopus(Sherman & Levitis 2003). Additionally, differencés thermal preference
between larval and adult amphibians have not beew:s in all species (e.g-riturus

cristatus Wilson 2005), and it has even been suggestedtkahermal environment of
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adult and larvalXenopusis likely to be the same, as they occur in the esgroands

(Sherman & Levitis 2003), but this will be dependen pond depth.

Comparison of metamorph predator avoidance

In this study, even when corrected for size, indlials did not experience the decrease
in locomotor performance predicted and observeWhgsersug & Sperry (1977), using
chorus frogs. InX. laevis metamorphic swimming speed was slightly, but not
significantly, faster than speeds displayed bydhmdividuals of a similar size. There
was a dramatic increase in swimming performanceanpletion of metamorphosis.
There could be several explanations for this: (9 $pecies is fully aquatic, and so the
transition costs between terrestrial and aquatorwtion are not present. (2) Research
on Xenopusdevelopment has shown that during metamorphicas{jnindividuals are
able to use both tail and hind limb-based locommo{iombes et al. 2004), which may
be different from other species (e.g. species vahd tail loss; see Downie et al. 2004),
and could improve metamorphs' locomotion perforrearf8) Hind limb development,
which has been shown during the larval stage teaidhming (Park et al. 2003), may
confer a greater advantage to metamorpho3iagopusbecause of the large, well-
developed webbed feet found in this species. Ithheen shown that drag forces are
considerably increased during metamorphic climag @uforelimb emergence (Dudley
et al. 1991), but the advantage of the thrust gegedrby the developing hind limbs
could offset this cost. However, Dudley et al. (1P8sedRana catesbeiantadpoles,
which have a narrower, more streamlined anteridraampared witlX. laevistadpoles.
(4) Finally, this study examined locomotion perfamee as burst speed, whereas

Wassersug & Sperry (1977) examined swimming enceradowever, burst speed is
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more accurate than endurance as an indicator dfafme evasion (see Dayton et al.
2005).

In two studies on locomotor performance, where toapeed was examined,
conflicting results were observed. Huey (1980) shdw a decrease in burst spee@in
boreasduring metamorphosis, with individuals with longails at stage 43( NF stage
63) having faster swim speeds. Watkins (1997) kimgron the Pacific tree frog, found
that the maximum burst speed was not significadiffgrent between pre-metamorphic
and stage 42 individuals, but argued that usingntkean of some of the speed trials,
there was a significant decrease in locomotor perdmce in metamorphic individuals.
Watkins (1997) did not investigate post-metamorgbimomotor performance in the
Pacific tree frog. In the present study, usingesitmean or maximum, burst speed did
not demonstrate a decrease in performance duringnmogphosis in any of the three
temperature treatments.

In conclusion, our data show that metamorphic domatvaries with both
environmental temperature and body size, and tnhotion is not impaired during
metamorphosis compared with the pre-metamorphgestdhese findings present some
fundamental complications for the idea that sebectuelled by high predation risk has
minimized the duration of metamorphosis. It is gble that variation in natural
predation risk results in different strengths ofesgve pressure for minimizing
metamorphic duration, and it would be interestiagcompare populations from high
and low predation risk habitats. It would alsoibresting to know more about the

costs associated with rapid metamorphosis.
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Tables and figures

Table 2.1: Starting measurements of different tempature treatment groups (ANOVA results

displayed; NS indicates non-significant difference)

18°C 24°C 30°C
Mass'> 0.65+0.03 g 0.69+0.02 g 0.67+0.02 g
SVLNS 18.1#0.2 mm  18.5+0.2 mm  18.4+0.2 mm
Head width™®  8.6+0.1 mm 8.8+0.1 mm 8.8+0.1 mm
Tail length™®  32.1+0.6 mm  31.7+0.6 mm  31.9+0.7 mm
Tail depth™  5.8+0.1 mm 5.8+0.1 mm 5.6+0.2 mm
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Figure 2.1: Duration of metamorphosis in days (= SEfor the three temperature treatments.
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Figure 2.2: Duration of metamorphosis in days in r&ation to body condition at the onset of
metamorphosis (18°C:e, solid line; 24°C: o, dashed line, 30°C:V¥, dotted line)
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Figure 2.3: Decrease in mean tail length (+ SE) tlough metamorphosis
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Figure 2.4: Burst swimming speed (+ SE) at differeindevelopmental stages. At mid-metamorphosis
the three temperature treatments are represented dividually (e: 18°C, A: 24°C, o: 30°C)
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Chapter 3: Predation-induced plasticity in metarharpluration in

Xenopus laevis
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Abstract

Many organisms are able to vary the duration & history stages in response to
environmental conditions such as predation riskoweler, in those undergoing a
metamorphosis, the extent to which the duration progression of the metamorphic
phase itself shows plasticity has received litttergtion. Using the amphibiaXenopus
laevis | examined the extent to which the duration o thetamorphic climax was
affected by the presence or absence of a preddf@tamorphosis was accelerated in
the presence of a predator and this occurred denslis across the natural range of
temperatures experienced Kgnopus Although metamorphic climax was reduced in
duration, a functional tail was maintained for lengn the presence of a predator.
Furthermore, burst swimming speed was significantigster for animals
metamorphosing in the presence than in the absgnaegredator. This suggests that
the more rapid development induced by predatorepiess does not carry costs in terms
of ability to escape predators during metamorphodikere was no evidence of post-
metamorphic costs of faster metamorphic climaxemms of escape response since
juveniles from the two predator treatments did difter in burst swimming speed.
However, individuals metamorphosing in the presewsicpredators lost proportionally
more mass during metamorphosis, resulting in sm@lieeniles than those without
predators. This reduced juvenile size represenisotantial cost of accelerating

metamorphic development.
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Introduction

In organisms with complex life cycles, that is widstinct life history stages and
marked between-stage transitions during which theenptype is re-shaped,
environmentally induced plasticity in stage dumatand morphology have been well
studied (West-Eberhard 2003). Predation risk han bdentified as an important
environmental factor, being linked to the developmeof morphological and
behavioural anti-predator defences and changebeirduration of life history stages
(reviewed in Benard 2004; Relyea 2007). The manugoof these studies has been on
the effects of predation risk during embryonic dabal life history stages (Nylin &
Gotthard 1998; Benard 2004). However, it is alg@ly that predation risk will
influence the duration of the transition stagepeeglly where such stages might render
individuals more vulnerable to predators, for exmithey are less active or mobile.

In most amphibians and insects, metamorphioati the beginning of which
marks the end of the larval phase and its conatutfie formation of the juvenile in
most species, represents a clearly defined transstiage (Bishop et al. 2006). During
metamorphic climax individuals are generally moralnerable, due to reduced
locomotor performance, and are captured more frauéy predators (Wassersug &
Sperry 1977; Arnold & Wassersug 1978). Predatisk experienced throughout larval
and metamorphic stages has recently been shown ffext athe duration of
metamorphosis in insects (McKie & Pearson 2006)|leWian Buskirk & Saxer (2001)
did not find an effect of predator-induced larvdtepotypes on the duration of
metamorphic climax in amphibians. However, the&# of predation-risk experienced
during metamorphic climax on its duration and pesgion have not been assessed
independently of predation-induced effects on #redl phenotype, nor have potential

costs of accelerated metamorphosis been identified.
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During metamorphic climax, the developmental respai predation risk might
be similar to that observed during embryonic depelent i.e. acceleration under
heightened predation risk (Martin 1995; Warkent®93; Chivers et al. 2001; Li 2002;
Kusch & Chivers 2004; Vonesh 2005a), since bothharefeeding stages with reduced
locomotor ability compared to the subsequent lii@gs. However, more than one
environmental factor is likely to be important, atietre may be interactions among
different factors acting simultaneously. Tempemtis known to be an important
variable affecting the rate of development (Gillo@t al. 2002). The duration of
metamorphic climax has been found to change withiremmental temperature in
amphibians and insects (Downie et al. 2004; Stew®dgl; Walsh et al. 2007a). The
observed acceleration of development with increpsamperature is however likely to
level off at higher temperatures since the capdaoitgccelerate development at higher
temperatures is limited either due to prohibitiests or a biological constraint (Bottrell
1975; Wagner et al. 1984; Li & Jackson 1996; Rowlet2002; Downie et al. 2004;
Walsh et al. 2007a). Hence, we would expect thatacceleration of metamorphic
climax in response to predation risk will be mosirked at lower temperatures.

In amphibians, it has also been shown that, irpteeence of predators, tadpoles
alter their tail morphology to aid predator evasferg. Wilson et al. 2005). However, it
is not known whether morphology expressed duringamerphic climax responds to
predation-risk. Greater tail length and depth hdeth been shown to improve
locomotor performance during larval developmentytoa et al. 2005; Teplitsky et al.
2005; Kaplan & Phillips 2006). Therefore in the gmece of predators,
metamorphosing individuals might delay the begigromn rapid tail re-absorption, thus
retaining a functional tail for a longer period khgr metamorphosis to aid in locomotion

until the hind limbs are better developed (Wasse&s$Sperry 1977; Huey 1980).
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In this study, | examined the plasticity of metaptoc duration and tail re-
absorption during metamorphosis in the fully aguatmphibianXenopus laevisn
relation to predator presence and variation in remvihental temperature only during
metamorphosis. WhileXenopusdoes not leave the aquatic environment, it does
undergo an extensive metamorphosis that occurseryenajor organ system (Furlow
& Neff 2006), including a transition from a tail iden tadpole to a limb propelled
juvenile (Combes et al. 2004); there is a rapiddase in burst swimming performance
on completion of metamorphosis (Walsh et al. 2007&¢nopustransforms from an
herbivorous forager in the water column to a canageid, largely bottom-dwelling
ambush predator on completion of metamorphosis I@yn& Kobel 1996). Therefore,
due to developmental changes in speed and nioheeldtive predation risk ofenopus
during ontogeny within the aquatic environmenikslly to differ. Xenopusalso has the
advantage that the continuity of the aquatic emwirent allows the locomotor
performance at different stages to be more easitypared. Finally, a fully aquatic life
cycle enables the potential inability to perceiNterad mortality-risk in a different
habitat to be removed as confounding factors inpanmons between different life
stages (Benard 2004). Locomotor performance amty B@e during metamorphosis
and following its completion were assessed in otdeédentify possible costs associated

with predator-induced changes in metamorphosis.

Methods and Materials
Animals and rearing conditions
Approximately 250Xenopus laevigggs were obtained from St. Andrews University,

Scotland in 2006. Tadpoles were kept in a singleL4@olding tank at 24°C until
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approximately Nieuwkoop & Faber (NF) stage 42 (Mikaop & Faber 1994) before
being transferred to 10 smaller holding tanks.

Each smaller holding tank (30 x 20 x 20 cm) contirgs tadpoles in
approximately 11 L of aerated, de-chlorinated, @vgdpee water. Water temperature in
the tanks ranged from 30°C (daytime) to 18°C (nighthich represents the natural
range of temperatures experienced Xgnopus laevis(Tinsley & Kobel 1996).
Tadpoles were exposed to a 12L : 12D photoperiodfeshed libitumon algal pellets,
ground and hydrated before being suspended in wé&tkrecks were made three times a
day for individuals commencing metamorphic climadicated by the emergence of
one or both of the fore limbs and coinciding witeuage in thyroid hormone (Shi 2000)
(NF stage 60; equating to Gosner (1960) stagetdi®)stage is recognised as the end of
the larval phase (e.g. Hensley 1993). The conalusib metamorphic climax was
identified by the complete absorption of the ta&lil(length < 0.5 mm, NF stage 66;

equating to Gosner stage 46).

Experimental Design

A 2 x 3 factorial experimental design was usedxan@ne the effects of predator risk
and temperature on the duration of metamorphicatinmorphology and locomotory
performance during and after the completion of metghosis. To evaluate the effects
of predator presence, with and without predataatinents were used. Addfenopus
laevis (SVL: 4 — 6 cm) were used as predators since sghdt larvae in this species,
both in the laboratory and in the field (Hey 194Knsley & Kobel 1996). All
experimental tanks had clear, perforated Perspedidg them into two equal segments
(15 x 20 x 20 cm). An adult was placed on one sidthe Perspex divide in half the

experimental tanks and fed on a diet of bloodwolfamily: Chironomidae) and
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Xenopus laevisadpoles (frozen prior to first feeding NF sta@® ® ensure that any
predation-associated chemical cues were presetiteirwater (Petranka et al. 1987).
Three temperature treatments were established; P8™C, and 30°C.

In total, 163 tadpoles were transferred from thalkhmolding tanks to individual
experimental tanks at the onset of metamorphosis. IBiC and 24°C treatments had
54 individuals, while the 30°C had 55. The remaindere not included due to natural
larval mortality or failure to commence metamorphahkiring the experimental period.

Wet mass after removal of surface water (+ 1 mgpusvent length (SVL),
head width, tail length and maximum tail depth nueasients (x 0.1 mm, using
callipers) were taken at the commencement of metamo climax, without
anaesthetising as it was deemed unnecessary. WMeeeeno significant differences in
mass (942 + 26 mg), SVL (19.5 £ 0.2 mm), head w{@tb = 0.1 mm), tail length (36.8
+ 0.4 mm) or tail depth (7.1 £ 0.1 mm) at the starimetamorphosis among the six
treatments.

Tail length and depth measurements were taken etlege days during
metamorphosis. The number of days that a functimildiength and depth was retained
was taken as the time until 50% of the tail wasodiiesd (Van Buskirk & McCollum

2000). This was calculated from the sigmoid regoessquation, solving for x (x =

b(In(a;y)) — X%, Where y = 50%, b is steepness of the curve, thasmaximum

asymptote andyXs the inflection point).

Individuals were checked three times a day for detigm of metamorphic
climax, at which point mass, SVL and head widthevereasured. The number of days
between the onset of metamorphic climax and itsptetion was also recorded. Post-
metamorphic individuals were maintained at thepesknental temperature until testing

then transferred to a stock tank maintained at 24W@nly six mortalities occurred
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during metamorphosis; in the presence of a predatdhree temperature treatments

experienced a single mortality; at 30°C the ‘nadatter’ treatment had three mortalities.

Swimming Speed Data collection

Locomotor performance was measured halfway thraugtemorphosis (NF stage 63)
and after metamorphosis was complete (NF stage @66 randomly selected sample
of individuals, using a Photron FASTCAM-PCI high-edecamera (Photron USA Inc.,
San Diego, CA, USA). Due to the sensitivity of tequipment, all filming was
performed in one room. Prior to filming, individeavere acclimatized to the room
temperature (19 - 22°C) for one hour. Slight M@srain room temperature at the time
of filming, which was included as a covariate, dat affect locomotion in metamorphs
or juveniles (Table 3.2). The one-hour time periaswelected as an acceptable period
for acclimatization, as a longer period may havecéd the developmental processes
being investigated. Each individual was filmed siRes. There was no evidence of
habituation in either the metamorphig ¢bz = 0.972, p = 0.325) or juvenile individuals
(Fraz7= 1.241, p = 0.266).

The camera was placed directly above a 20 x 4 ci tared with laminated
grid-paper filled with approximately 1 cm depthwéter. Each individual was placed
at one end of the tank, and then gently proddedeabase of the tail to elicit an escape
response. Filming was done at 250 frames per gse@pr). Only the first 37 frames
(~300 milliseconds) following initial movement weamalysed, using Photron Motion
Tools software, which generally represents the bspsied critical in fleeing from a
predator (Wilson et al. 2005; Royle et al. 2008he results using the maximum burst
speed from the six trials are reported, sinceptesents the fastest burst speed of which

an individual was capable.
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Statistical analysis

All analysis was performed using SPSS v15 (SPSS @tucago, IL) unless otherwise
stated. Metamorphic duration and swim speed aeslygere corrected for body size.
SVL (accounting for 84.4% of the variation usingnipal components analysis of
mass, SVL, head width, tail length and tail deptlay used as an indicator of body size
since all structural body and tail measurementsertakvere highly correlated.
Metamorphic duration was examined using a Generadr Mixed Model (GLMM),
with the holding tank that the tadpole originateshi as a random factor. The holding
tank (p = 0.45) and interaction term (p = 0.22) eweot significant and thus removed to
give the minimum adequate model. The time to 16886 of the tail depth was
determined using 3-parameter, sigmoid regressigm@rlot 10, Systat Software Inc.,
Chicago, IL) and analysed using a General LineadehdGLM). Since the re-
absorption of tail length followed the same pattasrtail depth re-absorption in relation
to predator presence and temperature, tail lengHults are not presented here.
Remaining analyses were performed using GLM; ngnicant interaction terms were
removed. In analysis of locomotor performance, SAfd tail depth at the time the

trials were performed were also included as cotesia

Results

Metamorphic Duration

After correcting for body size (SVL) at the staftneetamorphic climax (Fs6= 64.48,

p < 0.0001), the presence of a predator resultedreduction in metamorphic duration
of between 4 and 7% across the three temperataumpgi(f 156 = 10.13, p = 0.002; Fig.
3.1). Duration was longest in the 18°C temperatteatment, followed by the 24°C

and 30°C treatments {s6= 1819.43, p < 0.0001).

45



Chapter 3

Despite the shorter duration of metamorphosisjviddals that completed
metamorphosis in the presence of a predator lost mass and structural body size in
relation to their size at the start of metamorptiimax than those in the no predator
treatment (Table 3.1, Fig. 3.2). This was againsistent across the temperature
treatments. In line with this, the shorter metarharpuration at higher temperatures

was also associated with smaller post-metamorpddy Imass and size (Table 3.1).

Functional Tail Retention

Tail re-absorption, shown here as tail depth (lenfsihowed the same pattern),

followed a sigmoid pattern (Fig. 3.3). The lengthime for which a functional tail was

retained, measured as the time taken to absorbd@Pe tail depth, was greater in the
presence of a predator than when there was notpre(@i14s= 5.86, p = 0.017). Low

temperature also extended the period for which rectianal tail depth was retained

(F2,148= 655.56, p < 0.0001).

Locomotor Performance

During metamorphosis (NF stage 63), independenémiperature treatment and after
correcting for body size (see methods), those tadpmetamorphosing in the presence
of a predator showed maximum swimming speeds appedgly 5% faster compared
with the no-predator treatment (Table 3.2, Fig. .3.4ndependent of the significant
effect of body size, tail depth at the time of thials was not found to significantly
affect swimming speed during metamorphosis (Tal2¢ 3There was also a significant
interaction between predator treatment and SVL @&2). In the predator treatment
burst swim speed increased faster with increasing. #an in the no predator

treatment.
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On completion of metamorphosis (NF stage 66), nmearimum swim speed
was 34.71 cm’S+ 0.89 SE (2.26 body lengtf & 0.04 SE). There was no significant
difference between predator and no predator tregsnéndependent of experimental

temperature treatment, when corrected for the fsogmit effect of SVL (Table 3.2).

Discussion

In Xenopus laeviboth duration of metamorphic climax and tail marloigy during
metamorphosis were found to vary, as predictedgsponse to predator presence. This
demonstrates for the first time that increased gred risk experienced only during
metamorphic climax induces variation in the dumat@f this transition stage. The
presence of a predator during metamorphosis resuiite shorter duration of
metamorphosis at all three temperature treatmevitis,no difference in the degree of
acceleration observed among the temperature tretdmEehus there was no interaction
between the predator presence and temperaturesabetemperature range used in this
study, possibly because the range used did nonheéxie the temperature threshold
where acceleration of development is constrainecK(®l & Pearson 2006).

It has been proposed that selection will favousrtgning the duration of life
history stages, such as amphibian metamorphost$, @ightened vulnerability to
predation, since this is likely to confer signifitafitness benefits (Williams 1966;
Istock 1967; Wassersug & Sperry 1977; Arnold & Waissg 1978; Rose 2005). That
metamorphosis is longer in the absence of predatagyests that shortening is
sufficiently costly to favour retention of the capg to adjust metamorphic duration in
response to local predation risk. In the abseff¢eeanlators, it pays to take longer over
metamorphosis. One potential cost associated nafitd growth or development is an

impairment of locomotor performance in subsequaages (Kolok & Oris 1995; Arendt
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2003; Buckley et al. 2005; Ficetola & De Bernar@Dg; Ji et al. 2006). However, we
did not find any difference in post-metamorphicdowtion amongst our treatment
groups. Similarly, Capellan & Nicieza (2007b) avidn Buskirk & Saxer (2001) did
not find a cost in terms of locomotor performance do predator presence during the
hatching or larval stages, respectively, in theepile stage of ranid species. Therefore,
it appears that the acceleration of metamorphasiXenopus laevisioes not carry
associated locomotor costs, measured in burst sspeed, as irRana temporaria
(Capellan & Nicieza 2007b) an&ana ridibunda(Van Buskirk & Saxer 2001).
However, costs might become apparent later in (Aeendt 1997; Metcalfe &
Monaghan 2001; Morgan & Metcalfe 2001) or be evidarother fithess components
or measures (e.g. sustained locomotor performance).

Metamorphosing individuals that experienced thesgmee of a predator showed
a greater decrease in mass, SVL and head widthttivese that metamorphosed in the
absence of a predator. Although this did not diyeesult in reduced absolute or size-
corrected burst swim speed, a reduction in sizéhercompletion of metamorphosis has
been shown to reduce survival, size at first repectide bout and reproductive output,
and increase the age at first reproduction (Collifg9; Berven & Gill 1983; Smith
1987; Semlitsch et al. 1988; Berven 1990; Scotédi®&ck & Congdon 2000; Altwegg
& Reyer 2003; Chelgren et al. 2006).

Even though metamorphosis was accelerated in tbgepce of a predator, a
functional tail was retained for longer, but moa@idly re-absorbed towards the end of
metamorphosis. Given the shorter metamorphic sunrstexperienced in the presence
of a predator, the increased time period of fumatidail retention would mean that in
the presence of a predator individuals retain 0d@% of their tail depth for a

substantially greater proportion of metamorphosigetention of tail depth would be
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expected to benefit locomotion at this stage; hawéis was not found to be the case,
at least with respect to burst swim speed. Wloleomotor performance increased
under predation risk during metamorphosis, this m@gelated to variation in tail depth
(or length). This could be due to several reasohail retention might only have an
effect on locomotor performance at earlier stagegr to when burst speed was
assessed in this study, or in more sustained swignmiThe faster swimming speeds
observed in the predator treatment could be theltrexf other factors, such as
accelerating the development of functional hind bémto aid in locomotion.
Conversely, the predator treatment individuals rhaye a heightened sensitivity or
alertness to a potential predator stimulus, dueexposure to predation-associated
chemical cues (Pfeiffer & Riegelbauer 1978; HewBl&ustein 1985; Hews 1988).

In conclusion, our data demonstrate that duringametphosis<enopus laevis
shows plasticity in both morphology and duratiomesponse to predator presence.
This provides further evidence that metamorphosedfitwhich has been largely
overlooked in studies of phenotypic plasticitynd fixed in duration and that the
variability in responses to environmental condisi@bserved during larval development
may be expected during metamorphosis. Thus, thigahaperienced during
metamorphosis may have important implications lierpattern and tempo of

phenotypic development.
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Tables and figures

Table 3.1: Results of GLM analysis for the juvenilanass and structural size measurements of
individuals that completed metamorphosis in the preence or absence of a predator and among the
three temperature treatments. The interaction termwas not significant (p > 0.27) and is not
included. The holding tank that individuals originated from was not found to be significant in any
of the analyses.

Dependent variable Predator treatment Temperature treatment
df F p df F p

Mass 1,156 3.95 0.049 2,156 14.98 <0.0001

Snout-ventlength 1,156 11.95 <0.0001 2,156  10.18  <0.0001

Head width 1,156 7.70 0.006 2,156 5.32 0.006

Table 3.2: Results of GLM analysis of locomotor pdormance of individuals at mid-metamorphosis
and at the completion of metamorphosis in relatiotto predator and temperature treatments. The
interaction between temperature and predator treatnent were non-significant (p > 0.37) and removed.

Metamorphosing individuals Post-metamorphic irdinals
df F p df F p

Temperature 2,91 141 0.25 2,90 1.88 0.16
Predator 1,91 6.23 <0.02 1,90 0.44 0.51
SVL 1,91 30.41 <0.0001 1,90 87.39 <0.0001
Tail depth 1,91 1.46 0.23 - - -
Predator * SVL 2,91 7.64 <0.01 2,90 0.71 0.40
Room temperature 1,91 0.33 0.57 1,90 1.95 0.17

50



Chapter 3

Figure 3.1: Duration of metamorphic climax in days(z SE) for the three temperature treatments
and the presence or absence of a predator. Metanpiric climax begins with the emergence of the
fore limbs, which coincides with a peak in thyroidhormones, and is concluded with complete tail
absorption. Open shapes represent the no predattreatment and solid shapes represent the
predation treatment.
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Figure 3.2: Mean percentage loss of mass)( SVL (A) and head width @) during metamorphosis
for each temperature and predator treatment (+ SE).Open shapes represent the no predator
treatment and solid shapes represent the predatiomeatment.
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Figure 3.3: Percentage decrease in mean tail depth SE) through metamorphosis &: 18°C, A:
24°C,e: 30°C. For all three temperature treatments, thepredator absent treatment is indicated by
filled shapes and solid regression lines, while theedator present treatment is indicated by open
shapes and broken regression lines).
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Figure 3.4: Maximum burst speed (+ SE) of metamorpbsing (NF stage 63) individuals
(represented as the residuals corrected for SVL) #t are metamorphosing in either the presence or
absence of a predator at each of the three temperat treatments. Open circles represent the no
predator treatment and solid circles represent thepredation treatment.
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Chapter 4: Temperature mediated morphology chathgesg

metamorphic climax in the African clawed fro¢gnopus laevis
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Abstract

Investigations of the effect of temperature on beig are largely limited to the larval
phase of organisms with complex life cycles, witlhr anderstanding of the effect of
temperature during metamorphic climax entirely rmetgd to the insects.

Environmental temperature was manipulated only dumetamorphosis in the aquatic
amphibian Xenopus laevis Lower temperatures during metamorphosis resuited

individuals with greater mass, head width and siveuat length on the completion of
metamorphosis. This demonstrates that temperatiugeg metamorphosis can be
important in modulating the temperature-size refeghip established during the larval

stage in amphibians.
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Introduction

Body size is an important aspect of individual égs, with greater size generally
resulting in higher fecundity and competitive aWili(Roff 1992; Stearns 1992).
Environmental conditions during growth play a raiedietermining final size, and there
have been a number of studies investigating thecetif environmental temperature in
determining this trait (reviewed in Atkinson 1994T.he majority of these studies (>
80%) have shown a developmental response to tetopersimilar to that observed
under Bergmann'’s rule (Bergmann 1847), with lowesaring temperatures resulting in
larger sizes. In ectothermic organisms with complée cycles, temperature
experienced during early development (i.e. embrycamd larval stages) has been
shown to influence juvenile and adult body size.or Fexample, inDrosophila
melanogasterindividuals reared at lower temperatures havgelabody and egg sizes
(Powell 1974; Azevedo et al. 1996; James et al.719®unney & Cheung 1997).
However, these organisms also undergo a metamaspltsing which time much of
the body is transformed. Organism size is ofteedi after metamorphosis (Boggs
1981) but, even if post-metamorphic growth occting effects of immediate post-
metamorphic size persist into sexual maturationiit®m987; Semlitsch et al. 1988).
Additionally, investigations of the temperatureesimule during the larval period are
complicated by behaviour, such as feeding ratemstamorphosis may represent a
better opportunity to investigate this phenomendiowever, little attention has been
given to the effects of environmental temperatugeeienced during metamorphosis on
adult morphology. Since metamorphosing individualg solely on stored resources, it
would be expected that lower temperatures wouldltré@s smaller losses of body mass.
Hence lower temperatures would be associated waithef sizes on completion of

metamorphosis, due to differences in thermal efficy of resource utilisation

56



Chapter 4

(Robinson & Partridge 2001) and/or from slower depment being more efficient
(Arendt 1997; Fischer et al. 2004).

Those studies that have been carried out on thecteffef environmental
temperature during metamorphosis are largely odsttito a single class of animals; the
insects, specifically dipterans and lepidopterafeer{ich et al. 1998; Ottenheim &
Volmer 1999; Chakir et al. 2002; Stevens 2004). dipterans, lower temperatures
experienced during larval development and pupatiewve been shown to result in the
increased size of several morphological traitshsag the wings, abdomen, thorax and
head shape and size (French et al. 1998; Otten&eWolmer 1999; Stevens 2004).
However, not all traits have been shown to be msipe to temperature during
metamorphosis. French et al. (1998) demonstrdiadtihorax size is only affected by
temperature experienced during the larval stageth@imetamorphic pupal stage, but
the abdomen and wing sizes are susceptible thraighe larval and pupal stages.
Similarly, in the butterflyPararge aegeriapost-metamorphic head size increases with
lower environmental temperature during pupationjleviother traits are unaffected
(Stevens 2004). Stevens’s (2004) study repredéertonly attempt to decouple the
effect of environmental temperature on larval verswetamorphic processes, thus our
understanding of temperature effects on metamorplwsery limited.

Amphibians have commonly been used to investidpmth the evolutionary
responses and ontogenetic relationship among tetyperand body size or growth rate
(Ashton 2002; Alvarez & Nicieza 2002a; Laugen et28l05; Measey & Van Dongen
2006), particularly during larval growth and deymleent. Additionally, amphibians
have been shown to display a high degree of pigsiic the timing of life history
transitions and morphology during ontogeny. Oudarstanding of plasticity during

amphibian metamorphic climax itself is extremelyited (Downie et al. 2004; Walsh
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et al. 2007a; Walsh et al. 2007b). Given the tlahasticity in morphology observed
during other ontogenetic phases in amphibians (Bl& Brown 2000; Alvarez &
Nicieza 2002a; Alvarez & Nicieza 2002b) and durimgtamorphosis in a butterfly
species (Stevens 2004), it is likely that duringplibian metamorphosis individuals
will display morphological plasticity in responsednvironmental temperature.

Here, by manipulating temperature only during metgrhic climax, | examine
whether lower environmental temperature experiersh@dng anuran metamorphosis

results in increased body size in the aquatic ¥ebpus laevis

Methods and Materials

In 2005 and 2006, wild typXenopus laevieggs were obtained from St. Andrews
University, Scotland. In both years, tadpoles wespt in a 40 L holding tank at 24°C
until they were free-swimming larvae (Nieuwkoop &lfer (1994) (NF) stage 42)
before being transferred to smaller holding tanks.

Each smaller holding tank (30 x 20 x 20 cm), filledh approximately 11 L of
aerated, de-chlorinated, copper-free water, coedair25 tadpoles to facilitate
identification of the onset of metamorphic climaxA constant water level was
maintained in all tanks. Daytime water temperatarine tanks was maintained at 30°C
using individual tank heaters, and fell to 18°Cnaht. This represents the natural
range of temperatures experienced Xgnopus laevis(Tinsley & Kobel 1996).
Tadpoles were exposed to this range of temperataragoid acclimatization problems
when they were transferred to the different expental thermostable environments
(18, 24 and 30°C) during metamorphosis. Tadpoldsnagtamorphs were exposed to a
12L : 12D photoperiod throughout the experiment rdae were fedd libitum on

dried algal pellets, ground and hydrated beforadpsuspended in water.
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Checks were made three times a day for individshlewing emergence of
forelimbs, indicative of the commencement of metgyh@ climax (NF stage 60), and
after the onset of metamorphosis, for the comptetiometamorphic climax (tail length
< 0.5 mm, NF stage 66). Tadpoles were transfeweddividual experimental tanks
(15 x 20 x 20 cm) at the onset of metamorphosistotial, 204 tadpoles were transferred
to the experimental tanks (126 in 2005 and 78 620

Wet mass, after removal of surface water (£ 1 ragyut-vent length (SVL) and
head width (x 0.1 mm, using callipers) were takenttee commencement and
completion of metamorphosis. Duration of metamogdh was also recorded.
Individuals that died during metamorphosis were inotuded in the analysis, leaving
186 individuals. Differences in the proportion\suing among temperature treatments
were compared using Chi-squared. Data were arthlysieg General Linear Models,
with post-hoc Tukey tests, in SPSS (SPSS v15, SRSH IAnalysis of mass, SVL and
head width at the completion of metamorphosis wasrected for the initial
measurement, included as a covariate. The propodfionass, SVL and head width
lost during each day of metamorphosis was also eainto investigate whether

differences in size were related to the duratiometamorphic climax.

Results

There was no initial difference among individualeeted across the three temperature
treatments, within a year group, in measurementhads, SVL or head width at the
onset of metamorphic climax (Table 4.1). The doratof metamorphosis was
significantly shorter as experimental temperatmaraased in both years. Individuals
from 2006 were significantly larger and heaviernthiadividuals in 2005. Correcting

for the larger sizes of individuals in 2006, themas no significant difference in
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metamorphic duration between years (Table 4.1)rtélity during metamorphic climax
was significantly different among temperature tmetts (X = 14.84, p = 0.001), with
the 30°C treatment suffering the highest mortglit$ mortalities; 20.0%) followed by
the 18°C treatment with only six mortalities (8.8%)he 24°C treatment showed no
mortality.

After correcting for the initial measurements ae thnset of metamorphic
climax, post-metamorphic mass, SVL and head widltkhwed a significant negative
relationship with temperature during metamorphd@siass: k15 = 25.42, p < 0.001;
SVL: Fo185 = 77.29, p < 0.001; head width: fg5s = 74.50, p < 0.001). Figure 4.1
displays the percentage loss in each of the thesssarements, showing that individuals
at higher temperatures lost a greater percentageast, SVL and head width during
metamorphosis. Post-hoc analysis revealed th2@®% the proportional mass loss was
not significantly different between the 24°C andQ8&reatments (p = 0.996). There
was no significant difference between years inltdss of mass, SVL and head width
during metamorphosis, after correcting for the dargize of individuals in 2006.
However, for both mass and SVL there was a sigmiticinteraction between
temperature treatment and year (masssd= 9.31, p < 0.001; SVL: f1g5=4.04, p =
0.019; Fig. 4.1), which showed that at 18°C indist$ lost a greater proportion of mass
and SVL in 2005 than in 2006.

Analysis of the percentage loss in mass, SVL aatltwidth, correcting for the
differences in metamorphic climax duration experexh across the temperature
treatments, demonstrated a significant positivatieiship with temperature during
metamorphosis. Additionally, post-hoc analysis vehahat the difference in the
proportion of mass loss is significant among atkéhtemperature treatments in both

years (Fig. 4.2). Individuals completing metamargil at 30°C experienced a daily

60



Chapter 4

decrease in mass that was 62.8% greater than ttreade experienced at 18°C.
Similarly, daily decreases in SVL and head widthrevé8.5 and 64.5% greater,

respectively, at the 30°C treatment compared tA&8i€ treatment.

Discussion

These results demonstrate that temperature-mediai@uyes in size and morphology
occur during amphibian metamorphic climax. Addiadly, even though metamorphic
duration was significantly longer at colder temperas, the proportional decrease in
mass, SVL, and head width was greater at highepaestures. The daily proportional
decrease in the three traits was over 60% great@)%C compared to 18°C. The
inverse relationship between temperature duringametphosis and final mass and
snout-vent length could have a number of consemsefar fitness. Smaller mass on
completion of metamorphosis at higher temperatorag indicate a greater reduction in
energy reserves, such as stored lipids. Temperhagdeen shown to have a similar
effect on lipid mass in the Iberian painted fidgcoglossus galganaluring the larval
stage (Alvarez & Nicieza 2002b). Although measweta of lipid mass were not taken
in this study, it would be reasonable to assumeeatgr reduction of total mass during
metamorphosis would reflect a reduction in stoeskrves. A reduction of SVL on the
completion of metamorphosis will reduce the achiddurst speed of individuals that
metamorphosed at higher temperatures. Burst shasdoeen shown to be largely
dependent on SVL irKenopusand many other species (Wilson & Franklin 2000;
Ojanguren & Brana 2003; Walsh et al. 2007a) and iogpact on an individual's
survival (Eidietis 2005; Husak 2006). Both of thdaetors may reduce the survival
probability of juveniles that metamorphosed at kigtemperatures (Beck & Congdon

2000; Altwegg & Reyer 2003; Chelgren et al. 2006).
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The consequences of a reduction in head width @® déear. Most post-
metamorphic amphibians are gape-limited predatiwerefore a narrower head as a
juvenile would limit the size of prey that could b#lized (Schmidt et al. 2006; Vincent
et al. 2006). HoweverXenopusis not strictly gape-limited, since it is capaldé
removing bite-size pieces from carrion or forcimgger items into its mouth with its
forelimbs. Ultimately, a smaller head and mouthuidolimit the speed at which an
individual was able to feed. Blouin & Brown (2006)d not report an effect of
temperature experienced during larval developmenhead width inRana cascadae
However, temperature effects during the larvalgeermay have masked the effects on
head width during metamorphosis. Therefore, itripartant to determine whether the
effect of temperature on post-metamorphic head hwidt consistent across species.
While metamorphic duration was shorter at highergeratures, this is likely to provide
limited survival and fitness benefits comparedtie tosts arising from reduced body
size (Chelgren et al. 2006).

This study provides further support that ectotherorganisms conform to the
temperature-size rule, which is still widely comnées (see Ashton 2002), but
additionally that temperature during metamorphasislf is important in determining
this relationship. While it has been documentett Home ectotherms conform to the
temperature-size rule (French et al. 1998; Asht6@2 investigations of how and
when this relationship is formed focus on effeatsusring during larval development
(Blouin & Brown 2000; Robinson & Partridge 2001,vAlez & Nicieza 2002a; Fischer
et al. 2004). Alvarez & Nicieza (2002a) reportbdttrearing temperature had no effect
on mass loss during metamorphosiPiscoglossus galganoiHowever, larval effects
confound this result, and mass was the only moggichl characteristic examined.

Stevens (2004) investigated a suite of morphologre#ts, and found a negative effect
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of temperature during metamorphosis on head massdb on total mass, wing lengths
or leg lengths in the butterflpararge aegeria This result accords with my findings,
but shows that temperature during metamorphosis @idgct traits differently,
depending on species. Additionally, temperatunendumetamorphosis may modify or
re-enforce the temperature-size relationship that eistablished during larval
development if the temperatures experienced duhiegwo stages are different.

The de-coupling of temperature effects on size modphology during larval
and metamorphic stages increases our understaofimgyv the temperature-size rule is
established. In organisms with complex life cycteat complete a transition from
aquatic to terrestrial forms during metamorphass)peratures experienced during the
larval period are likely to be different from thosecountered by metamorphosing
individuals in the shallows or when leaving the @vat In Xenopus laeviand other
species with complex life cycles that remain eittegrestrial or aquatic, temperature-
mediated variation in size and morphology changag be influenced by microhabitat
selection during metamorphosis.

The establishment of the temperature-size rule reguihat the duration of
development is extended to allow more resourcedset@ollected to achieve a larger
size, or faster growth is achieved through: 1) argltonsumption, 2) increased
efficiency in resource utilization or 3) resouregs diverted to growth at the expense of
other traits (e.g. body maintenance and repair, umanfunction or reproduction).
During metamorphosis most organisms do not feeztetbre the observed increase in
size lost during metamorphosis at higher tempegataan not be the result of a higher
rate of consumption by individuals in the coldezatments. Additionally, although
metamorphic duration is longer at colder tempeestuan extension of this non-feeding

stage would not in itself allow a larger size oimgdetion, since it does not allow a
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longer time to collect resources. In fact, theatge duration of this stage at cold
temperatures should represent a greater cost, thiactored resources would have to be
spread over a longer time. While a diversion sbregces toward maintaining body size
during metamorphosis at colder temperatures isaspbssibility, it is not clear why an
ectothermic organism would adopt this strategyeeisly considering the potentially
greater metabolic costs associated with a longgmfaperiod. Therefore, the inverse
relationship between temperature and body size ast rikely the result of greater
efficiency of utilizing resources at lower temperras, which has been observed in my
study and in previous studieBrpsophila melanogastefFrench et al. 1998; Robinson
& Partridge 2001Menidia menidiaPresent & Conover 1992; see Benavides et al. 2005
for exception).

In conclusion, | have shown that temperature egpeed during metamorphosis
influences juvenile size in line with the predict®oof the temperature-size rule. This
temperature-size relationship during metamorphasismost likely the result of

increased efficiency in utilizing stored resources.
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Tables and figures

Table 4.1: Initial measurements of mass, SVL and fael width, and the duration of metamorphosis
across the three temperature treatments. Data anpresented as means (SE). Masses and lengths
are provided in mg and mm, respectively. Duration®f metamorphosis are presented as days since
metamorphosis commenced. Degrees of freedom for GLresults are F, 1g5for temperature and
interaction term and Fy ;g5 for year.

18°C 24°C 30°C F p
. Temp 0.42  0.659
é 2005 644 (27) 677 (26) 642 (22) Year 66.850.001
2006 917 (77) 958(63) 983 (57) Temp*year 0.32 0.726
g . Temp 2.02 0.136
E 2 2005 18.0(0.2) 18.8(02) 18.3(0.2) Year 28.0&0.001
¢ 2006 19.1(0.5) 19.6(0.4) 20.0(0.3) Temp*year 0.45 640.
£ Temp 0.99 0.374
; 2005 8.6(0.1) 8.8(0.2) 8.7(0.1) Year 62.9%0.001
T 2006 95(0.2) 9.6(0.2) 9.8(0.2) Temp*year 058 0.564
%g Temp 7.66  0.001
S5 2005 16.7(0.3) 84(0.1) 75(0.2) Year 250  0.116
§% 2006 19.1(0.4) 9.0(0.2) 7.5(0.3) Temp*year 023 6.73
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Figure 4.1: Mean percentage loss, with respect toeasurement at the onset of metamorphosis, of
mass @), SVL (A) and head width @) during metamorphic climax for each temperature am both
years (+ SE). Open shapes represent the 2005 groapd solid shapes represent 2006.
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Figure 4.2: Mean percentage loss of mass)( SVL (A) and head width @) per day during
metamorphic climax for each temperature and both yars (+ SE). Open shapes represent the 2005
group and solid shapes represent 2006.
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Chapter 5: The effects of temperature and foodasty on the over-

wintering ofRana temporaridadpoles

Abstract

The duration of amphibian larval development hasnb&®wn to vary considerably
with environmental conditions, yet most temperaterans complete metamorphosis
prior to the onset of winter. However, an incragsnumber of temperate anuran
species have been reported to vary the duratiolareél development so that some
individuals within a pond spend the winter as len@efore presumably completing
metamorphosis the following spring. | examined tbiects of environmental
temperature and food availability on larval devetgmt and the proportion of
individuals that over-wintered as larvae,Rana temporaria Early development rate
was relatively constant within treatment groupst blower in the lower summer
temperature regimes and restricted food treatmehtshe laboratory, over-wintering
tadpoles did not appear to arrest development @athe season. At simulated summer
temperatures that did not exceed 10°C (low tempezategime), larval survival was
very low (< 3.0%) and all surviving individuals spethe winter as tadpoles. In the
medium (up to 14°C) and high temperature (up taC)&8featments survival was higher
(46.0 — 68.3%) and the proportion of over-wintertagpoles was negatively affected
by temperature and food availability. While insthstudy it was not possible to
determine whether temperature and food availabiligrate as a constraint, or trigger
strategic adjustments to the life history pattéinere is evidence that over-wintering as
a tadpole may be adaptive. Individuals that ovieteved as tadpoles were large
enough to commence metamorphosis in the autumn @and,completion of
metamorphosis, were significantly larger than imtlsals that completed

metamorphosis during the summer.
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Introduction

In ectothermic animals with complex life cycles ahbiting temperate regions, the
timing of life history transitions can be influentby individual performance at a given
time of year. The life history stage achieved byratividual at the onset of winter can
have an impact on an individual's life history &etory or other life history
characteristics (Gotthard 2001). Environmental @oovwk earlier in development can
influence the life history stage at which organisspend the winter, such as in the
Atlantic salmonSalmo salar(Thorpe 1977; Metcalfe et al. 1988). In salmorrjngp
growth rate of parr is known to influence whethemot fish smolt in their first year;
with slower growing individuals delaying smoltingich seaward migration until their
second year. In amphibians, the larval stage neigdly completed before the onset of
winter (Stebbins & Cohen 1995). The seasonal reslucin day length and
temperature, and the seasonal risk of pond dryage been considered important
factors limiting the duration of the larval phasemost temperate anurans (Wilbur &
Collins 1973). However, the increase in report®wér-wintering tadpoles (Berven et
al. 1979; Collins 1979; Collins & Lewis 1979; Artlaild & Downie 1996; Pintar 2000;
Fellers et al. 2001; Gollmann et al. 2001; Lai let2@02; Lauck et al. 2005) indicates
that, in some species, tadpoles are able to sutkivavinter period in their ponds and
that such larval over-wintering may represent aangxe of phenotypic plasticity in the
timing of life history events.

There has been no published experimental work terahéte the factors that
favour larval over-wintering. Temperature duringvéd development is thought to play
an important role (Berven et al. 1979) due to ol=@datitudinal Rana catesbeiana
Collins 1979) and altitudinaRana sauteriLai et al. 2002) clines in the occurrence of
over-wintering larvae. A second potentially import factor is food availability or

competition level, which is known to affect the aon of the larval phase in a number

69



Chapter 5

of amphibian species. Some studies have shownatival development is prolonged if
resources are low (Leips & Travis 1994; Audo etl&95; Beck 1997). Conversely,
other studies have demonstrated that when resoarees abundance the larval phase
will be extended to take advantage of the good itiomd (Wilbur & Collins 1973;
Harris 1987; Audo et al. 1995; Shafiei et al. 20Dbughty & Roberts 2003). As a
consequence of these contradictory results, partato resource availability, both high
(Freeman & Bruce 2001) and low food availabilitynt@r 2000) have been suggested
as causes of larval over-wintering; yet the impaétkod availability on tadpole over-
wintering have not been investigated.

The developmental stage and size achieved by indilgdat the onset of winter
may influence survival to the subsequent springtit@aod 2001). While larger size may
positively influence winter survival (Altwegg & Rey 2003), a more advanced pre-
metamorphic stage may place the individual at greask of injuring the hind-limbs
through ice damage (Lai et al. 2002). Therefore, dtage at which tadpoles over-
winter may provide some insight into whether amparnldarval over-wintering is based
on a decision or constraints on development. Quetering as larvae may be
advantageous, as individuals can then metamorghadbe following spring at a larger
size and earlier that year than would otherwis@dmsible (Collins 1979; Lauck et al.
2005). However, such an extended larval perioddcalso carry the cost of prolonged
exposure to aquatic predators (Relyea 2007), armmaditions and increased injury or
mortality risk from wintering in water rather tham land (Bradford 1983; Pinder et al.
1992; Lai et al. 2002).

In the present study, | investigated the effectiffierent seasonal temperature
regimes and elevated or reduced food availabilibder laboratory conditions, on the
duration and progression of the larval period i@ tommon frogRana temporaria |

also compared the sizes of post-metamorphic jueernihat either over-wintered as
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larvae or metamorphosed in the summer to determirether over-wintering as larvae

conferred a size advantage.

Methods and Materials

Study species and specimen collection

Rana temporarids a medium sized anuran (adult size: up to 9 fouhd throughout
Europe, from northern Spain to Scandinavia. Indsritbreeding can start as early as
January and can last until early April, but gergratcurs in late February. Females
lay between 1000 — 2000 eggs in a single breedmgte Eggs are clumped together,
each coated in a gelatinous envelope. Larvae Heiomhthe eggs approximately 10 —
14 days later, depending on temperature, and bedmaeswimming tadpoles after a
few days. Development and metamorphosis into jilmencommonly takes place
between 10 and 15 weeks later (Beebee & Griffih302. Several egg clumps Bana
temporaria were collected in March 2005 from Robroyston Maish Glasgow,
Scotland (55° 50N, 4° 153 W). Eggs were mixed together and maintained i & 4
holding tank at 5.5°C until they hatched and theefswimming larvae were large

enough to be handled (approximately Gosner (196@e25).

Experimental design

Seventy-five tadpoles were then transferred toheat 24 experimental tanks,
measuring 30 x 20 x 20 cm, and filled with 11 Ldefchlorinated, copper-free, aerated
water maintained at 5.5°C. Three temperature regimth two food availability levels
at each temperature were established, giving satrmients with four tanks per
treatment. Tadpoles were randomly allocated to @kperimental tanks from the
different egg clumps to ensure no differences inegje variability between tanks or

treatments. Tanks were cleaned bi-weekly and ateekeekly for any mortality; dead
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individuals were removed from the tanks. Photamkwas common to all tanks, set to
reflect ambient levels at the study location amijeal from 7L : 17D in December to
17L : 7D in July; photoperiod was changed montldyréflect the average for each
month of the study.

From mid-April, the water temperature was changaedaomonthly basis to
simulate three temperature regimes. Each regirdeahdifferent monthly increase in
temperature, so that the peak temperatures in Awgere as follows: 1) high — peaked
at 18°C; 2) medium — peaked at 14°C; and 3) loveakpd at 10°C (Fig. 5.1). Tadpoles
were fed on a 3:1 rabbit pellet : fish flake mixugiven three times a week (Relyea
2001a). The amount of food per tank was fixed theei9% (high food availability) or
3% (low food availability) of the current tadpoléimass in a given tank. Tadpole
biomass per tank was calculated weekly as the gearalividual mass of all tadpoles
measured from the six treatments, multiplied byrthmber of individuals remaining in
a tank. This was done to standardise the two fwoedtrhents provided between
temperature groups, since masses differed amongetatare and food treatments.

Ten individuals from each tank, selected at randemie measured once a
week. Mass was measured using an electronic akeaurate to 0.1 mg. SVL, body
width and total length were measured with dial ipalls accurate to 0.1 mm.
Development was measured by staging individualg, 22 magnification, according to
Gosner's (1960) staging table. Tanks were also keldeaveekly for individuals
beginning metamorphosis, indicated by the emergefdbe forelimbs (Gosner stage
42). Tadpoles were removed at the onset of metdmoigdimax and released on
completion at the site where they were collectdtér anass and SVL measurements
were taken from a random selection from each treatrgroup. Individuals that did not
commence metamorphosis by mid-November were comslde be over-wintering and

were then maintained at 5°C. The following Marcl®0@) the temperature was
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increased to 14°C over three days to induce mefamosrs. 14°C was selected so that
a comparison could be made between post-metamoiudiidduals from the medium
temperature treatment that over-wintered or coredletnetamorphosis during the
previous summer (2005). On completion of metamos@E) mass and SVL

measurements were taken and individuals were edeas

Statistical Analysis

All values are given as means + SE. Survival aret-exintering were analysed using
GLMM on arcsine-transformed percentages. Duewodarvival, the low temperature
regime was excluded from analysis of the probabilf larval over-wintering.
Comparisons of the size and stage of over-wintetadpoles in the temperature
treatments were made using t-tests or non-paramekiiuskal-Wallis tests.
Comparisons between the size of individuals commenetamorphosis in August and
those that metamorphosed after over-wintering weade using t-tests. Developmental
rate, taken as the developmental stage reachedl byetks after the tadpoles were
placed in the experimental treatment, was analysety general linear models. Week

11 was selected because metamorphosis was firstvaasin week 12.

Results

Survival and over-wintering

Higher temperature resulted in better survival tigio to metamorphosis or over-
wintering by November (o7 = 87.14, p < 0.001) but survival was not affechsd
food availability (Fr 1569 = 0.05, p = 0.836; Table 5.1). The proportion ofviiing
tadpoles over-wintering was negatively affectedfbgd level (kR i30= 12.42, p =
0.004) and temperaturey(fz0= 374.59, p < 0.001): thus, as temperature andaia

food decreased the proportion of over-winteringvitiials increased (Table 5.1). The
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high food/high temperature treatment had the higbesvival rate, and all individuals
metamorphosed before November; no individuals sedsiin the high food/low
temperature treatment. In the medium temperatesgtrent, the proportion of over-
wintering larvae was substantially lower in thethfgod treatment compared to the low

food treatment.

Over-wintering individuals
There was no significant difference in the stagevhich individuals over-wintered
among the three temperature treatment$ £X4.43, p = 0.109). Over-wintering
occurred at a mean Gosner stage of 38.2 = 0.4,hwisicrelatively late in larval
development. Stage 38 is characterized by relsitivell-developed hind limbs with all
toes being differentiated and only three develogaiestages until the onset of
metamorphic climax. There was no difference betwdéem medium and low
temperature treatment over-wintering individualsnass (542.8 + 30.0 mg; t = 1.48, p
= 0.156), width (8.0 £ 0.2 mm; t = 1.61, p = 0.128)d SVL (13.8 + 0.2 mm; t = 1.47,
p = 0.158). The two individuals that over-winter@dthe high temperature treatment
were extremely small, less than 30% of the siz¢heflow and medium temperature
treatment individuals, but detailed analysis watspossible due to the low numbers.

Winter survival of larvae was relatively high metlow and medium temperature
treatments, with all 9 of the low temperature tmeatt individuals and 8 of the 11
medium temperature treatment individuals survivingjl the following spring. Neither
of the two high temperature treatment individuals/sed until the spring.

There were significant differences between froglétat over-wintered as
tadpoles and completed metamorphosis in the sgring 8) compared to those that
completed metamorphosis in the summer (n = 24; masX.83, p = 0.008; SVLt =

2.22, p = 0.034). Over-wintering metamorphs weeauer (255.8 = 25.6 mg) and
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longer (13.0 £ 0.4 mm) than summer metamorphs (M&¥s5 + 9.0 mg; SVL: 11.8 +

0.3 mm).

Development rate

Development rate, measured as the Gosner stageerkhy week 11 after the start of
the experiment, was positively affected by tempeea(F, 153 = 64.49, p < 0.001, Fig.
5.2) with development in the high temperature regimogressing 20.0% and 40.4%
faster than the medium and low temperature treasnerspectively (Table 5.2).
Higher food availability resulted in individuals) all temperature regimes, reaching a
more advanced developmental stage by week 11s{E 15.53, p < 0.001, Fig. 5.2).
There was no interaction between temperature andl doailability (F 1s3= 0.86, p =
0.427). Development rate, in all treatment grodp#pwed a linear trend with no

apparent arrest during early development (TableBd;5.2).

Discussion

In Rana temporariaunder laboratory conditions with similar genetariation across
treatments, the proportion of individuals over-wiiig as larvae was affected by
environmental conditions. The temperature regime sfeown to have a strong effect
on the probability of over-wintering as a tadpoleywer temperatures experienced
during the summer growing season resulted in aehnigmoportion of the surviving
individuals remaining as tadpoles during the wintdihere are two possible ways in
which temperature could influence the timing of amebrphosis: 1) cold temperature
during the growing season could delay or prevertamerphosis, by interfering with
endocrine function (Kollros 1961; Frieden et al639Viparina & Just 1975; van der
Have & de Jong 1996; Murata & Yamauchi 2005); 2hpgerature could function as a

signal which promotes an adaptive response to @mviental conditions. The first
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indicates a physiological response to the conditittrat the individual is subjected to,
while the second indicates a decision process aintd that predicted by Wilbur &
Collins' (1973) model. If low temperature, actiag a physiological constraint, were
solely responsible for tadpoles over-wintering thénmight be expected that all
individuals would be similarly affected. This is athwas observed in the low
temperature treatment, in which no surviving indiials commenced metamorphosis
prior to the onset of winter. Survival was alsow®w suggesting that the conditions
of the low temperature treatment were adverse twessful tadpole development,
regardless of food level. The low survival may disee resulted in selective mortality,
with individuals capable of surviving the harsh ditions experienced in the low
temperature treatment predisposed to over-wintering

In both the medium and high temperature treatmem; some individuals
remained as larvae into the winter, which is aleseoved in the field (Viparina & Just
1975; Lai et al. 2002; Chapter 6). My results, #relobservations from the field, could
be explained by three hypotheses. Firstly, theneldc be substantial variations in
temperature within a tank or pond resulting in somdividuals being subjected to
insufficient temperatures to complete developmeiithis is highly unlikely in the
laboratory due to the small volume of water in theks and the stable temperatures
experienced. Secondly, there could be differennegenotype among individuals,
relating to the thermal thresholds for endocringhgroid activity, causing variation in
the minimum temperatures at which endocrine patbwamgction (van der Have & de
Jong 1996). This also seems unlikely in our stusipce all individuals across
treatments were from the same spawn clumps ane tweuld be similar genetic
variation across treatments. Finally, low tempee&atmay not be the only factor
involved in over-wintering. It may be that additad factors, in conjunction with low

temperature, constrain development or form thesbakia decision to over-winter as
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larvae based on an individual's competitive ahilitfhe latter of the three hypotheses
appears to be the most likely explanation, sincel favailability was also found to have
a significant influence on the proportion of oveintering observed.

Studies on the effects of food availability on theation of the larval period in
amphibians appear to be contradictory. Early litdny theories predict that when
food is abundant, individuals should extend theation of larval development to take
advantage of the conditions for greater growth Pifil& Collins 1973; Harris 1987,
Audo et al. 1995; Freeman & Bruce 2001; Shafiealet2001; Doughty & Roberts
2003). However, low food quality or quantity haveen shown to extend the larval
period (Leips & Travis 1994; Audo et al. 1995; Bet@97). The impacts of food
availability on larval development can also beusficed by predation risk (Nicieza
2000). My results demonstrate that reduced fo@alahility increases the proportion of
tadpoles over-wintering in the high and medium terajure treatments, which does not
support the hypothesis that individuals are extapdhne larval period under favourable
growth conditions (Freeman & Bruce 2001). Therefore the laboratory, the
proportion of over-wintering larvae is the result imsufficient resources either
functioning as a constraint on development rateatly or by means of a decision based
on reduced growth rate. A reduction in growth raeald induce over-wintering since
individuals may not reach the minimum size requifed metamorphosis (Wilbur &
Collins 1973) before the onset of winter. Howewsith the exception of the two
individuals from the high temperature treatment, aler-wintering individuals had
reached an appropriate size to undergo metamophdsliernatively, over-wintering
could be induced by a reduced growth rate duriegtecal phase during development,
as has been observed in Atlantic salns@imo salar Salmon with high growth rates
early in the freshwater parr phase smolt and negrathe sea in their first year, while

slow growing parr take one year or longer beforelting (Metcalfe et al. 1988; Thorpe
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1989). In the current experiment it is difficudt distinguish whether low temperature or
food availability act as a constraint or promot&rategic decision to over-winter in the
larval stage.

Previous descriptive work on over-wintering in eans predicted that a decision
to over-winter as a larva would be reached earlhenfree-swimming larval phase, at
approximately Gosner stages 32 — 35. After st&géh8 hind limbs in anuran larvae,
which are vital to the subsequent juvenile and tastabges, begin to develop rapidly and
become more vulnerable to ice damage (Lai et &12R0Similarly, salmon life history
trajectories are fixed after the formation of a bdal size distribution several months
before the first parr begin to smolt (Thorpe 197 &tdalfe et al. 1988; Heggenes &
Metcalfe 1991). In the current study, over-wimteriin the laboratory occurred at a
stage late in tadpole development (approximatedgest38) when hind limbs are well
developed, with some individuals arresting develepnjust prior to the eruption of the
forelimbs. The progression of larval developmespaiollowed a continuous linear
trend until week 11, when metamorphosis was fibsteoved. Our findings do not seem
to support the hypothesis that the decision to-sueter as a tadpole occurs at an early
developmental stage, but does not exclude the lpligsthat a decision is involved in
over-wintering of larvae in the laboratory or theld. The decision to over-winter, as a
tadpole, may simply be taken later in developmeBtually, the laboratory methods
used may not have allowed individuals to accurajelyge conditions, since the
temperature and photoperiod were fairly static,gusited by monthly changes.

From the current study there is evidence that -mwetering by larvae may
represent an adaptive strategy. A predicted adgenof larval over-wintering, or
longer development times in general, is that extenthrval duration allows individuals
to achieve larger sizes than those that develo moickly (Wilbur & Collins 1973).

Larger body size at the completion of metamorphbasbeen shown to be adaptive by
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conferring advantages in improved locomotor perfomoe, survival and reproductive
fitness (Semlitsch et al. 1988; Beck & Connor 19G8»ater 1994; Fischer et al. 2004,
Alvarez & Real 2006; Chelgren et al. 2006; Ficet&l®e Bernardi 2006; Walsh et al.
2007a). My results show that individuals that ctetggl metamorphosis after over-
wintering as tadpoles were over 30% heavier andstri0% longer than those that
completed metamorphosis in the summer. The larger & individuals that over-
wintered as larvae was likely the result of eitadonger period of growth or exposure
to cold temperatures during growth in late autusimge many ectotherms attain greater
body sizes when reared at lower temperatures (80kinL994). This would contrast
with what occurs in the salmon, since growth igdthduring the winter, as individuals
do not feed, buRanatadpoles were observed feeding throughout the (mensonal
observation). While temperature during metamorjghdsgs also been shown to
significantly influence juvenile body size (Chaptgrthis cannot explain the difference
since both groups completed metamorphosis at 14@hnversely, larger individuals
may simply have been better able to survive theedsing temperatures in late autumn,
but it was not possible to distinguish whether widlials that died would have over-
wintered as tadpoles or commenced metamorphosig. inknease in size may have a
disproportionately positive effect, even considgrie relatively low proportion of
over-wintering individuals, given the high levelsjavenile mortality.

In conclusion, the percentage of surviving tadgolleat over-wintered was
influenced by environmental conditions since gengtriation would have been the
same across treatments. Reduced temperature doarmgyowing season increased the
proportion of over-wintering tadpoles and is likébyexplain some of the latitudinal and
altitudinal clines in over-wintering observed imet species dRana However, both in
the laboratory and the field, temperature doesoften result in the ‘all-or-none’ form

of tadpole over-wintering expected if it occurs glyras the result of a physiological
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constraint on development. Reduced food avaitghiand potentially other factors,
contributes to larval over-wintering, but the exasechanism is unclear. There is
evidence that over-wintering as a tadpole mighaibedaptive strategy since tadpoles
that over-wintered completed metamorphosis at aefarsize than those that

metamorphosed in the late summer.
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Tables and figures

Table 5.1: Tadpole survivial during the experimentfor each treatment group. The number of
surviving tadpoles is given as the number of indiduals successfully completing metamorphosis prior
to the onset of winter plus the number of pre-metamrphic tadpoles at the onset of winter. Mean
survival rate (+ SE) as a percentage of the initiahumber is also given for each treatment group. T
total number of individuals over-wintering and the mean percentage of surviving tadpoles over-

wintering in each treatment group are also given.

Low food treatment High food treatment
Temperature Survival Over-wintering Survival Over-wintering
treatment n % n % n % n %
Low 9 3026 9 100+ 0 0 0+0 - -
Medium 138 46.0+x4.78 58=x16 155 51.7+493 19%0.6
High 201 67.0+x18 2 1.0x0.6 205 68.3x6.20 0+0

Table 5.2: Regression analysis of development Rana temporaria tadpoles from the start of the
experiment until week 11 (* < 0.0001), where B ishe slope of the regression equation (+ SE).

Differences in df are due to mortality during the ®urse of the experiment.

df F 3 B
Low temperature  High food 1,282 922.6* 0.767 0.604 +0.020
Low food 1,347 1884.0* 0.845 0.558 + 0.013
Medium temperature High food 1,439 3628.1* 0.892 0.910 + 0.015
Low food 1,439 1094.4* 0.714 0.650 + 0.020
High temperature  High food 1,439 4664.0* 0.914 1.149 +0.017
Low food 1,439 1304.9* 0.749 0.802 + 0.022
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Figure 5.1: Water temperature throughout the seasoffor the experimental temperature

treatments.
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Figure 5.2: Development trajectories (as the weeklynean Gosner stage + SE) dRana temporaria
tadpoles reared at low ¢), medium (A) and high (m) temperature regimes and fed on high (open
shapes, broken lines) or low (solid shapes and lisiefood rations from the start of the experiment
until week 11 after which the first metamorphs wereobserved. Arrows indicate the weeks when
the temperature was increased according to Fig. 5.1
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Chapter 6: The timing and pattern of larval develept in over-wintering

Rana temporaridadpoles at a field site

Abstract

In ectothermic animals living in temperate regionsyter is a critical time; during early
ontogeny the stage or size an individual reachethatonset of winter can have a
significant effect on its survival and other lifastory characteristics. Generally,
temperate amphibian larvae complete metamorphasteea summer and spend their
first winter as juveniles. However, the commongfRana temporarisshows variation

in this aspect of its life history, with some inivals remaining as aquatic larvae
during the winter. | investigated growth and depehent during the larval period in a
field pond where larval over-wintering &. temporariahad been recorded. Larvae
within the field pond showed a bimodal distributiondevelopmental stage as early as
July, when temperatures were still increasing, ey individuals that would
metamorphose and over-winter as juveniles fromehbat would spend the winter as
larvae. Individuals that over-wintered as larvamained at a relatively undeveloped
larval stage throughout the summer and autumnlsd examined, in the laboratory,
whether variation in temperature equivalent to ihathe field pond, at high and low
food availabilities explained some of the variatianover-wintering life history stage.
Mean temperature and food availability did affeevelopment and growth, but did not
appear to be responsible for variation in wintestrgitegy. This suggests that there are
other factors, in addition to temperature and feedilability, that contribute to the

observed plasticity in over-wintering strategy.
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Introduction

In many animals the timing of life history traneits is known to vary in response to
environmental conditions experienced during eadyatbpment. In temperate regions,
the life history stage or size that an individugdches by the onset of winter can have a
significant effect on survival and life history jeatory (Gotthard 2001). This has been
well studied in the Atlantic salmoBalmo salay where parr migrate to sea either after
their first year, or delay migration for one or ragfears, spending additional time in the
larval habitat (Thorpe 1977; Metcalfe et al. 1988).salmon, the decision on whether
to undergo smolting is made long before the onkatimter and a bimodal distribution
in size is evident relatively early in the growtason, separating the two modal groups
that will either delay or undergo smolting withimetyear (Thorpe 1977; Thorpe et al.
1992). A similar phenomenon has also been obsemvéd duration of the larval phase
in some amphibians, with some individuals within pond not completing
metamorphosis in the year they were spawned andvawneéering as larvae (e.g. Collins
& Lewis 1979). There is no information however om theasonal or developmental
period at which such a decision is made.

Generally, temperate amphibian larvae exploithineter habitats during the
spring and summer, allowing rapid growth, and catglmetamorphosis prior to
leaving the aquatic habitat before the onset otevi(Wilbur & Collins 1973; Werner
1986; Stebbins & Cohen 1995). Reports of oversving of anuran larvae are
becoming more prevalent, in both public media dredcientific literature (Collins &
Lewis 1979; Archibald & Downie 1996; Pintar 200@&llErs et al. 2001; Gollmann et
al. 2001; Lai et al. 2002). However, there hasnbdte experimental investigation of
this variation in the duration of the tadpole stagace most reports are largely

anecdotal or are descriptive studies. It is naivkm whether a bimodal distribution,
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which could appear in either developmental stageiza, occurs in natural populations
where over-wintering of amphibian larvae occursimifarly, it is not known in
amphibians at what point the over-wintering of adividual is determined, whether (as
in salmon) it occurs early in the season or lateraaresult of ecological factors.
However, it has been predicted (Lai et al. 2002} th anuran amphibians that over-
winter as larvae, development should be haltethénpre-metamorphic larval phase (
Gosner (1960) stages 32 — 35) to protect the dpwejdhind limbs from frost damage
and that this arrest in development would be acem@gl by a reallocation of
investment away from development and into growth.

Temperature and food availability have both beenwshao influence the
proportion of individuals over-wintering as larvimethe common frogRana temporaria
under laboratory conditions (Chapter 5). Desorgtstudies have also suggested an
increase in the occurrence of over-wintering withhler latitude inRana catesbeiana
(Collins 1979) and altitude iRana sauter(Lai et al. 2002), which has been attributed
to temperature. However, no attempt has been nadexamine variation in the
incidence of over-wintering larvae in relation teetmal conditions and resource levels
in the field.

In the present study, | investigated growth andettggment throughout the year
in a field population ofRana temporariatadpoles to determine whether a bimodal
distribution in size or developmental rate occuwsiry the growing season, which
could be linked to over-wintering as larvae. Ofsagons from the field were also used
to determine the developmental stage at which tadpover-wintered. | also
investigated growth and development in a laborapmpulation based on temperatures
experienced in nature. Resource availability m fibld population was not known, so

high and low food availabilities were used in thkbdratory. This allowed a comparison
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of field and laboratory results on the effectseshperature and food availability on the

occurrence of larval over-wintering and on growtid aevelopment rates.

Methods and Materials

Field Site

The field site was Drumtian Pond, located near tilage of Killearn, Scotland [NS
525855], where high numbers of over-winteriRgna temporariaadpoleshave been
known to occur for several years. It was consedicgh 2001, and measures 5 x 8 m.
The pond has vertical sides, and water depth isndrame metre. Since the pond’s
constructionRana temporarisspawn (from several locations in western Scotldrat)
been added in most years. Over-wintering tadpeta® first observed in the pond in
2003. In addition to adult and larval common frapere are a number of other species
present, including several that are predators dpdkes (e.g. newtdriturus spp
dragonfly larvae and beetles from the family Dytiag). There are no fish species
present in the pond. The pond bottom is coveredl timn layer of fine organic matter
and dead leaves. There is little aquatic vegetatiobhigh levels of micro-algae.

To quantify the thermal environment, temperatureadavere collected
continuously for one year beginning in March 20G8ng waterproof TinyTalk data
loggers. Two loggers were used; one to establistpeéeature just below (1 cm) the
surface of the pond, the second to record temperatuthe pond bottom. Data loggers
were set to record temperature every 11 minutestlzdlata were downloaded every
two weeks.

Tadpole growth and development were monitored on cetinhy basis, by
collecting up to 80 individuals randomly with adarpond net in the middle of each

month until the study concluded in mid January 200%s the season progressed it
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became more difficult to capture sufficient numbeis a standardized capture effort of
30 minutes was used. Individuals were taken tolaberatory for measurement and
returned to the pond within 24 hours. Mass wassumea using an electronic balance
accurate to 0.1 mg. SVL, body width and tail léngiere measured with dial callipers
accurate to 0.1 mm. Body condition was calculaisthg the formula from Veith

(1987): this is defined as condition = (mass / §Vt 1000. Development was

measured by staging individuals, at x 10 magnificataccording to Gosner's (1960)

staging table.

Laboratory experiments

In order to test whether a thermal regime simitaithat recorded in Drumtian Pond
would induce over-wintering in tadpoles collectewnfi another location; several
clumps ofRana temporarisspawn were collected in mid-March 2005 from Roktog
Marsh in Glasgow, Scotland. The egg clumps werantaimied in 40 L tanks at 5.5°C
until after hatching and the tadpoles were largeugh to handleq, Gosner stage 25),
at which point the tadpoles were transferred taeexrpental tanks.

Experimental tanks were 12 L capacity measuring 30 x 20 cm, and filled
with 11 L of de-chlorinated, copper-free, aerateder. From April, water temperatures
in the tanks were regulated, using a constant testye room, to track the
temperatures recorded at the bottom of Drumtiardpaere tadpoles in the field were
observed to spend the majority of their time. Terapges were changed on a
fortnightly basis, and were set to the mean temperaecorded in Drumtian Pond over
the two-week period (Fig. 6.1).

In order to examine whether resource availabilitfluenced over-wintering

probability, the tadpoles in the laboratory werd @ a 3:1 rabbit pellet : fish flake
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mixture €. 10% protein), given three times a week. Two f@ailabilities were
established: high food availability constituted &% increase over the level
recommended by Relyea (2001) i.e. 9% of total tedpaomass per tank; low food
availability was set at 3% of the total tadpolenbass per tank. Total tadpole biomass
per tank was calculated as the average mass tafdglbles measured in the laboratory in
both food level treatments multiplied by the numbérindividuals remaining in the
tank. This was done to standardise the food pravidetween the food treatment
groups, since masses differed. Photoperiod wat® seflect ambient times and ranged
from 7L : 17D in December to 17L : 7D in July andsachanged monthly to reflect the
monthly average photoperiod.

In total, eight experimental tanks were set up;heegntaining 75 randomly
allocatedR. temporariatadpoles, with four tanks for each food availapitreatment.
Tanks were cleaned bi-weekly and checked weeklyafgr mortality; dead individuals
were removed from the tanks. Tanks were toppedsurgg@uired with de-chlorinated,
copper-free water to maintain a constant waterleve

Ten individuals from each tank, selected at randwere measured once a
week. Mass, SVL, body width, tail length and badydition were measured using the
same methods as for field tadpoles. Tanks were cilsoked weekly for individuals
entering metamorphosis. Individuals that had conmoed metamorphosis were
transferred to small individual tubs, with a smathount of water, so that they would
not drown in the experimental tanks. On the cotigoleof metamorphosis individuals
were released near the site from where the spavenceléected. Individuals that had
not commenced metamorphosis by November followimgirt spawning were

considered to be over-wintering. Survival was deteed in November and comprised
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all individuals that had successfully reached meigmosis and those that were

considered to be over-wintering as larvae.

Data analysis

All values are given as mean + SE, unless othersieed. All analysis was performed
using SPSS v15 (SPSS Inc., Chicago, IL). Mass, %Wl developmental stage
measurements each month were analysed for normadityy Shapiro-Wilk's test.

Comparisons of the mass and SVL among the fieldtamadlaboratory populations in
mid July were performed using generalised lineatashimodels (GLMM), with tank as
a random factor. Differences in developmental estammong the field and laboratory

populations was analysed using a non-parametrisk@ltWallis test.

Results
Drumtian Pond
The distribution of developmental stage was non-mbthroughout the season with the
exception of December (Table 6.1). A bimodal disttion of developmental stage
became apparent starting in July, and persisteitl thiet onset of winter in November
(Fig. 6.2). Both mass and snout-vent length, \thih exception of the months shortly
after hatching, were normally distributed indicgtia single size distribution for all
individuals (Table 6.1). Metamorphosing individyapawned in the current breeding
season (2005), were observed on several occasimnsgydhe summer of 2005, but
were not taken to the laboratory for measurements.

Over-wintering was observed in the pond in 2005thwa sample of 34
individuals being captured as tadpoles on fhef@November. At the onset of winter in

November remaining tadpoles had reached a meaneGetage of 32.7 + 0.7. Stages
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32 — 33 are characterised by small hind-limb budsclv are only beginning to
differentiate into toes. Tadpoles were presentinantsly throughout the winter, with
samples of tadpoles being captured in December @6=and January (n = 19).
Tadpoles spawned in the spring of 2005 were s#é@nt at the time of the 2006 spring

spawning (Figure 6.3).

Laboratory experiments

Survival through to metamorphosis in the laborateag relatively low (39.67 + 8.12%)
with no significant difference between the high aoa food treatment (t = 0.46, p =
0.664). Over-wintering was not observed in eittter high or low food treatment.
Individuals from both food treatments were firssetved to commence metamorphosis
in the beginning of July. In the high food treatrmhell surviving individuals had
commenced metamorphosis by the end of July. Thal findividual to begin
metamorphosis in the low food treatment did soneydand of August. At that time one
tadpole was still present in the low food treatmént did not survive until November.
A single size distribution was maintained throughdeavelopment. In the high food
treatment mass and SVL were normally distributedaah point measured (Table 6.2).
In the low food treatment, SVL and mass data weeeg@minately normally distributed
(Table 6.2). A bimodal distribution was not estsléid in developmental stage in either
the low (Fig. 6.4) or high food treatment (Fig. 6.5However, the distribution of
developmental stage did develop a ‘tail’ in the lfm@d availability treatment in June

and July, with some individuals trailing behind thejority in development rate.
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Comparisons between laboratory and field
Since all surviving individuals from the laboratdrgatments completed metamorphosis
by the end of August, it was not possible to corapaboratory and field over-wintering
individuals. Therefore, comparisons were made antbegates of development and
growth at peak season (July) in the laboratoryttneats and Drumtian field pond.

Within the laboratory population there were sigrafit tank effects on growth
and development variables, with the exception alybeidth, so tank was included as a
random factor. Since there was no food treatmerthé field pond, the data were
divided into three groups: Drumtian Pond field plapion (DPF), Laboratory High food
treatment (LH) and Laboratory Low food treatment YLIAt peak season in July, DPF
had the lowest mass (Tables 6.1 and 6.2) of the threups (ko = 19.63, p = 0.001).
However, the difference between the mass of DPF landndividuals was only
marginally significant (p = 0.043). Snout-vent d¢ém followed the same pattern with
DPF individuals the shortest (Table 6.1), followed i and LH (kg = 20.87, p <
0.001, Table 6.2). The stage reached by July wassajsificantly different in the three
groups (¥ = 69.62, p < 0.001), with DPF only reaching staged+ 0.6, while LL had
developed to stage 36460.5 and LH to stage 3960.2. Tadpoles from DPF did not
differ significantly in body condition (0.186 + @) compared to those from LH (0.184
+ 0.003), but both were in better body conditioarthLL tadpoles (0.168 + 0.004).
Similarly, body widths of individuals from DPF aridH were over 9% greater than
those from the LL treatment, but not significantiffetent from each other ¢k =
3.36, p = 0.038). Tank was not shown to have atefii any analysis.

Although DPF individuals were lower in mass at peakson, for a given stage
throughout development DPF individuals were heatian both laboratory populations

(Fas 1525 = 9.36, p < 0.001) and had a greater increase assnmas development
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progressed than the LL population (t = 5.43, p OD;(ig 6.6). LH individuals also
had a greater increase in mass through developim@mtwvas found in LL individuals (t

= 11.70, p < 0.0005).

Discussion

Over-wintering ofRana temporarigdadpoles was confirmed at my field site within the
UK, with some tadpoles completing metamorphosithan summer and autumn while
others remained in the pond until the followingisgr Over the course of the spring
after the year of spawning, the numbers of overteving larvae present in the pond
decreased and it seems likely that most individealspleted metamorphosis. This
represents a clear example of plasticity in thertgof life history transitions. At this
study site, | recorded the formation of two distincodal groups that persisted from
shortly after the larvae became free-swimming uh#lonset of winter. Tadpoles in the
field pond demonstrated a normal distribution insmxand SVL throughout the year.
The mean mass and SVL of field tadpoles increasednhgiuthe summer until
November, when they levelled off, indicating thattbmodal groups were increasing in
body size at a similar rate.

The formation of the two developmental groups suiggist after May, a large
proportion of individuals arrested their developmbuat continued to grow, while the
second group comprised successive waves of indilsdwprogressing through
intermediate developmental stages before commemgtgmorphosis. The formation
of the first group, which halted development eamnlyhe tadpole phase, suggests that the
individuals destined to over-winter were determieedy in development and at a time
when temperatures were still increasing and grawthody size was still progressing.

Therefore, the occurrence of over-wintering in andeavae in the field may be based
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on a decision early in development similar to tbhserved in the Atlantic salmon
(Thorpe 1977; Metcalfe et al. 1988). The mechanigrasdetermine this difference in
life history duration are not clear. At this fietite the modal group of an individual
may be determined genetically, with some predetezthito over-winter as larvae
regardless of conditions. There may also be mdteffects, such as ovum size, that
could determine the development rate (Parichy & |[&apl992) of the two modal
groups. Alternatively, the presence of the ovanteried individuals, early in the spring,
and the second developmental group, throughougrtwing season, may suppress the
development of smaller or earlier stage larvae hLit967; Breden & Kelly 1982;
Woodward 1987; Lea et al. 2002). This could expl#ie successive waves of
developing tadpoles; since tadpoles would be ffemd developmental suppression as
more developed tadpoles began metamorphosis ardtHef pond. However,
suppression of the first group by more developeatlviduals can only explain the
maintenance of arrested development and larval-wirgering, rather than its origin.
Finally, the formation of the two distinct groupshich ultimately express different
larval durations, may be determined by other emwirental conditions, alone or in
conjunction with genetic or maternal effects.

Earlier descriptive work has indicated that to magensurvival, individuals
should reduce the risk of damage to structures itapbto the adult phase (e.g. the hind
limbs) and over-winter at a stage prior to the dgy@ent of vulnerable structures (Lai
et al. 2002). This was observed in the field, with mean stage being between 32 and
33 in November and below 36 in January. Priotage 36 the hind limbs have a lower
surface area to volume ratio and are held clogbegdody reducing their exposure to
low temperatures. This would reduce the risk of lined limbs suffering from ice

damage, and suggests that over-wintering may repres adaptive strategy. Tadpoles
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over-wintering may also be expected to reallocateestment from development into
growth to reach larger sizes, but display sloweretpment. Individuals in the field
did seem to demonstrate a reallocation of resouswes/ from development towards
growth. Field tadpoles were significantly heavier a given stage than both the high
and low food level laboratory treatments, but akpseason individuals from the field
were significantly less developed. A reallocatafiresources into growth in order to
reach larger sizes, at the expense of developnmeay, be an adaptive response to
environmental conditions and could provide a swalvigdvantage during the winter
(Partridge & Coyne 1997; Sogard 1997; Renault.€2G03).

Low temperature during the larval growth season ofisn been predicted
(Berven et al. 1979; Collins 1979; Lai et al. 2088) has been shown, in the laboratory
(Chapter 5), to be a factor in the proportion afiwduals over-wintering as larvae. In
the current study larval over-wintering was noteslied in either food level treatment
in the laboratory, when tadpoles were reared atntiean fortnightly temperatures
experienced in the field. Mean fortnightly temparas recorded in the field exceeded
those used in the highest experimental temperatgine in Chapter 5. While the
laboratory results of the current study adhere he tsame trend, with higher
temperatures resulting in fewer incidences of tépoover-wintering, the mean
fortnightly temperature in the field alone does mpipear to influence larval over-
wintering. However, there are several possiblesara for our not having observed
over-wintering in the laboratory. Firstly, meammigerature may not be the best
indicator of the thermal conditions experiencedrmividuals in the field. Niehaus et
al. (2006) demonstrated thatmnodynastes peroniindividuals from a diurnally
fluctuating thermal environment and those from ablk& temperature with the same

mean had difference rates of development. Theyddbat the individuals from the
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fluctuating thermal environment developed more kiyicas opposed to my results
where the field (fluctuating) tadpoles displayedi@ver development compared to the
laboratory (stable) populations. Furthermore, dwediurnal fluctuations, the mean
temperature may not be the most commonly experteteraperature in the field; thus
the modal temperature may have been a better todicélowever, over the two-week
period that the temperature was recorded continyote standard deviation in
temperatures at the bottom of Drumtian pond wery {@v (generally < 1.5°C), but
surface temperatures were generally warmer duhiagtimmer and displayed a greater
degree of fluctuation (mean SD of 2.0°C).

The fact that temperatures from the field did nsutein over-wintering in the
laboratory, at either food treatment, may indiciat factors other than temperature
contribute to larval over-wintering or that thei@sheen rapid selection at this field site.
While it may be counter-intuitive, predation-riskayn contribute to over-wintering.
Increased predation risk is predicted to resukhorter larval durations, since tadpoles
would be expected to try to escape the high-riskatq habitat (Wilbur 1980).
However, this is rarely shown in empirical studi@@elyea 2007), due to either
behavioural adaptations or induced anti-predatosferites reducing resource
acquisition rates or carrying developmental cogise tadpoles collected from the field
in the current study displayed the characterishenotype (short, wide bodies; short
deep tails, personal observation) developed by mamyatic prey species in the
presence of predators (Bronmark & Miner 1992; Vaunslrk & Relyea 1998;
Vollestad et al. 2004; Moore et al. 2004; Eklov &dson 2007). There were also a
number of tadpole predators found in the pond wtoléecting tadpoles (see methods).

Finally, the food levels used in the laboratoryatmeents may have been greater

in quantity or quality relative to the actual camwhs in the field. In collecting tadpoles
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from the field, it was common to observe tadpolesding on deceased conspecifics.
Cannibalism and feeding on dead conspecifics haes lhemonstrated to result from
low food availabilities (Wildy et al. 2001). Addnally, tadpoles in the laboratory
were fed on a diet relatively rich in protein, whican increase the rate of growth and
development (Steinwascher & Travis 1983; Kupferb&897). The influences of
predation-risk and lower food availability in thielfl on larval over-wintering are both
supported by the differences among the tadpolebenfield and the two laboratory
treatments at peak season. At peak season, indigidn the field were the lightest,
shortest and least developed, but with the grebta$y width, of the three groups, with
the high food laboratory treatment being largest amost developed. This result
provides support for the conclusion that resoureexe limited in the field compared to
both laboratory treatments, due to a reductioreeding opportunities (predation-risk)
and/or simply low food availability.

In conclusion, over-wintering dRana temporaridarvae in the field appears to
be determined early in development and displaysimodal distribution, with
individuals that will continue to remain in the gbaver winter halting development at
an early stage. There is some evidence that thysheadaptive, since development is
halted at a stage that would be most suited toceedisk to important developing
structures. However, the mechanisms that deteritiaearrest in development and
subsequent over-wintering are not clear, but do aygpear to be determined by

temperature and food availability alone.
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Tables and figures

Table 6.1: Monthly mean mass and snout-vent lengttef individuals from Drumtian pond.
Analysis of normality of monthly mass, SVL and deviepmental stage is displayed as the Shaprio-
Wilk statistic, with p values (* < 0.05, ** <0.01** < 0.001, NS = non-significant result).
Significant p-values denoting deviation from normaity are given in bold.

Mass (mg) Snout-vent length (mm)  Gosner stage
mean (+ SE) sti t?/s\{[ic mean (+ SE) sti t?/s\{[ic S-W statistic

May 712 +45 0.57** 6.8+0.1 0.77** 0.29%**
June 172.7 + 10.00.88*** 94+0.2 097 0.64%**
July 233.6+12.7 0.94* 106 +0.2  0.9% 0.78%x*
August  320.0 +13.8 0.97*° 11.9+02 097 0.90%**
September 371.3 +13.80.97"° 12.3+0.2 0.9% 0.92%*
October  392.6 + 13.3 0.95"° 126+0.1  0.9% 0.89**
November 360.9 +23.2 0.95'° 124+02 09% 0.90**
December 374.3 +20.90.97*° 12.7+02 097 0.93%
January 371.5+21.70.95"° 12.8+0.3 0.9% 0.85**

Table 6.2: Monthly mean (+ SE) mass (mg) and snowent length (mm) of individuals from the
high and low food treatments in the laboratory. Arlysis of normality is displayed as the Shaprio-
Wilk statistic: NS = non-significant result, * < 005.

Low food treatment High food treatment
S-W S-W S-W S-W
mass statistic SVL statistic mass statistic SVL statistic

Apr. 26.2#1.6 0.93* 4.9+0.1 0.97° 23.0£1.3 0.94° 4.7+0.1 0.97°
May 98.5+47.8 0.97° 7.5#0.1 0.97° 101.4+¥4.2 0.97° 7.6+0.1 0.97°
June 304.8+16.5 0.99"° 11.8+0.2 0.95° 439.3+¥15.1 0.99"° 13.4+0.2 0.99%
July 293.9+12.9 0.958° 12.0+0.2 0.92* 402.0£14.8 0.92° 12.9+0.2 0.96*
Aug. 233.5+42.8 0.97° 11.0+0.6 0.99*° - - - -
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Figure 6.1: Water temperature throughout the season calculated as the fortnightly mean
temperatures (with s.d.) at the surfaceq) and the bottom (e) of Drumtian pond. The temperatures
recorded at the bottom of Drumtian pond were useddr the laboratory experiments as described in
the text.
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Figure 6.2: Monthly developmental stage frequencyidtributions of tadpoles found in the field at

Drumtian pond.

23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
© 10 [ R N T S S N N R N S S S N S S S S S
o
o
N
2 5+
g3
g ! =
- C [ R N TR TR S R | [ 1 . 1 1 L
1 67
) —
=
©
8(\13— —
3 [ = [T
QCG IIII,_',_' ,_| I,_|I 1 | I—|
5 —
g —
S 34 — — I
T _ H _
|
Z c
8 L ,_lll_l ,_ll 1 L
E — o o o
88 4- —
lla-0
c
14 - L ’—‘,_I ’—‘,_II L
@ — —
=
g8 71 - _
3 s Ni=l0m
U)C14 T |—||—|l_| I—I ,_|,_'l_|||
B~ i
o' 71 — ]
>
o 1 |
30 [ ,_|||—| ,_"—‘ l_|l_|,_|| [
8 —
>
3|Il5* -
D Cc H
50 [ |_||_|.—‘—.|l_|l_||—|l_|,_|.—‘—.| [ N |
o —
o 0 —
51 25
80 - L ,_|I—|._A_._A_._A_l_||l_|.—‘—||.—~—.| 1 L
0 —
S
N840,
>
@ Il
= c
0 ITI’T‘I'—I T T T T T T T T T T T L—
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43

Gosner stage

100



Chapter 6

Figure 6.3: Photograph of over-wintered (bottom) ad recently spawned (top)Rana temporaria
larvae in spring 2006.

101



Chapter 6

Figure 6.4: Monthly developmental stage frequencyidtributions of tadpoles reared in the
laboratory under low food availability. In each mmth n = 40, except August (n = 3).
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Figure 6.5: Monthly developmental stage frequencyidtributions of tadpoles reared in the
laboratory under high food availability. N= 40 ineach month.

May June July

April 2005

14

19

20 -

10 A

20

10 A

0

23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43

Gosner stage

103



Chapter 6

Figure 6.6: Mass at a given stage for DPF, LH andLL, with SE bars. Regression lines show the
increase in mass through developmental stages:(DPF : o: LH o: LL).
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Chapter 7: The effect of water depth on develograad metamorphosis

in two anuran larvadRana temporariaandBufo bufo

Abstract

Water depth can impact on the growth and/or devety of some aquatic organisms,
particularly in animals that are able to utilisenaspheric oxygen. In amphibian larvae
that develop functional lungs, greater depth mayeiase the cost of surfacing to inhale
air, thus reducing growth and/or development. Hmwethe effect of water depth on a
lung-less tadpole species has not been assessechmined the effect of water depth
during rearing on growth, development, time to metgohosis and behaviour in the
larvae of two British anuran specid®ana temporariglunged larvae) an@8ufo bufo
(lung-less larvae). Both species showed an ineré@aghe time taken to commence
metamorphosis with increased dep. bufoalso showed a reduction in development
rate by week 5, whil®. temporariadid not. Rana temporariavere heavier in the deep
treatment by week 5, indicating a higher growtle rat the greater depth. Both species
were observed to travel to the surface to gulp dinis behaviour generally increased
with developmental stage and occurred more fredpentthe shallow tanks. The
greater frequency of surfacing events in the shatbnks was accompanied by a shorter
duration of time at the surface. These results detnate that when reared in deeper
water tadpoles take longer to reach metamorphobiswever, the fact thaB. bufo
delayed the onset of metamorphosis BRndemporariareached a larger size in the deep
treatment group suggests that water depth mighsalety function as a constraint, due
to increased surfacing costs. Greater water depl indicate a more permanent
habitat, instigating a life history decision to r@m in the aquatic environment as

tadpoles longer in order to reach greater metamoiphes. While greater water depth

105



Chapter 7

may contribute to incidences of larval over-wintgriin Rana temporariait does not
explain why it occurs irRanaand notBufo in the UK when both experience similar

environments during the larval growth season.
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Introduction

Water depth is an important abiotic factor for amiwer of aquatic species in
determining life history characteristics, includingrowth and development rate
(Arunachalam et al. 1976; Pandian & Vivekanandan6iXramer & McClure 1981,
Feder & Moran 1985; Pandian & Marian 1985a), swav{El Sayed et al. 1996), and
predation-risk (Peterson et al. 1992; Rypel eR@07). The majority of studies on the
effects of water depth have focused on growth amtgelopment of aquatic species or
life stages that, in addition to acquiring oxygemi the surrounding water, come to the
surface to breathe air. It is believed that, altfoatmospheric air represents a richer
and more easily acquired source of oxygen than m@ehmidt-Nielsen 1979), there
are likely to be costs inherent in the action offating to breathe that influence the
frequency and advantage of surfacing trips. Eneamgsumed during trips to and from
the surface for respiration has been shown to cargubstantial cost (Kramer &
McClure 1981; Kramer 1983). Other costs may ingoilncreased risk of predation
during surfacing and loss of time for other aciegt(Kramer & McClure 1981).

The constraints on development and growth of aquatimals associated with
the costs of surfacing are predicted to increasth wliepth, and this has been
documented in a number of fish (particularly caifisand amphibian species
(Arunachalam et al. 1976; Pandian & Vivekanandan6l&ramer & McClure 1981;
Feder & Moran 1985; Pandian & Marian 1985a). Thassts could have a substantial
impact on life history strategies in aquatic spedleat breathe air. For example, pond
depth (Appendix 1) in conjunction with other fadofe.g. temperature and food
availability: Chapter 5) may be linked with overntgring in anuran larvae that are

facultative air-breathers (e.Bana temporariaArchibald & Downie 1996).
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In previous studies on the effect of depth on ghowahd development in
amphibian larvae, it has been assumed that sugfdhaviour was solely related to air
breathing. However, surfacing behaviour in tadpagenot ubiquitous and the role of
surfacing in respiration has been questioned. aSumf may instead function as a
method of maintaining neutral buoyancy (Guimond &td¢hison 1972; Guimond &
Hutchison 1973; Gee & Waldick 1995; Rondeau & G@&05). Additionally, the
impacts of water depth on amphibian larval growtld development may not function
solely as a constraint associated with the cosudacing. Larval amphibians may use
water depth as an indicator of habitat permanemadesiccation risk, which has been
demonstrated to affect the duration of the larvatiqu (Laurila & Kujasalo 1999;
Loman 1999; Merila et al. 2000b; Loman 2002; DoygktRoberts 2003; Loman &
Claesson 2003). Deeper water may indicate a memmgnent habitat, which would
allow more time for tadpoles to develop and attagater size (Wilbur & Collins 1973).

Previous work has also shown that the strategied s cope with increased
depth in closely related species can differ sultistiiyn Work on twoRanaspeciesR.
tigrina and R. pipien$ has shown an opposite behavioural response ifacsog
behaviour with depthR. tigrinasurfaced more frequently at greater depths, iegul
a daily distance travelled of 1.458 km (Pandian &rin 1985a), whildR. pipiens
surfaced to breathe more frequently in shallow w#keder & Moran 1985). The
increase in surfacing frequency with greater agualepth observed in Pandian &
Marian (1985a) might be due to the decrease irasararea in deeper tanks, reducing
the exchange of oxygen between the air and watkrsimilar difference, in the
surfacing frequency relationship with depth, wasinid between two fish species
Heteropneustes fossil{&runachalam et al. 1976) aphiocephalus striatuPandian

& Vivekanandan 1976). This difference may be exmdiby the fact that the species
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that increased surfacing frequency with depth wa®laigate aerial respiring species
while the other was facultative. Therefore it igporant to establish the behavioural
response to depth, in conjunction with growth amededopment rate, of species that
differ in their source of oxygen.

The effect of water depth on growth, development la@ldaviour has not been
assessed in the larvae of an amphibian speciesldleatnot incur the costs of surfacing
to respire. Rana temporariadevelop lungs as tadpoles, and, like other rarads,
believed to be facultative air-breathers (NolandJ&sch 1981). AlternativelyBufo
bufg like other bufonids, does not develop lungs upst prior to the onset of
metamorphosis (Savage 1952) and is believed to gelgly on aquatic respiration
throughout larval development. TherefoBe,bufowould be expected not to carry the
respiratory costs of depth, and growth and devetyehould not be constrained when
reared at greater depths. HoweveRirtemporariagrowth and development would be
predicted to be affected by greater depths. dise of interest to compare the effect of
depth on growth and development between these psoies, since in the UK over-
wintering of larvae occurs iRana temporarigArchibald & Downie 1996; Chapter 6)
but has not been reportedBuafo bufo

In this study, | investigated the effect of depthgrowth rate and development
pattern in the larvae of the two aforementionedifrianuran species; one that has a
facultative aerial respiring larval stageanha temporarig and one that has obligate
aquatic respiring larvadB(ifo bufd. The time taken to commence metamorphosis was
also assessed to examine the effects of potentmaigased costs of greater water depth
on life history strategies. | assessed the behsaaiaesponse of surfacing in both

species throughout larval development and into metphosis at two different depths.
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Methods and Materials

Eggs were collected from Glasgow, Scotland, UK ibreary 2007 Rana temporaria
and in April 2007 Bufo bufg. After collection eggs were placed in 40 L tariis16°C,
until approximately stage 25 (Gosner 1960) whenpdasnof larvae were divided to be
housed separately for two experiments to: 1) exargimowth and development; and 2)

observe surfacing behaviour.

Experiment 1: Growth & development

To investigate the effect of depth on the growth awVvelopment rate oRana
temporariaandBufo bufg two depth treatments were used, shallow and dexp,with

5 tanks per treatment. In the shallow treatmeft,ntividuals were maintained in
rectangular tanks filled with 12 L of water 20 creegp (20 cm length x 30 cm width;
tadpole density: 0.83 tadpoles’ In the deep treatment, 10 individuals were
maintained in rectangular 60 L tanks filled withteral00 cm deep (20 cm length x 30
cm width; tadpole density: 0.17 tadpoled)L Tanks from both treatments were kept at
25°C ina 12 L : 12 D photoperiod, fed 9% of tdiatly mass of 3:1 rabbit pellet : fish
flake mixture three times a week. All tanks weared with a shallow layer of gravel
and filled with de-chlorinated, copper-free watdn all tanks, the water was aerated
continuously with a small air-stone to avoid seveypoxic conditions. This would be
expected to reduce the need for surfacing to aequifficient oxygen.

Growth rate was determined by the wet mass andtsmmt length (SVL)
reached approximately 5 weeks after the start & éxperiment in bothRana
temporaria (day 31) andBufo bufo(day 36). Wet mass was measured using an
electronic balance accurate to 0.1 mg. SVL wassorea using callipers accurate to

0.1 mm. Development rate was taken as the meanet@3960) stage reach after

110



Chapter 7

approximately 5 weeks in each species. The numbendividuals commencing

metamorphosis was recorded weekly.

Experiment 2: Behavioural observations
Investigation of the surfacing behaviour of botledps was performed separately from
the growth and development experiments, so than@wvk individual’'s surfacing
behaviour could be recorded. In order to ensuaettddpoles at different developmental
stages were available throughout the experimediyiotuals were distributed randomly
into several 20 cm tall tanks (2.08 tadpolé§.L In both species, observations were
made across all developmental stages from 26 -H&vever, due to limitations in the
number that could be observed, similar developnmeitages were grouped in analysis:
stages 26 — 30 (small hind-limb buds); stages 35 {differentiation and flattening of
hind-foot); stages 36 — 40 (separation of toesdmwtlopment of hind-legs); and stages
41 — 46 (metamorphic climax).

Observation tanks were constructed with the sameesions as the shallow
and deep tanks in the growth experiments, but ddviohto six equal vertical cells (10
cm x 10 cm). Each cell was aerated, with a smedtane, for 24 hours after tadpoles
were introduced to the tank (one tadpole per @i} the air stones were removed 4
hours prior to observations being made. This wasedo minimize variation in the
oxygen concentration in the observation tanks betweals. Feeding was performed
24 hours prior to observations being made, to enthat hunger level did not influence
surfacing behaviour between trials. Observatioesewconducted for 1 hour, during
which time the number of surfacing events, and dioeation at the surface were
recorded. Not all trips towards the surface resuih individuals breaking the surface

with their mouths or nostrils, but only those ocoas, where the surface was broken,
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were recorded. A tadpole was considered to bbeastrface if it remained within 5%
of the total depth from the top after reaching sheface, and at the bottom when any
part of the tadpole was in contact with the bottufrthe tank.

Tadpoles were tested at the two depths consecutiselpn completion of the
first observation period the six individuals frohet100 cm tank were transferred to the
20 cm tank andvice versa Wet mass, SVL and stage were recorded before
observations. Oxygen concentration at the surdackat the bottom of the observation
tanks was measured after observations were madg aswhatman DO400 oxygen
meter. Oxygen concentrations did not vary sigaifity between trials (Z = 1.16, p =
0.144). The oxygen concentration was not signifigadifferent between the two
observation tanks (R, = 1.34, p = 0.256), or between the oxygen conaéotrs at the
top compared to the bottom of the tankgsg= 3.32, p = 0.079). The concentration of

dissolved oxygen in the observation tanks was $.623 parts per million (ppm).

Statistical Analysis

All analysis was performed using SPSS v15 (SPSS Chicago, IL) and all data are

presented as means £ SE. Comparisons of size amtbgmental stage between the
two depth treatments were performed using t-tesst;equal variance t-tests. Survival
analysis was used to analyse differences in the toometamorphosis between the two
depth treatments, using the time until the onsanhefamorphic climax (i.e. fore limb

emergence: Gosner stage 42) as the survival variadhalysis of surfacing frequency
between depth treatments was performed using Mahitréy tests and among the
developmental stage groupings using the Kruskaligvedst. Due to the number of

tests performed on the surfacing frequency betwberdepth treatments for the four
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stage groups, the results of the analyses wereeBomi corrected to avoid type |

errors.

Results

Experiment 1: Growth & Development

The starting mass, SVL and developmental stage wetesignificantly different
between the two treatments for eithRana temporariaor Bufo bufo (Table 7.1).
Growth to week 5 ilRana temporariavas affected by water depth. The deep treatment
had on average 14% greater mass and 3% longer $\\wever, differences between
the two treatments were only significant in masg,3VL (Table 7.2). IR. temporaria
developmental rate was not significantly differbatween treatments (Table 7.8Bufo
bufo did not show a significant difference in growth week 5 (Table 7.2) but the
average developmental stage was 7% lower in the tleatment compared to the
shallow treatment (Table 7.2).

In both species the median time to metamorphosis significantly different
between the two treatmentR.(temporaria Wilcoxon Gehan statistic = 10.33, p =
0.001;B. bufa Wilcoxon Gehan statistic = 20.46, p < 0.001, Fig.). The median time
to metamorphosis from the date of hatching was aprately 34% shorter in the

shallow tanks than the deep treatmerRitemporariaand 21% shorter iB. bufa

Experiment 2: Behaviour observations

Surfacing behaviour inRana temporariawas largely consistent, with individuals
leaving the bottom and swimming rapidly directlyvards the surface. At the surface
individuals would noticeably gulp air, before swinmgy directly to the bottom.Rana

spent the majority of the observation time restimgthe bottom of the tankBufo
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surfacing behaviour was more variable, but generaiddividuals would swim a
meandering path towards the surface. After brepkie surface, individuals generally
drifted to the bottomBufoalso spent considerably more time hanging fronstties of
the tanks than diRana

The frequency of trips to the surface differed wittvelopmental stage in both
species, with the exception &. bufoat 1 metre depth (Table 7.3). Both species
surfaced significantly more frequently at 0.2 m tthefhan at 1 m deep, for all stage
groups except during metamorphosis (stages 41 -iMdRanaand during the early
larval stages inBufo (stages 26 — 30; Table 7.3). In both species théa@ng
frequency increased through larval developmentindguwhich time mass and stage
were significantly correlated¥= 0.85, p < 0.0001), until the onset of metamosgi$o
Ranasurfaced more frequently th&@ufo at 1 metre depth, but the difference was only
significant between stages 31 — 40 (stages 31-35:Z40, p = 0.017; stages 36-40: Z
=-2.56, p = 0.012).

The time spent at the surface at each surfacingt eyemerally did not differ
among stage groupR(temporaria— 1 m: s, = 0.20, p = 0.898B. bufo— 1 m: b=
1.29, p = 0.297; 0.2 mi3l. = 2.07, p = 0.114), with the exception of at 0.€tra depth
in Rana(Fsgs= 3.78, p = 0.014). At 0.2 nRanaindividuals increased the time spent at
the surface with developmental stage until stagei@r36 — 40. B. bufoindividuals
spent five times longer at the surface in the Irentstnk (43.33 + 17.46 sec) than when
in the 0.2 metre tank (8.31 + 1.83 sec; t = 4.44,(0001). The same was also true of
Rana(l m: 355.15 £ 70.38 sec; 0.2 m: 143.73 = 76.3, seith the exception of stages
41 — 46 where there was no significant differemcéme spent at the surface (t = 1.52,
p = 0.267). R. temporariaspent significantly longer at the surface tfgarbufoat both

depths (1 m: F7;=33.42, p <0.0001; 0.2 m; ;R =11.23, p = 0.001).
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Discussion

The results of the current study demonstrate thatrwkepth influences tadpole growth
and development independently, with greater degghilting in slower development in
Bufo bufoand faster growth ifRana temporarigby week 5, and a prolonging of the
median time to commence metamorphosis in both epediVhile the effect of depth in
prolonging the onset of metamorphosis has prewohskn demonstrated in a ranid
speciesR. pipiens Feder & Moran 1985), this study, for the firsh&, demonstrated an
effect of increased depth on development in bufdBidbufg larvae. Surprisingly, in
the current study, developmental rateBinbuforesponded more strongly to increased
depth than irRana temporaria This study has also confirmed ti&atbufq as well as
R. temporariatadpoles travel to the water’s surface. In kspacies, when observed at
greater depth, tadpoles reduced the frequency ip$ tio the surface. This was
accompanied by an increase in the duration of 8pent at the surface when the trips
were made. The frequency of trips to the surfa@nged during larval development,
with both species surfacing more frequently as bgweent progressed, until just prior
to metamorphosis.

By week 5B. bufotadpoles reared in shallow tanks demonstratedtarfeate of
development than those reared in the deep treatmknR. temporaria the rate of
development at week 5 was not significantly différeetween the shallow and the deep
treatment individuals. The median time to metarhosis, in both species, was longer
in the deep treatment. Tadpoles of both speciesmglthe observation experiments,
varied their surfacing behaviour with depth in aywlaat would be expected to mitigate
many of the energetic costs of surfacing behavidthris was achieved by reducing the
number of trips to the surface, but spending mione &t the surface, when at a greater

depth (Arunachalam et al. 1976; Feder & Moran 198Bannon & Kramer 1988,
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exceptions Pandian & Vivekanandan 1976; Pandiana%idh 1985a). The reduction in
development rate and the adoption of this mitigabehaviour does, therefore, suggest
a cost to surfacing behaviour; but that, even wihbts, surfacing is essential, even in
normoxic water, by anuran larvae of species that lang-less or facultative air-
breathers. However, the effect of depth in redycievelopment rate was not predicted
to occur inB. bufq as larvae in this species are normally capablebtdining all their
required oxygen from the water, even under mildjpdxic conditions (Feder 1983a).
This indicates that, in anuran larvae, respiratioightnnot be the sole reason for
travelling to the surface (Ultsch et al. 2004).

While facultative air breathing in bimodally respg species is still likely to be
an important function in hypoxic conditions, themay be other explanations for the
commonly observed relationship between water dapthdevelopmental rate. Several
studies have shown that access to the surfacepariant for normal development and
successful metamorphosis in species that develogsluwuring the larval phase
(Pronych & Wassersug 1994; Gdovin et al. 2006) @vad surfacing is performed to
maintain lung inflation (Feder & Wassersug 1984ov@ter et al. 1998; Ultsch et al.
2004). Yet, even without functional lung8ufo larvae were commonly observed
travelling to the surface and apparently gulping iai this study. Willem (1920)
(translation cited in Jorgensen 2000), who alsentegd surfacing behaviour B. bufq
found that in dissections air was present in thestmal tract. In tadpoles the intestinal
wall is very thin and consequently not much of aibato oxygen diffusion; therefore
the presence of air in the gut®éfo could serve a respiratory function, as some téleos
fish have also been found to use the intestine r&spiration (Graham 1997).
Alternatively, an important function of travellirtig the surface may be to obtain air to

achieve neutral or positive buoyancy, thereby reducthe energetic costs of
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maintaining position in the water column. This napw Bufo to remain nearer the
surface where oxygen concentration may be greatéheowater is warmer to speed
development (Noland & Ultsch 1981). However, meitag air internally has also been
demonstrated to carry cost, such as increasedashhgusceptibility to predation (Feder
1983b). The ability of individual tadpoles to batanthe costs of travelling to the
surface and the advantages that are gained magfdherbe state-dependent. It has
been shown that hunger state influences the tirmatsgt the surface in the bimodally
respiring fishHeteropneustes fossilig\runachalam et al. 1976) and the adult anuran
Xenopus laevigBoutilier 1984; Shannon & Kramer 1988). It isallikely that the
presence of predators would alter the trade-offsurfacing behaviour with different
depths, since extending the time at the surfaceméke tadpoles vulnerable to surface
predators as well as aquatic predators (Kramer.et383; Mcintyre & McCollum
2000) and the retention of air for buoyancy mightdme less advantageous (Feder
1983b).

Water depth might not only function as a constralmit also influence a
decision on development rate since tadpoles miglatitbe to directly assess water depth
(Denver 1997). A water body of greater depth kel to have a longer hydroperiod
(Brooks & Hayashi 2002; Skidds & Golet 2005) and h&so been shown to reduce the
risk of predation in some species (Peterson etl992). Both hydroperiod and
predation risk have been shown to influence thatth of the larval period. The
reduced risk of predation and desiccation wouldvalindividuals to exploit the aquatic
habitat for longer, lengthening the larval peried,that they could obtain a larger size
(Wilbur & Collins 1973). This hypothesis is parljabupported by the data, since by
week 5Ranareached a significantly larger size at the expesfsa small, but not

significant, decrease in development raBaifo tadpoles did not differ in size, at week
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5, between the two treatments, so they did not appe benefit from the slower
development that occurred when reared at 1 mepthde

The surfacing frequency in both species was affelojethe developmental stage
of the tadpoles. Generally, surfacing frequenaydased as the tadpoles progressed
through larval stages until just prior to the ongkmetamorphosis, when the rate of
surfacing dropped considerably. This was expectidflaing and several other studies
have shown an increase in surfacing with increassg&ze, age or developmental stage
in a range of facultative air breathing aquaticcsge (Babiker 1979; Burggren & West
1982; Hillman & Lea 1983; Burggren & Doyle 1986; Wp& Booth 1994; Wilson &
Franklin 2000). The greater frequency of surfa@ugnts has been linked to the greater
demand for oxygen with larger size and/or coin@divith the timing and progression
of developing aerial respiring apparatus. Agais tannot explain why the same trend
was observed iBufg, since there is no lung development. It has l&enwn that even
without lungs bufonids can acquire more oxygen ugto the skin, in hypoxic
conditions, by travelling to the more oxygen-rialrface water (Wassersug & Seibert
1975). This seems unlikely to be the case in tmeentistudy since in both the deep and
shallow observation tanks the dissolved oxygen eotration at the bottom was not
significantly lower than that at the water surfamed was more than double the
concentration that forceBufo woodhousito surface in Wassersug & Seibert's (1975)
experiments. However, the increase in surfacinth wievelopment also seems to
accord with other results in the current study ®sgjgg that surfacing might be linked
with maintaining neutral buoyancy. As developmprdgresses, mass increases until
just prior to the onset of metamorphosis, therefbreight take a greater frequency of
trips to the surface for air to offset the largeres (Power & Walsh 1992) of more

developed tadpoles.
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The surfacing frequency and time spent at the seidiitered between the two
species, withRanasurfacing more frequently and spending more timéha surface
than Bufa This would be expected, since in addition to tbason shared by both
species for surfacing (i.e. maintaining buoyandana might need to maintain lung
inflation and can take advantage of air breathfrepér & Wassersug 1984; Crowder et
al. 1998; Ultsch et al. 2004).

Greater depth may also be linked to the occurrehaeer-wintering as larvae
in Rana temporaridan the UK (see Appendix 1). While a greater degdles result in
delayed metamorphosis, it does not appear to explhly over-wintering occurs iR.
temporariatadpoles and ndd. bufotadpoles. However, a greater depth, in additon t
indicating a more permanent habitat or acting esretraint on development leading to
over-wintering of larvae, might allow higher suraivof larvae during the winter
(Bradford 1983). The higher survival of larvae itih@ winter may explain why over-
wintering tadpoles are more commonly observed @pdeponds.

In conclusion, the costs of surfacing to breatihela not seem to fully explain
the differences in growth and development rate eskein amphibian larvae when
reared in greater water depth, since the same ignbserved in a lung-less species.
Additionally, under controlled conditions, tadpoleseem to mitigate the costs of
travelling to the surface from a greater depth. light of these results, reduction in
development rate with greater water depth migha bariable response of larvae to a
more permanent, low risk habitat. There appearbetca number of reasons why
amphibian larvae travel to the water's surface, theé occurrence oBufo bufo
travelling to the surface observed in our studylidates that surfacing may play a

greater role in maintaining neutral buoyancy theevipusly thought.
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Tables and figures

Table 7.1: Starting mass, SVL and developmental sge of different depth treatments for bothR.

temporaria and B. bufo, including results for t-tests for comparison between the depth treatments
(df = 98).

Mass (mg) SVL (mm) Gosner stage

Rana Shallow  47.2+2.0 5.93+0.09 26.0+£0.9
temporaria Deep 46.5+1.0 5.86+0.10 26.2+0.9
t 0.25 0.58 -1.65
p 0.81 0.57 0.10
Bufo bufo Shallow  12.9+0.2  4.22+0.04 24.6+0.1
Deep 12.9+0.3  4.24+0.05 24.6+0.1
t -0.05 -0.33 0.40
p 0.96 0.75 0.69

Table 7.2: Mean mass (mg), SVL (mm) and Gosner stagof Rana temporaria (day 31) andBufo
bufo (day 36) for the shallow and deep treatments, ingtling results for t-tests for comparison
between depth treatments. Differences in the df beeen analyses is due the use of unequal
variance t-tests (NS: not significant, * < 0.05, *& 0.001).

Rana temporaria Bufo bufo
Shallow Deep df t Shallow Deep df t

Mass 243.6+9.0 276.5+10.0 48.82 -2.46* 86.3+1.089.1+4.0 58.82 -0.7%
SVL 11.3x0.2 11.6+0.1 53.00 -1.89 8.4+0.1 8.3+0.1 63.30 0.86
Stage 37.6£0.5 37.3x0.3 53.00 036 35.3%0.1 33.0+0.3 59.05 6.85**
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Table 7.3: Mean frequency of trips to the surfacet(ips h™) in Rana temporaria and Bufo bufo,
for each stage grouping, in 0.2 m and 1 m deep task Values are given as mean + SE. Analyses
from Mann-Whitney test of differences between the épth treatments at each stage group are
given (2) (NS: not significant, * < 0.05, ** < 0.06). P value thresholds are based on the
Bonferroni corrected a—values. Analyses from Kruskal-Wallis H tests comgring the different
stage groups within a depth treatment are presenteds the X value.

Developmental stage group
treatment 26 - 30 31-35 36 - 40 41 - 46 X
0.2m 45+£1.0 85+14 11.8+3.0 3.0+£0.7 ary

;% % 1.0m 1.8+1.0 1.3+0.4 1.4+0.6 0.0+0.0 705
Z -2.46M° -3.48* -3.25* -3.31* -
o -g 0.2m 158+49 199+54 16.6 + 3.3 1.5+0.8 .736*
§ g_ 1.0m 1.8+0.6 3.0+0.6 28+0.6 0.2+0.1 1869
8 Z -2.83* -3.94** -4.05** -1.49° -
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Figure 7.1: Proportion of tadpoles that have not bgun metamorphosis for bothR. temporaria (solid
shapes) and. bufo (open shapes) for each treatmenis( shallow treatment; m: deep treatment).

R. temporaria - shallow
R. temporaria - deep
B. bufo - shallow

B. bufo - deep

Proportion of tadpoles remaining

Days since experiment commenced

122



Chapter 8

Chapter 8: General discussion

The aim of this thesis was to address several aspédhe seasonal timing and the
duration of metamorphosis in relation to environtaéononditions. Metamorphosis, in
addition to occurring in amphibians, occurs in thajority of marine invertebrates,
many insects and even some fish species. It lsasratently been questioned whether
metamorphosis occurs in plants (Bishop et al. 200®wever, this will not be
considered in this discussion. The timing and domabf metamorphosis can have
important implications in many of these speciehave demonstrated that the duration
and progression of metamorphic climax in anuramgsavith abiotic (temperature) and
biotic (predation risk and body size) factors (Cleep 2 and 3) and that there may be
costs, expressed in juvenile morphology, associafiéu accelerating development in
this life phase (Chapter 3 and 4). | explored soine factors that may contribute to
the postponement of metamorphosis until after wiale opposed to the summer or
autumn following the spring spawning (Chapters @n@ 7). | also investigated the
possible adaptive nature of spending winter ascamatéc larva, but this could not be
definitively determined over the course of thisdst{Chapter 5 and 6). In this chapter |
will briefly discuss these results, including solimeitations to their interpretation, and
place the results within the broader literaturevanation in life histories. 1 will also
discuss some avenues for further work, relatingquestions raised by the results
presented and by studies piloted during this rebear

Phenotypic plasticity is a widely occurring pheramn in organisms (e.g.
variation in age at maturation: Cole 1954; variation life history pattern of
development in salmon: Metcalfe et al. 1988), lmme traits show little variation with

environmental conditions. Plasticity is not exjgelcto occur in traits where precise
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timing of developmental events is essential forcessful development or survival.
Therefore certain developmental processes (e.g: earbryogenesis: Smith-Gill 1983;
and nervous system development: Nishikawa 1997)camalized and progress with
little variation in response to environmental cdimdis. For example, in early
embryogenesis, to ensure the required timing ofsyehe embryo is buffered from the
environment (e.g. jelly envelop in anuran eggs) #mel genes that regulate early
embryogenesis are highly redundant (Flickinger J97%imilarly it has been shown by
Sultan (1995) that, even under severe environmeatadiitions (low light levels), the
plant Polygonum persicarialid not vary the resources allocated to produdivegfruit,
but did reduce the resources allocated to the faging. Additionally, the timing of
variation in environmental conditions will affediet degree of plasticity produced in
traits. Only tissues that are metabolically actatethe time of an environmental
perturbation will be sensitive and capable of resipog to those environmental
conditions (Zwilling 1955). Also in order for amganism to display plasticity in the
developmental response to environmental conditidghs, organism must have a
mechanism for detecting the prevailing conditionsVhile early embryogenesis is
highly canalized, it has been demonstrated thatrgoniz development can respond to
changing environmental conditions. Warkentin (1)99sing the red-eyed tree frog,
demonstrated that individuals hatch earlier in oese to the presence of the snhake
Leptodeira septentrionaligat preys on eggs.

The potential for the metamorphic climax of anurémschange in timing or
duration with environmental conditions might haweseb ignored due to a belief that
metamorphic climax was canalized. It has beengseg that, as a highly vulnerable
life stage, metamorphosis would be selected torpssgas fast as possible. Also, it was

believed that the timing and order of developmeetants during metamorphosis were
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fixed (see Nodzenski & Inger 1990), and possiblpaniant for successful completion.
However, there are several reasons why plasticitghmbe favoured during
metamorphosis. During the transition from a latgaa juvenile (metamorphosis),
tissues within an individual are very metabolicadigtive. Therefore, the new tissues
being constructed during metamorphosis are likaely réspond to environmental
variation. Furthermore, in anurans, individuals aot buffered from the environment
during metamorphosis. Similarly, the developmerhhse that many temperate
animals reach by the onset of winter will have mpact on an individual’'s survival.
However in species that are capable of survivingteviat more than one life stage,

plasticity in the pattern of life history developmienay be expected.

Metamorphic climax

The results presented in the first half of this hg€hapters 2, 3 and 4) clearly
demonstrate that metamorphic climax (which, in aimphs and other organisms with
complex life cycles, usually allows the transitivom the larval to the juvenile phase)
is itself a developmental phase that can vary spaase to environmental conditions.
Much like other early ontogenetic life stages, dueation of metamorphosis appears to
be the result of trade-offs between the costs amefiis relative to the environmental
circumstances experienced during metamorphosido(MW& Collins 1973). The results
in this thesis demonstrate that metamorphic clinexaccelerated in response to
perceived predation risk, and takes longer to cetepht lower temperatures and when
individuals are of greater size at the onset ofametphosis. | have also demonstrated
that there are potential costs associated withdrapetamorphic development, in the
form of reduced size on completion. Environmengsiponsiveness in the duration of

the larval phase across a range of taxa has comrbeein reported. However, given
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the prodigious attention focused on plasticityha tarval phase in amphibians and little
appreciation or recognition of the subsequent metphic stage as a phase of the life
history that merits consideration, it is surprisitihgit there is not a consensus on the
inclusion or exclusion of metamorphosis from treVvhl period’. Yet treatment during
metamorphic climax is consistently different fromeatment conditions during pre-
metamorphic larval development.

| have surveyed 98 studies relating to the vammin the duration of the larval
period in anuran amphibians alone (Table 8.1); 6&&duhe emergence of the fore
limbs (the start of metamorphic climax; Gosner sta#f), while 16% used the
absorption of the tail (the completion of metamacptiimax; Gosner stage 46) as the
conclusion of the larval period. Of those studiest concluded that the larval period
ended at stage 42, a quarter continued and useekgbling juveniles to relate larval
conditions to juvenile performance or traits (16dsts). All removed metamorphosing
individuals from treatment conditions and only thiacluded data about metamorphic
climax. Furthermore, even in the majority of th@studies that included metamorphic
climax in their ‘larval period’, individuals wereemoved from experimental treatments
during metamorphic climax. The remaining 13% of #dtadies used either mid-
metamorphic climax (Gosner stage 43-45; ten stydoegh points (stages 42 and 46; 3
studies), or did not clearly state a method for lbey determined the end point of the
larval phase (2 studies). Half of the ten stuthes used mid-metamorphosis as the end
of the larval period were conducted by Loman anlleagues (Loman 1999; Loman
2001; Loman 2002; Loman 2003; Loman & Claesson P@0@l were estimating the
end of the larval period in the field.

This literature review highlights several concerakted to studies conducted

into the variability of amphibian life historiesFirstly, while all of the 98 studies
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reviewed pertained to the timing of the completiminthe larval phase, there was
variation in how this was defined. The majoritytbé studies recognised fore limb
emergence as the conclusion of the larval phasethHare were still a significant
number that included all or part of metamorphimelk in the ‘larval period’. Secondly,
the majority of the studies that used fore limb eyeace as the conclusion of the larval
phase did not consider factors during metamorphicax as having an influence on
juvenile traits. Of the 98 studies, only threelunied data pertaining directly to
metamorphic climax distinct from the larval periodtinally, in studies that used the
conclusion of metamorphosis as the end of the lgreaiod and those that tested
juvenile traits after experimental treatment duriagval development, there was an
almost total disregard for what happens during metahosis. In these studies,
metamorphosing individuals were removed from threalatanks and placed in smaller
isolated tubs out-with the experimental treatmeonditions until complete tail
absorption. Yet in some studies the time to cotepleetamorphosis was still included
in the treatment effect on larval duration. Whileere is an obvious necessity in
removing the metamorphic individuals of terrestaaurans (most will drown in aquaria
commonly used for tadpoles), the results presentedhis thesis indicate that
environmental conditions experienced during metaimosis, which can affect the
duration and size on completion of metamorphossdrto be considered.

In other taxa that undergo a clearly defined met@mosis (e.g. many insects,
crustaceans and other marine invertebrates) thasge diso been substantial effort
focused on the variability in the timing of thetiation of metamorphosis (Harms 1992;
Armitage et al. 1995; Twombly 1996; Nylin & Gottllat 998), but little attention on
metamorphosis itself. In insects, metamorphic akipoccurring in the pupal stage, has

commonly been shown to be variable in duration @sponse to environmental
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temperature (e.g. Nielsen & Evans 1960) but fewrothetors have been investigated.
Additionally, the duration of insect pupation istesf complicated by diapause, a
physiological state of dormancy usually occurringidg unfavourable conditions, or

used to synchronise developmental stages for reptimsh. Diapause can occur at all
insect life stages, but commonly occurs during piopa(Gullan & Cranston 2005), and

can be controlled by a number of factors (e.g. &nampire, photoperiod and resource
availability: Leather et al. 1993) that would alsexpected to influence the duration of
larval and metamorphic development. Comparisonsden studies of insect pupation
duration, determined by diapause, and amphibiaramma&tphosis may be limited as

diapause is usually accompanied by developmentastarand relies on distinct

environmental cues to re-initiate development (Xa2®00), neither of which have been
reported to occur in amphibian metamorphic climaldowever, diapause has been
reported to occur in some vertebrates (e.g. emizyadiapause in annual fish: Wourms
1972; and freshwater turtles: Ewert 1991).

The results reported in this thesis suggest thatetimight be some degree of
flexibility in the progression of metamorphosig. id believed that, given the apparent
consistency in the sequence of events during metarsis among species, the order
of transformation events is fixed (Etkin 1936). Thés allowed the formulation of the
numerous staging tables based on external morplaloigatures used in identifying
anuran development (e.g. Taylor & Kollros 1946; bemgh & Volpe 1957; Gosner
1960). The determination of the sequencing of evestbelieved to relate to the
sensitivity of particular tissues or organ systetosthyroid hormone (Etkin 1935;
Kollros 1961). Tissues that are most sensitiveaedgirst at lower concentrations, but
as concentrations of thyroid hormone increase Besssitive transformation events

occur. It has been demonstrated, however, thata@otorrent-dwelling tadpoles, which
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require specialised oral discs to maintain thesifpan on rocks in fast moving water,
retain the larval oral disc structure until neag tompletion of metamorphic climax
(Nodzenski & Inger 1990). According to most stagtables, and in most species, the
re-shaping of the mouth begins early in metamorphitax (Gosner 1960; Nieuwkoop
& Faber 1994). | have demonstrated that undesst conditions (predation-risk) the
absorption of the tail may be decoupled from otiernts during metamorphic climax,
since a functional tail is retained for longer bubre rapidly absorbed nearer the
completion of metamorphosis (Chapter 4). Therefinere appears to be some scope to
alter the progression of metamorphic climax bottspecies that may be required to
retain specialised larval traits and in cases witkfferent environmental conditions
might make it beneficial to retain a larval featuifi@ownie et al. 2004). Other
morphometric measures (in addition to tail lengtid adepth) that change during
metamorphic climax were not measured, so it wagpassible to determine whether the
order of events inXenopusmetamorphosis was further altered when exposed to
predation risk. It would be of interest to detemmiwhether the progressions of other
metamorphic events are altered when tadpoles cammphosing individuals are in
stressed conditions.

While there may be some potential for variatiomhia timing and potentially the
sequencing of events during metamorphic climais & well-defined stage in anurans,
holometabolous insects and some fish species. Mag not be the case in all
organisms that are considered to have a complexciitle. There is still considerable
debate about whether the changes that occur dantageny in many fish species can
be referred to as metamorphosis (Bishop et al. 2006

The results reported in chapters 2 — 4 provider @eaence that morphology

and the duration of metamorphosis varies, but theag be limitations in the broader
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interpretation of the resultsXenopus laeviprovides the ideal life history for a study of
this nature, since it remains in the water, eadilgwing non-lethal predation risk to be
perceived by the use of chemical signals (Petratka. 1987) during metamorphosis.
However, given the common transition from aquagiovd to terrestrial juvenile and
adult that occurs in many amphibians and some isigkere may be differences in the
factors influencing metamorphic duration in thopeaes. Even in species that move to
a terrestrial environment, much of metamorphosisasmpleted in the water and
chemical signals from predators or injured condpsccan be perceived by terrestrial
metamorphs and adults and possibly fully terrdsspacies (Rajchard 2006; Meng et al.
2006). Therefore it would be expected that animalst change habitats with
metamorphosis or that are fully aquatic or terralstwould be capable of responding
similarly to predation risk. It would also be expe that in accordance with my results
(Chapter 4), those from studies on insect metanumiph(Stevens 2004) and the
importance of temperature on development ratedo@j et al. 2002), environmental
temperature would influence the duration and simecompletion of metamorphic
climax in all amphibians.

The studies conducted and presented in this thepresent some of the first
steps in our understanding of the ecology of amph#&during metamorphosis and how
the conditions during metamorphic climax can impatisubsequent life history stages.
There are several avenues of future work to furtherunderstanding of metamorphic
climax. |Initially, it would be important to broadehe number of species studied, to
ascertain the ability of metamorphs from other sm®edo perceive and respond to
predation risk. In some tropical species metamorgaration is very short, which may
limit the scope for variation to occur and/or matkdifficult for researchers to perceive

any existing variation.  Additionally, little is kmvn about the behaviour of
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metamorphosing individuals (Downie et al. 2004). tHe study presented in this thesis
temperature was even and constant in the tanksiajfmes were always in view of
metamorphs; and no shelter was provided for theametphs. It would be of interest to
investigate whether when presented with a thermadignt, such as would occur in a
natural pond, would individuals choose to comptatar metamorphosis at a particular
temperature to either maximize development rate sae on completion of
metamorphosis? Also, if provided with a shelteruidoa difference in metamorphic
duration under predation risk still be presentcsimetamorphs would not need to feed

and could remain hidden.

Larval over-wintering

The results presented in the second half of thisish€€hapters 5, 6 and 7) attempt to
determine what factors contribute to the observadation in the seasonal timing of
metamorphosis iRana temporariga species that can spend their first winter age#h
tadpole or a juvenile. Most temperate anurans ¢et@pheir larval development and
undergo metamorphosis in the summer of the year weze spawned, so that there is
sufficient time to rebuild energy reserves, speumtird) the fasting that occurs with
metamorphosis, before the winter. Several spdw@es been reported to be unable to
survive as larvae in the aquatic environment ovietexr (e.g. Fauth 1990; Pehek 1995;
Altwegg & Reyer 2003), as tadpoles may require tategms to survive anoxia common
in ponds during winter (Bradford 1983). Thereforegardless of conditions, these
species must attempt to attain a size that allbesitto metamorphose, even if it is very
late in the season, as a limited opportunity ofewdrial survival is advantageous
compared to certainty of mortality in the aguatizvieonment. Rana temporarias a

species that is normally capable of completindgitgal development within one season,
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even in regions with lower summer temperatures (®liat al. 1999) than the United
Kingdom. However, under certain conditions it nieyadvantageous to remain in the
pond rather than metamorphose late in the seasah arsmall size, due to reduced
survival of small or late season terrestrial metaghs (Chelgren et al. 2006).

The size at and time to metamorphosis has been dgrated to vary in
response to several environmental factors (e.gpé¢eature: Niehaus et al. 2006;
intraspecific competition: Travis 1984; interspeciiompetition: Bardsley & Beebee
1998; food quality and availability: Audo et al. 9 predation risk: Relyea 2007;
hydroperiod: Laurila & Kujasalo 1999; and UV-B ration: Belden & Blaustein 2002).
The results in this thesis have shown that reduoced fvailability and temperature
result in slower rates of development and in a tgreproportion of tadpoles over-
wintering, but that there are other factors coniiitg to the variation in over-wintering
strategy in the field. While increased depth rissin reduced development rate, it does
not appear, as predicted, to constrain developehénto the cost of surfacing for aerial
respiration (Feder & Moran 1985). Greater depitaddition to being a factor inducing
larvae to over-winter, might also allow tadpolelsedter chance of surviving the winter.
Deeper water provides a greater refuge from frgeand extreme fluctuations in
temperature and reduces the occurrence of hypoxiditons (Bradford 1983).

Variation in the life history stage at which indlvials over-winter has been
more thoroughly studied in other taxa, particulathose that are economically
important (e.g. salmon: Metcalfe et al. 1988; Thoi®89; and pest insect species:
Nylin 2001). In most non-migrating temperate irisgeecies, the life history stage at
which individuals can survive the winter is fixexddaspecies specific, but between even
closely related species the stage at which indalglumust spend the winter may be

different (Tauber et al. 1986). Therefore, just msmost amphibians, under poor
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conditions most insects may have to accelerate tlesielopment in order to reach the
appropriate stage at the start of the winter ireotd survive. Most temperate insects
pass the winter in a state of diapause. The tirmmgccurrence of diapause during the
winter has been shown to vary according to enviemiad factors, but in many cases
this appears to be influenced by maternal and geredfects. For example, a
reproducing female striped ground crickdtonembius sociusitilizes a bet-hedging
strategy and as the season progresses gradudlly sbim producing non-diapausing
eggs in favour of diapausing eggs that can surtheewinter (Bradford & Roff 1997).
This variation is determined by maternal effectgaaponse to environmental factors
(e.g. temperature and photoperiod). However, imesansects such as the butterfly
Pararge aegeriahere is variation in the developmental stage itk over-wintering
diapause occurs. Individuals can pass the wintieerein the third larval instar or the
pupal stage (Tauber et al. 1986), with all otherdhinstars unable to survive the winter
(Shreeve 1986). The decision on the stage at whbidpend the winter appears to be
determined by temperature and photoperiod (Lees KeyTil980) as the season
progresses, but little is known about what contebuo the differences in development
rates. The results presented in this thesis, iitiaddo the data on salmon life history
variation, suggests that conditions during the ghoseason will affect the decision of
what stage to pass the winter for the majority mfanisms with complex life cycles,
including other amphibians and insects. Therefthre,conditions during the growth
season can greatly influence individual survivaproductive timing and fitness and
thus the population dynamics of these temperateiespe

Unfortunately, the results presented in this thesse not able to definitively
determine whether conditions during larval develeptmnduce larval over-wintering as

a result of a physiological constraint on individuar as the result of an adaptive
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strategy. However, the evidence appears to suglasiarval over-wintering occurs
even under environmental circumstances where notarahl development can be
completed before the onset of winter (Chapter B)erefore, a decision to over-winter
as either a tadpole or juvenile is taken at someatpo the season. As the season
progresses, the balance between the advantagetafmiomphosing and emerging onto
land and the cost associated with not having endingé to rebuild energy reserves
following metamorphosis must shift. As a resulttlos over-wintering as larvae will
become more advantageous later in the seasonougthout the season if in poor larval
conditions.

Currently, it is difficult to compare the adaptiveenefit of the two over-
wintering stages, since little is known about immgsl post-metamorphic growth and
survival, or about over-wintering behaviour in arnfjidins generally (Pinder et al.
1992). Due to the difficulty in maintaining juvémiindividuals in the laboratory and a
limited ability to directly track post-metamorphidividuals in the field, data on the
period after metamorphosis until reproduction arerse. Post-metamorphic growth
rate is believed to be high (Turner 1960; Breckegeid Tester 1961), but also
potentially variable and will depend greatly on thieme available between
metamorphosis and the onset of winter (Altwegg &ydte2003). Therefore the
differences in sizes between individuals that overtered as larvae and those that
completed metamorphosis in the summer may be coatp by post-metamorphic
growth rate. However, it is unlikely that the imdiuals that metamorphosed in the
summer, used in the comparison with over-wintegggtde, would have been able to
increase substantially in mass or SVL in the shione available between their late
metamorphosis and the onset of winter. Additignait is believed that juvenile

anurans do not feed during the winter, while tadpah this study and others (e.g.
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Jenssen 1967) were observed feeding throughouwtititer. Mortality is also expected
to be very high in post-metamorphic individualsg®e 1974; Clarke 1977). To fully
determine the dynamics of the trade-off betweenewing strategies and their adaptive
nature, if any, individuals over-wintering both lasvae and juveniles during their first
year must be followed for longer than was possiblethis study, since time to
maturation inR. temporariacan be up to three years (Beebee & Griffiths 200)
addition to the laboratory experiments followingiwiduals utilizing the two alternative
wintering life history stages, it would be of impamce to collect field data on the
behaviour and growth of metamorphs, both with resfetheir wintering stage and the
duration of the growing season they are able tdéogxfor several seasons.

A further limitation in a study of this nature aggps to be that although over-
wintering larvae survive and metamorphose, only rap@rtion does so. In the
laboratory the number of surviving over-winteriragMae was relatively small given the
original numbers. Low numbers makes analysis efgbst-metamorphic data limited
in its application. It also makes following juvkss that have over-wintered as tadpoles
difficult given the problems in maintaininfana temporariametamorphs in the
laboratory (Stamper 2006). A laboratory study bfstnature, examining post-
metamorphic locomotion after larval over-winterimggas piloted during this thesis, but
juvenile mortality did not allow sufficient data be collected. The use of semi-natural,
outdoors ‘common garden’ experiments may allow ahog for achieving greater
juvenile survival from larvae that over-winter avngplete larval development in their
first year. Higher juvenile survival may allow arther study that attempts to address
potential costs or benefits associated with overtaving stage on post-metamorphic

traits.
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In addition to requiring a greater understandingtr@d trade-off dynamics in
post-metamorphic fithess between the life histaigge at which individuals over-
winter, there is still considerable work neededl&termine what factors contribute to
arrested or delayed larval development and thwsllaver-wintering. Several of these
have already been addressed in the discussiopfer 5 and 6, and include predation
risk, decreases in photoperiod and maternal effedikere may also be latitude or
altitude effects on the incidences of over-wintgrgtrategy in the UK. Collins (1979)
demonstrated a latitudinal cline in the incidendelasval over-wintering inRana
catesbeiana Larval over-wintering was more common and pégdisfor longer as
latitude increased.Rana temporarian Sweden demonstrate latitudinal variations in
development rate in the laboratory that allow thentomplete development at higher
latitudes in a shorter period of time (countergeatlivariation: Laugen et al. 2003b;
Lindgren & Laurila 2005) to allow them to cope withie shorter season. However,
over-wintering is not observed in Sweden and may b® possible due to severe
winters. It is not known wheth&ana temporarian the UK respond to the variation in
season length and temperature that occurs throaghewountry. Individuals could
either display latitudinal counter-gradient vaaati as observed in Sweden, or lack
geographical differences in inherent developmetsd. rarhe ability to over-winter as
larvae could possibly lessen the selection for detimg larval development in shorter
seasons. Therefore, intrinsic acceleration of dgmkent may not be observed in
northern or high altitude populations in the lalbona A study of this nature was also
piloted during the time that the research repomethis thesis was completed, but the
results were too preliminary for inclusion (Append.

A final limitation of the studies conducted ontfars affecting the rate of larval

development was the use of two taxonomically uteelapeciesBufo bufoandRana
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temporarig in assessing the effect of water depth. Whiledists of this nature are
occasionally employed (e.g. Feder 1983a), it idiadift to be certain whether the
difference that one is intending to assess, indage lunged or lung-less, is actually the
difference that contributes to the effect observedhe scope for experimental
manipulation to make a similar comparison, withite tsame species, is extremely
limited. An interspecific comparison of this naucan be refined by expanding the
number of species, both lunged and lung-less, deduin the study. However, a
comparison of these two species is of interestesthey often share similar habitats,
experiencing the same temperature and water daptfes, in the United Kingdom, yet

B. bufohave not been reported to over-winter as larvae.

Conclusion

In conclusion this study has demonstrated thaadiition to variability in morphology
and the duration of larval and embryonic phasesdtiration of metamorphic climax is
capable of responding to environmental variatiéwlditionally, the life history stage at
which some species over-winter can be influenced ebyironmental conditions.
Therefore, these two under-studied aspects of i@ty theory should be considered in

future studies.

137



Chapter 8

Tables and figures

Table 8.1: The developmental stage used by studies plasticity in anuran larval duration to
signify the conclusion of larval development and wéther the study provided any data on
metamorphic duration. Studies that performed trials with post-metamorphic individuals are
marked with an asterisk.

Study Gosner stage concluding larval period |ncludes
Stage Stage Did not metamorphic
Stage 42 ya a5 46 state data
Alford & Harris 1988 N No
Altwegg & Reyer 2003 \ No*
Altwegg 2002a \ No*
Altwegg 2002b \ No
Alvarez & Nicieza 2002a \ Yes
Alvarez & Nicieza 2002b \ No*
Arendt 2003 \ No
Audo et al. 1995 \ No
Babbitt & Tanner 1998 \ No
Babbitt 2001 \ No
Barnett & Richardson 2002 \ No
Beachy et al. 1999 \ No
Beck & Congdon 2000 \ No*
Beck 1997 \ No
Benard & Fordyce 2003 \ No
Berven & Chadra 1988 \ No
Berven & Gill 1983 \ No
Berven et al. 1979 \ No
Blouin & Brown 2000 \ No
Brady & Griffiths 2000 \ No
Brockelman 1969 \ No
Buchholz & Hayes 2002 \ \ No
Capellan & Nicieza 2007a \/ No
Capellan & Nicieza 2007b \ No*
Chivers et al. 1999 \ No
Collins 1979 \ No
Crump 1984 \ No
Crump 1989b \ No
Crump 1989a \ No
de Vito et al. 1999 \ \/ No
Denver et al. 1998 \ No
Ficetola & De Bernardi
2006 \ No*
Gascon & Travis 1992 \/ No
Gervasi & Foufopoulos No
2008 V
Hamer et al. 2002 \ No
Harkey & Semlitsch 1988 \ No*
Hensley 1993 \ No
Kiesecker et al. 2002 \ No
Kraft et al. 2005 \ No
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Lane & Mahony 2002
Lardner 2000

Laugen et al. 2003b
Laurila & Kujasalo 1999
Laurila 2000

Laurila et al. 2001
Laurila et al. 2002
Laurila et al. 2004
Laurila et al. 2006

Leips & Travis 1994
Leips et al. 2000

Loman & Claesson 2003
Loman 1999

Loman 2001

Loman 2002

Loman 2003

Merila et al. 2000a
Morey & Reznick 2000
Morey & Reznick 2001
Morey & Reznick 2004
Morin 1983

Morin 1986

Newman 1988

Newman 1989

Newman 1994

Newman 1998

Nicieza 2000

Nicieza et al. 2006
Niehaus et al. 2006
Pandian & Marian 1985a
Pandian & Marian 1985b
Pearman 1993

Pearman 1995

Relyea & Hoverman 2003
Relyea 2001a

Resetarits et al. 2004
Rudolf & Rodel 2007
Ryan & Winne 2001

Semlitsch & Caldwell 1982

Semlitsch 1993

Skelly & Werner 1990
Smith 1983

Smith 1987

Snodgrass et al. 2005
Sommer & Pearman 2003
Tejedo & Reques 1992
Tejedo & Reques 1994
Tejedo et al. 2000a
Tejedo et al. 2000b
Travis 1984

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22222 2 2 2 <

2 L 222222222

2L 2 2 2 2 2

2. 22 2

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No*
Yes
No
No
No
No
No
No
No
No*
No
No*
No
No
No
No*
No
No
No
No
No
No
No
No
No*
No
No
No
No
No*
No*
No
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Van Buskirk & Relyea
1998

Van Buskirk & Saxer 2001
Van Buskirk 1988

Vonesh & Bolker 2005
Vonesh & Warkentin 2006
Vonesh 2005b

Wilbur & Fauth 1990
Wilbur 1977

Woodward 1987

2 2 2

No
Yes*
No
No
No

No*
No
No
No
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Appendix 1

Appendix 1. National survey of larval over-wintegin

Appendix 1 reports on the results of a nationaveyron the occurrence of over-
winteringRana temporaridadpoles across the United Kingdom, carried ouégponse
to public interest as a result of a Guardian EditorMembers of the public were sent a
questionnaire and requested to provide data ordéph, surface area, altitude and
latitude of ponds (largely garden ponds) where -ovietering larvae were observed.
They were also requested to estimate the numbevesfwintering larvae observed in
November, using a scale from 1 (1-2 tadpoles) (mére than 100 tadpoles). In total
23 completed questionnaires were returned.

Over-wintering ofRana temporaridadpoles was distributed across the whole of
the UK, from the south-west in Cornwall (latitud®1.0°N) to the North-east in
Aberdeen (latitude: 57.2°N; Fig. A.1). Althougledle results are not by any means an
exhaustive report of incidences of over-wintering,does demonstrate that the
phenomenon is not restricted to a geographicabregi the UK. Altitude data was
incomplete and biased toward lower elevationsjne Wwith areas of greater urban and
suburban human populations.

The number of individuals over-wintering as larveeported by respondents,
increased with pond depth;(fz = 26.61, p < 0.001; Fig. A.2), but not with pondface
area (fr23=0.98, p = 0.334). Latitude was not correlatetth wond depth (p = 0.179),
nor with the incidences of over-wintering larvaex|9.148). This result suggests that
the depth of the pond where tadpoles are spawngtitrhave an impact on the life
history pattern of development or on the survivRtamlpoles during the late autumn

and/or winter.
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Appendix 1

Figure A.1: National distribution of the occurrenceof over-wintering of Rana temporaria larvae
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Appendix 1

Fig A.2: Estimation of the number of over-wintering tadpoles in garden ponds in relation to the
depth of the pond. Each point represents at least response from one questionnaire; some points
may represent multiple identical responses. The eqtion of the regression line is: y = 2.335x +
0.757.
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Appendix 2

Appendix 2: Latitudinal variation in the proportiohover-wintering larvae

Appendix 2 reports on the results of a pilot expent to determine whether URana
temporariapopulations demonstrate inherent differences entémdency to remain as
tadpoles during the first winter suggesting adamtato local temperatures and season
length. In Spring 2006 several egg clumps weréectdd from five areas in the UK:
two low altitude sources near Canterbury, Englanti’N$; Robroyston Marsh in
Glasgow (55°N); and two altitude sources (550 m &@dm) near Aberdeen (57°N).
Tadpole care, rearing (medium temperature regime)na@asurements were performed
using the same methods as in Chapter 5.

There was a significant difference in survival amdhg three sources, with
Canterbury (59.55 * 3.17%) having the highest sahfiollowed by Aberdeen (39.12 +
8.67%) then Glasgow (11.17 + 2.56%) (F= 185.709, p < 0.0001). There was no
difference in survival between the two locationsGanterbury where the spawn was
collected from. However, with spawn from Aberdedspland (55.57 + 3.17%)
tadpoles survived better than those spawned alothland source (22.67 £ 10.08%)
(F215 = 7.035, p = 0.007). The high mortality rate oé tBlasgow and lowland
Aberdeen tadpoles was most likely the result @fta frost that occurred after spawning,
but before the clumps were collected. The high aflibytraises the issue that the results
observed are an artefact of differential surviather than differences in the origin of
the spawn.

There was a significant difference among the sourcéise proportion of over-
wintering tadpoles, with the proportion highestarvae from Aberdeen (25.2 + 7.34%),
followed by Glasgow (17.25 + 4.87%) then Canterb{f$3 + 1.85%) (k15 = 15.791,

p < 0.0001). There was no difference in the proporof over-wintering between the
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two source ponds in Aberdeen or Canterbupy{E 0.118, p = 0.890). The proportion
of individuals that over-winter as tadpoles incemasvith increasing latitude. This
preliminary result suggests trRana temporarian the UK do not demonstrate a higher
intrinsic development rate in populations from lghatitudes that would allow them to
complete development within the shorter and colgeswth season, as occurs in
Scandinavia (countergradient variation: Laugen.e2@03b; Lindgren & Laurila 2005).

In fact, the opposite appears to occur with indraild from more northern populations
showing a greater intrinsic tendency to remain apales during the winter. The
milder winters that occur in the UK, compared t@a&tinavia, may allow high survival

during the winter removing the selective pressurecomplete development more
rapidly in a shorter season. Additionally, theh@gintrinsic tendency to over-winter as
a tadpole in northern UK populations may be dribgrthe advantage of being able to

achieve greater size from a longer larval period.
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Appendix 3: Other outputs
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