Multi-level Analysis of Compensatory
Growth

Katie Leigh Hector

A thesis
submitted to the University of Otago
in partial fulfilment of the requirements for the degree of
Master of Science

in Zoology

University of Otago, Dunedin,

New Zealand.

2011






Abstract

Compensatory growth is$ter than optimal growth, amdmmonly occurs following dietary
restriction in early development. This alternative growth strategy allows an animal to reach a
Anor mal 06 adult si ze, i Hhotvdver, éhe capichggowth equired  u c t |
reach a large size after growth restriction comes at a cost of accumulated cellular damage.
Compensatory growth has evolved as an alternative growth strategy because these costs are
often incurred late in life, aftehe reproductive period. The aim of this thesis was to address

the issue of compensatory growth on two levels: first, in an empirical study of one species,

and second, in a quantitative review of numerous taxa.

| investigated the effects of early dietargstriction on the growth, development and
morphology ofLitoria ewingii tadpoles, as well asn three fitnesselated behavioural traits.

This is the first known study to follow the effects of compensatory growth in an amphibian
beyond metamorphosis, and simultaneously explore the effects of immune activation.
Restricted tadpoles were fed hedtions for two weeks in early developmemtdtadpoles in

half of each feeding treatmergceived an injection gbhytohemagglutinin, PHA, a known
immuneactivaing lectin. Dietary restriction prolonged the larval period of the tadpoles but
resulted in larger, heavier frogs which were faster to capture prey and had increased survival.
In contrast, immune activation caused high initial mortality but showed wewktdam

effects. Wholebody corticosterone levels, as analysed by radioimmunoassay, were not
affected by the dietary treatment. These results are unique for showing the rare effect of
Aowvceoompensati ono and suggest d ipreental rinfluencee st r |

than immune activation. The impact of compensatory growth on thermaatnorphic fitness



of L. ewingii was contrary to theoretical expectations and may possess some value as an

alternative conservation strategy for amphibians.

The quantative review, the first in this field, clarified the terminology of compensatory
growth and catclup growth (achieving the same final size as controls) and was able to
confirm both growth patterns as reliable, wilgead responses to dietary restrictidieta:

analysis and meteegression analysis techniques were used to conduct eight analyses of the
size, growth slopes and fitness outcomes related to compensatory growth, based on data
collected from 88 studies, spanning 11 taxonomic classes. Overafialangxperienced

higher mortality and reduced reproductive output as a restitteafietary treatment Taken
together, the results of the quantitative review verified the basic assumptions of
compensatory growth but also highlighted a number of aspedth wbuld guide future
research, such as the significance of diet protocols, appropriate fithess correlates and possible

effect of agedependent growth.

Compensatory growth is a broad field of research, ranging from the staédl physiological
mechanismso the vast evolutionary perspective. This research hasdahing implications,

from human health to agriculture to evolutionary theory. In addressing two levels of this
field, this thesis provides answers for previous gaps in knowledge. In addiigse, tesults

open up further avenues of research, which not only extend the field of compensatory growth,

but also have realorld medical and economic applications.
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Chapter I: General Introduction

1.1 Phenotypic Plasticity

Phenotypic plasticity can be defined as agenotype giving rise to alternative phenotypes
depending on the environmental conditions an organism experiencesEkéesard, 1989).
Therefore, phenotypically plastic organisms have an important adaptive advantage,
maintaining high fitness across ange of environments (Nylin & Gotthard, 1998). A
subclass ophenotypic plasticity, developmental plasticity, is particularly crudiging early
development. Lifehistory tradeoffs to accommodate an adversaly environment may be
permanent ah can resli in decreaseditnessin a more conventional adult environment
(Monaghan, 2008)For example, in mammals, adaptations to adverse foetal conditions can
lead to a number of adult health concerns, such as asthma, anaemia, steroid insensitivity and
behavioual deficits (Coe & Lubach, 2008) There are several important environmental
factors governing the development of organisms and, thus, subsequent phertgpes.
primary focus of this thesis is the phenotypic outcome of inadequate nutrition in the early
dewelopmental environment. More specifically, | investigated compensatory growth at two
levels: both in an introduced amphibian species and across a range of species in a quantitative

review.

1.2 Compensatory Growth

When animals endure a period of undartrition, eitherin utero or in early postnatal
development, the low energetic resources limit growth and/or matyBdioeret al., 2009).

If a subsequent change in the environment allows ample nutrition, many animals will enter a

period of compensatorygromth (Metcalfe & Monaghan, 2001)Compensatory growth is
1



defined as growth which is faster than t he
(Nylin & Gotthard, 1998). Normal (optimal) growth rates are constrained by the numerous
adverse consequences apid growth, whichdecrease cell functioning efficiency, immune
function and resistance to physiological stresgbtangel & Stamps, 2001However, there

remain many incentives to grow rapidly, such as environmental time constraints, predation
risk and tle fitness cost of delaying reproduction (Dmitriew, 2011). Most importantly, large

adult size is a major contributor to sexual selection and fecundity and can only be achieved

by considerable growth during the limited developmental period (Blanckenhor®). 20@

necessity of rapid growth is greatly exacerbated by early growth restriction.

In response to early growth restriction, a physiological tdfflecan be adopted as an
alternative growth strategy, whereby the benefits of large size are traded #Hgainests
incurred by rapid growth (Metcalfe & Monaghan, 2003). This seemingly detrimental trade
off, however, is mitigated by the time in which the accumulated negative costs become
apparent (Yearslegt al, 2004). Cell damage from faster than optimadvgh tends to be
expressed as heart disease, diabetes and liver failure, bdvaupeality of organ tissues is
jeopardized by rapid cell division (Barker al, 2002). Since these are later life diseases, an
animal which has experienced compensatoomn can still increase its fitness during its
reproductive phase because of its increased size, compared to the minimal reproductive
success of small animals (Arendt, 1997). This ability to overcome early developmental

setbacks in terms of fitness is les#ed to be how compensatory growth has evolved.

As well as bod deprivationthe effects of immune activatiorgmperatre and seasonal cues
canlead to compensatory growth (Metcalfe & Monaghan, 200bmpensatory growth can
also be a consequence of theer@atal environment. Fetal programming in response to
malnourishmenin uterois now considered a key factor in explaining weggead metabolic

syndrome in humans (James, 2002). Although the evolution of compensatory growth can be

2



explained in terms of di@yed tradeoffs, there are a number of detrimental effects which are
manifested earlier and may affect fitness in the wild. Compensatory growth has been linked
to incomplete bone ossification (Arendt & Wilson, 2000), prolonged fledging times €Bize

al., 2006), altered body resource allocation (Stevenhsl, 2000), limited overwintering
energy reserves (Morgan & Metcalfe, 2001), subordinance tarstehed controls (Roylet

al., 2005), poor cognitive performance (Fisletral, 2006) and behaviouraliges which

differ from those of consistently wefiéd conspecifics (Stamps, 2007). Compensatory growth

is also known to alter the regulation of stress hormospscifically glucocorticosteroigs
which in turn can have serious consequences for fitnetsy@kiyet al, 1999). The effect of
dietary restriction and rapid growth on stress hormones is discussed in greater detail in
Chapter Ill. Both the stress response and restricted growth due to energy deficits are related

to the secondary interest of thigesis: immune activation.

1.3 Immune Activation

Animals require an immune system to fight iofifading foreignorganisms including viruses,
bacteria and fungi. Yeit is essential that this defence is not always activatetonly used
when absolutely reessarySadd & SchmieHempel, 200QMounting an immune response is
extremely energetically costly, not only because of the metabolic requirements by also
diverting resources from other functions such as reproduction orgathering, especially if
resting is part of the #fAsi c ktale2003).Dansageaoscells ur o
resulting from autoreactivity can be seveand even fatal, if additional stress is placed on the
animal (Moret & SchmidHempel, 2000). Long and Nanthakum&004) stress the
importance of distinguishing betweenh€lper lymphocyte populations when looking at
immune responses in vertebrateshelper 1 Thl) cells defend against intracellular
infections like bacteria and viruses, whilehelper 2 Th2) cells defed against no#invasive

infections, such as metazoan parasites. Increasing one popwladidmelper cellsdecreases



the other, so animals are faced with a constant battle trying to keep infections like viruses and
flukes simultaneously at bay. Lymphocyteunts are also inversely related to testosterone

and glucocorticoid level@Rollins-Smithet al, 1997; Boonekampt al, 2008).

Mounting an immune response occurs at the expense of many other costly functions,
particularly reproductive succegllowing successive immune challenges, house sparrows,
Passer domegtus were less active, feeding young less in fewer visits to the axedtwere

more likely to desert small broods (Bonneaetdal, 2003) Immune activated crickets
Cyphoderris strepitansspen less time calling and had a significantly lower chance of
securing a mating, with over 80% remaining virgins in one fleamanet al, 2009) Female
Mallee dragonsCtenophorus fordiinduced to mount an immune response also had lower
reproductive outpuby producing smaller eggdJller et al, 2006). Immune activation of
collared dove nestling$treptopelia decaoctdad no effect on size or development period,

yet survival was significantly lower thaim controls within the first week after fledging
(Eraudet al, 2009) Although the nestlings were not observably different from theraisnt
immune activation mpai red t he bi r ds & Tha potehtialfoyimnmuae av oi d
activation to have lorn{psting consequences for survival and reproduactake it a valuable

developmental stressor for investigations of phenotypic plasticity.

1.4  Study SpeciesLitoria ewingii

L. ewingiiwas selected as the preferred study species for this investigation of compensatory
growth and immune activation becaus@phibians have been largely overlooked in both
these fields. The relatively short larval period and availability in the Dunedin area made this
species convenierfor study purposes, while itge-history is ecologically relevant to the
guestions beingsked (Fig. 1.1)L. ewingiibelongs to the Hylidae family of anurans and was

introduced to New Zealand from Australia over 100 years ago (McCann, T9&d species



Figure 1.1  Development ofLitoria ewingii.
From top to bottomL. ewingiiegg clutchesre a cluster of small eggs in a jeliie
mass attached to vegetation. The same tadpole, as photographed at age 10 days and at
38 days after hatchind. ¢m scale bars shownpte the development of the hitehs
and forelimb development just visible werdthe transparent skin). Lastly, a juvenile
frog, aged approximately four months. ewingiiis identified by itsdistinctive dark

brownmaskeé with a pale stripe beneath.



was originally introduced in to the Greymouth area, haslsincespread thedngth of the
South Island, extending to the lower North Island and south to Stewart IslandglLatk
2005). As adultsl.. ewingii are mediurrsized frogs, with a snowent length up to 45mm
(Robinson, 1996, Fig. 1.1Adults breed throughout the yeardamay lay up to 500 eggs per
clutch (Cree, 1984; Lauost al, 2005). Tadpoles are active swimmers and under controlled
laboratory conditions at a temperature of 23°C most will complete metamorphaisdad's

after hatching (Cree, 1984).. ewingii hasbeen shown to be susceptible to outbreaks of
Gramnegative bacterial species which cause fatal dermatosepticemia and infect the heart,
liver and spleen of the frogs (Schadich & Cole, 2010). They are also vulnerable to infection
by Batrachochytrium dendrob@is (Bd), commonly known as chytrid fungusyhich is
believed to responsible for a proportion of amphibian population declines worldwide (Shaw

et al, 2010).

In the wild, L. ewingiiis most commonlythe prey ofinsect predators such as dragonflies,
which show a preference for the smaller size classes of tadpoles (Richards & Bull, 1990)
They have been known to exploit a variety of pond hahiitatiseir native Australiawith the
greatest reproductive success found in high elevation ponds with steep, slegeaced
shading and closeproximity to other ponds (Laatkl, 2005) In New Zealand, thesefrogs
inhabitcool damp areas with daytime shelter and are often found in monocotyledonous
vegetationsuch as flax and rushes, as well as under logs and rdtksQ(G). Most notably,

L. ewingistandout as a particularly hardy species, capable of survivmtp 47.5% of their

body water being frozen (Bazet al, 2007)

1.5 Statistical Tool: Meta-analysis

Metaanalysis is a powerful analytical technique wWhias been rapidly gaining popularity in

the ecological and evolutionary sciences over the past 15 years, although it has been in the
spotlight of medical, psychological and humanities research for some time (Arnqvist &

6



Wooster, 1995). In contrast withthei s | eadicmgnfivag® met hod typ
reviews, metanalysis allows us to quantify the direction and magnitude of the effect sizes
across the literature (Coopet al, 2009). Although metanalysis is commonly used in
human sciences, @llows biologists to combine the results of numerous studies from diverse
taxa (for example, vertebrates, invertebrates and fungi, Nakagfaalasubmitted), with the

relative influence of each study weighted by the variance of the effect size esfiimate.
variance is largely dependent on the sample size of the study, meaning that larger studies
have a greater influence on the outcome of the analysis. Intuitively, this method suggests that
we have a greater chance of detecting a real effect. Furtheranoretaregression technique

can be used, which allows for various moderators to be included in order to ask relatively

more sophisticated questions about the data (Thompson & Higgins, 2002).

Metaanalysis is used in Chapter IV to gain a broader persgettitan is possible from the
empirical study of compensatory growth withewingiiin Chapters Il and Ill. There are two
benefits to using a muitevel approach to compensatory growth research. Firstlyl the
ewingii study can answer specific questiaimout the effects of compensatory growth in a
uniquely interesting taxon (as yet, no study has followed the effects of early dietary
restriction beyond the point of metamorphosis in an amphibian). These data then contribute to
the existing body of literate collected for the metanalysis. Secondly, the overall outcome

of the metaanalysis gives a broader biological perspective to tackle such questions as how
compensatory growth has evolved and whether the conventions of this alternative growth
strategy aply to all taxa. The results of the metaalysis can then be compared against the
data forL. ewingiito identify the ways in which this species is exceptional and postulate why
it does not follow the general trends of compensatory growth across thel &mgdom.
Overall, the two methods are highly complementary and provide a greater scope for

understanding compensatory growth.



1.6 Aims

In summary compensatory growth is a widespread and ecologicalivant phenomenon
which can result in a range of @otypes depending on the plasticity of the growth strategies
involved. However, there has yet to be a comprehensive analysis which can outline the
prevalence and reliability of compensatory growth, as well as confirming the fitness
consequences which eqph the evolution of this alternative growth strategy. Amphibians
have been a sorely neglected taxon for compensatory growth research, with only one strong
paper supporting its existence in this taxonomic class (Capellan & Nicieza, 2007). Despite
the speclation that metamorphosis could have a profound effect on the consequences of
rapid growth, possibly allowing for the redistribution of resources in the adult form, evidence
beyond metamorphosis is lacking (Metcalfe & Monaghan, 2001). Furthermore, the
interaction of compensatory growth with other phenotypically plastic developmental stressors
has also been overlooked, despite the potential of this type of research to shed light on the

relative importance and potential interactions of multiple stressors.

In order to address these gaps in the literature, the aim of this study was to investigate the
effect of dietary restriction and immune activation on the brown treelfr@yyingii(Chapter

I). This research would be unique, firstly for exploring the twesstors in a factorial design,

and secondly for attempting to observe the effects of compensatory growth beyond
metamorphosis in an amphibian. It was hoped that this scope would allow for better
interpretation of how the fithess consequences would marifestselves in this taxa. In
addition, the effect of the dietary restriction on the whmddy corticosterone levels of the
tadpoles was also tesl (Chapter 1ll). To place thesiata into context, a metmalysis was
performed to quantify the impact ofrgadietary restriction on the subsequent growth and
fitness characteristics of a diverse array of taxa (Chapter IV). This analysis would not only

serve as a guideline for technical considerations of future compensatory growth research, it



would also addies the serious concerns voicgobut the interpretation of thedata, which
suggestthat compensatory growth could be a mere statistical artefact (Nicieza & Alvarez,
2009). Overall, the aim of this thesis was to shed new light on this broad and dielel g fi

probing a few areas that had previouséen overlooked.

1.7 Presentation of the Thesis

Each chapter in this thesis was written with the intention of presenting aadtenedpaper.

Thus, each is presented with an abstract, references and appspédités to the individual
chapter. Although this practice engenders some redundancy of explanations, | believe that
treating each chapter as an independent piece of scientific research is both in keeping with
common publication guidelines of biologic&search and offers the most appropriay@ut

for the content of this thesis.
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Chapter Il: Consequences of compensatory growth and immune activation
in an amphibian.

ABSTRACT

Compensatory growth occurs when an organism grows faster than the optamafteata

period of growth restriction. Immune activation restricts growth because energy resources are
diverted to the immune system. Amphibians have been neglected in these fields despite their
flexible life history and sizelependent fitness. | investitpd the effects of early nutritional

and immunological stress on the growth, morphology and three fitekeded behavioural

traits of brown tree frog tadpoldsjoria ewingii, before and after metamorphosis. | restricted

the early nutrition of tadpolesand caused anmmune response by injection of
phytohemagglutinin, using a tweay factorial design (i.e. four different groups). Dietary
restriction resulted in faster weight gaipon realimentatignlarger final size and faster prey
capture. Immuneactivation resulted in smallesized frogs and both treatments affected
survival. Unlike previous work, nutritional restriction affected the developmental rate and
resul tedompefiseaserond of growth. This experi

two developmental stressors in amphibians adapted to ephemeral environments.

A version of this chapter is currently under revision foisubmission to thelournal of

Zoology.
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2.1 INTRODUCTION

Life-history tradeoffs to accommodate an adverse early envitent may be permanent and

can result in decreased fitness in a more conventional adult enviro(iM@rghan, 2008)

There are several important environmental factors governing the development of organisms
and, thus, subsequent phenotypes. Divthese factors are the environmental availability of
nutrition and pathogenic environments. Inadequate nutrition during development can have
significant negative impacts on survival, developmental time, size at maturity and
reproduction in diverse taxéof example, miceMus musculusWu et al, 2002 Nile tilapia,
Oreochromis niloticus Bhujel et al, 2007 cockroach,Nauphoeta cinereaBarrettet al,

2009 ladybird beetle Harmonia axyridis Dmitriew et d., 2009. These negative effects,

however, may be mitigated by compensatory growth, also known asugatgiowth.

Compensatorygrowth is accelerated growth following a period of growth inhibition once
environmental conditions improve. The accelerated growth is at a higher rate than expected in
the absence of growth inhibitigiiNicieza & Alvarez, 2009) Accumulated cellular damage

from this rapid growth will often have negative effects later in(Mangel & Munch, 2005)

For example, rapid catalp growth in human babies, born small fostgéional age, has long

been known to increase the risk of adult obesity and high blood préssetaanalytically
reviewed in Huxleyet al, 2000; Ong & Loos, 2006)Despite these detrimental health
consequencespompensatory growth may still be adaptive if the negative effects are delayed
until after the reproductive phase, because increased size and earlier maturity commonly

increase reproductive fitne@gletcalfe & Monaghan, 2001)

Immune activation, normally triggered by encountering pathogens and parasites, relates to
compensatory growth in that the effects of an immune challengeftaresimilar to dietary
restriction and can be compensated for; likewise, compensatory growth can have an impact

on the immune function of an anim@utz et al, 2004; De Block & Stoks, 2008blmmune
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responsesan be energetically costly, both in terms of metabolic requirements and in
diverting resources from other functions such as reproduction anej&ibdring(Bonneaud

et al, 2003) The longterm effects of having to mount an immune response during
development seem to vary between speciést example, immunactivated lizards,
Ctenophorus fordishowed decreased reproductive investment and signoering offspring
(Uller et al, 2006) while immuneactivated sagebrush cricke@yphoderris strepitansspent

less time calling and were significantly less likely to secure a mating in their first year
(Lemanet al, 2009) Furthermore, red flour beetl€g;bolium castaneumwvhich mounted an
immune defence, pupated earlier in order to avoid the energy expenditure alt¢Beties

Kurtz, 2008)

Amphibians are very sensitive to environmental factors during development, such as pond
drying, food abundance and the densities of conspecifics and pre@&fitsr & Collins,

1973; Sokol, 1984 Metamorphosing amphibians stgreat plasticity in developmental rate,
morphology and behaviour in response to these environmental f4bteveman, 1992;
Schoeppner & Relyea, 2009revious work suggests that tadpoles are capable of rapid
conpensatory growth after early food restricti@apellan & Nicieza, 2007)This pattern

was also observed in an ecological context as a result of intraspecific comp@titiois,

1984) The potential for recovery by rapid growth declines with advancing developmental
stage in tadpole@lasienski, 2008 however, the longerm fithess effects of catalp growth

have yet to be studied in amphibians. Theifigity that metamorphosis allows amphibians
may play a major role in how tadpoles contend with both compensatory growth and immune
activation by allowing resources to be redistributed in the adult fddicalfe & Monaghan,

2001) The tadpole immune system is known to decline approaching metamorphosis in order
to prepare the body for a new adult immune pattern and prevent autoercomplications

(Rollins-Smithet al, 1997)
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The aim of this experiment was to investigate tfiecées of both compensatory growth and
immune activation, and their possible interag$ipin an amphibiarBased on previous work

by Travis(1984) Capellan & Niciezg2007)and Roth & Kurtz(2008) it was predicted that
these stressors would affect the developmental rate, morphology and locomotiyehthkt
metamorphosed frogs. These phenotypic measures have been shown to contribute to lifelong
fitness(Glennemeier & Denver, 2002; Arendt, 2009; Henhial, 2009) | hypothesised that
tadpoles exposed to a tested diet early in development would show a subsequent
accelerated growth rate to reach the same size as campaismetamorphosasnd that this

rapid growth would be tradeaff against posmetamorphic fitness traits. | also hypothesised
that immuneactivation would stunt the growth of tadpoles and the compensatory growth of
immuneactivated tadpoles would be less complete than those restricted by diet due to
premature development and metamorphosis, as shown in previous work on (Reétt&

Kurtz, 2008) Notably, my study is the first to explore whether the two variables (i.e.
compensatory growtand immune activation) act additively or interactively on the survival

and fitnesgelated traits of tadpoles.

2.2 METHODS

2.2.1 Study animals

Nineteen egg masses were collected from a pond in a residential area of Dunedin, New
Zealand (45.8°S, 170.5°ECIlutches were relocated to a temperatoetrolled animal
husbandry room at the Department of Zoology, University of Otago, where they remained
until the end of the experiment. The room had a constant photoperiod of 14:10 L:D and was
maintained at a teperature of 23°C to maximise the growth potential of tadp@lzee,

1984) Each clutch (containing between 6 and 75 eggs, mean £ 1 SE, 21.5 £ 3.7) was placed

in a separate 20@l container (<cm diameter, 4.8m height,Tekpak Ltd) with conditioned
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water (AquaSafe water conditioner, TetraAqua) and a small amount of weed collected from
the pond to provide refuge. Bubblers were used to gently aerate the water. Eggs were
moni tored daily and t heordedaThe official faichird)elayefi o p m
each clutch was considered as the day on which over half of the tadpoles were free swimming
(Gosner stage 25; Gosner, 1968) subsequent measurements and treatments took place in

reference to this date as day one, so that all clutches were the same age for comparison.

On posthatching day 4, tadpoles were individually housed in B@l0Ocontaines with
conditioned water, which was kept at room temperature at least 12 hours before use. A small
amount of food was provided although the majootytadpoleswere sedentary and not yet
eating. Weight and stage were not measured as tadpoles weredatedet handling. Water

was changed every second day and a small amount of food provided until day 10 when all
tadpoles were active and had begun eating. Tadpoles were then identified by an ID number
etched onto the lid which remained with them when these transferred to clean containers.

Two holes in the lid with approximately dn diameters allowed oxygen transfer into the

containers and prevented condensation obscuring viewing of the tadpoles.

Tadpole containers were arranged randomly within clgtaheery second day after water
changes, preventing visual cues of neighbour size from affecting g{@utherlandet al,
2009) Adjacent clutches and position on shelf (either top or bottom shelf on two different
shelving units) were randomly changed @apmately weekly to prevent any spatial effects.
After feeding, tadpole containers were partially covered with shreddelihéis to allow

lighting differences to simulate refugia.

Once tadpoles reached Gosner stage 42 (forelimb emergence), they werk iplalean
200ml containers with crumpled damp paper and approximateiyn ®f water in the bottom.
This substrate prevented the majority of tadpoles from drowning yet allowed them mobility

in the wet environment. Upon completing metamorphosis (Gosage g6, complete tail +e
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absorption), froglets were rehousedindividually in 500 ml plastic containers (1@m
diameter) with a damp paper substrate and plastic aquarium plants to provide climbing
apparatus. Frogs were then fed three times weekly on wD®sophila melanogaster
juvenile crickets Teleogryllus commodysnd housefliesMusca domestigadepending on

prey availability and the age of the frogs. All frogs were provided with the same amount of
food at each feeding. Containers were cleanetlets removed and fresh substrate added

once a week.

2.2.2 Food preparation and feeding treatment

Fresh lettuce leaves, excluding larger veins, were finely diced and dmgliede being diced
again to prevent clogging the syringes used to distribute Boited lettuce was mixed in a
7:2:1:1 ratio with Tetra goldfish flakes, Tetra spirulina flakes and gelatine which had been
dissolved in boiled water at twice the volume of lettuce. Ingredients were thoroughly mixed

and refrigerated until set. Food wagpared once a week and refrigerated between uses.

From nine clutches, 118 tadpoles successfully hatched (clutches containing from 1 to 63
tadpoles, mean + SE, 13.1 £ 7). From day 10 onwards tadpoles were evenly divided within
clutches between restricted daontrol treatments. Tadpoles were weighed, as described

below, on day 10 and then weekly. The average weight for each treatment within each clutch

was calculated and then used to establish daily feeding amounts (Fig. 2.1). Control tadpoles

were fed theit ont r ol clutchés mean wei ght daily for
example, if the mean weight of control tadpoles in one clutch wasgQ 1@y received 0.06

g of food daily until the next weighing. This amount approximaddibitum feeding as

established by an earlier pilot test. The reasons for providing a finite amount as opposed to

truead libitumfeeding were 1) to allow direct comparisons between the control and restricted
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Figure 2.1. Diagram representing experimental timeline.
Daily food amounts for each feeding treatment within clutches were the mean weight

at the previous weekly weighing. C = contfetl tadpoles; R = foodestricted

tadpoles; o = PB$hjected (i\f); x = PHArnjected (* ). At forelimb emergence 12

metamorphs each from the control and restricted-iPgSted treatments weiélled

for use in another studyQ ). Individual frogs were shifted to live insect feeding
upon completing metampinosis. Arrows Jv) represent swimming tests, diamonds

(‘) represent feeding latency tests and cros$&3 (epresent hopping tests.
Numbers inside squares show the numbersadpdles in each treatment at the

previous weighing.



groups to be made based on known food intake and 2) to prevent degradation of water quality
which occurred rapidly if excess amounts of uneaten food remained in individual containers.

In contrast, resirct ed t adpoles were fed only half of
the first two weeks of the experiment (Fig. 2.1). For example, if the mean weight of restricted
tadpoles in one clutch was 0.96they received 0.08 of food daily until the ext weighing.

After this restriction period was over these tadpoles were then fed the full amount provided to
the control tadpoles in their clutch (Fig. 2.1). In this way, restricted tadpoles were provided
the same amount as what a tadpole of their agddwloe expected to eat under normal
conditions. Food was provided by weighing out the full amount required by the treatment

clutch then evenly dividing it among the tadpole containers via a syringe.

2.2.3 Immune activation treatment

On day 33, tadpoles with each treatment clutch were weighed and alternately assorted by
weight into two injection treatments: a phospHaéered saline (PBS) treatment and a
phytohemagglutinin (PHA) treatment. PHA (L8754, SigAldrich) is a lectin extracted
from red kidney bans,Phaseolus vulgarisivhich induces a -Tymphocyte response and is a

known immune activator in amphibiagGervasi & Foufopoulos, 2008PHA was prepared

at 4mg/ml PBS and was injected at.8% ¢ per gram body weight.

individually anaesthetised by being placed in a water bath containimydfo%s0e L/ L Aqui S
(AquiS New Zealand Ltd, Lower Hutt) in treated water fek@minutes until loss of righting
response. Tadpoles were th@aced on their right side on a moist paper towel on the stage of

a dissecting microscope. Injectioosr angi ng from 5 to 19 €L vol
weight) were administered with a 24 gauge needle and).8yringe subcutaneously near

the tail junction on the left dorsal side. The needle tip was inserted vertically to pierce the
skin then tilted horizontally to be inserted parallel with the tail at a depth which would

prevent the injection fluid spilling out of the wound. Great care was takeroio the major
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tail artery and other large vessels. Tadpoles were then placed in clean treated water with fresh
food and were monitored closely for signs of revival. It is noted that this study had a balanced
two-way factorial design with the diet treatmt®m@nd immune activation treatments, at least,

at the beginning of the study.

2.2.4 Morphometric measurements

Tadpoles were weighed, staged and had morphometric measurements taken weekly from day
10 until the completion of metamorphosis. Tadpoles werdlyigiried on a paper towel

before being placed in a hdifled 200 ml water container which had been tared on a set of
electronic scales. Weight measurements were taken to the nearegy. (88dging was
achieved by placing the tadpoles in a narrow tds filled with treated water and comparing

limb development through an eye glass (4x magnification) against the Gosner staging chart.
Morphometric measurements were taken from digital photographs of tadpoles. Tadpoles were
placed in a small glass chaml@®2 x 22 x 23mm) partially filled with treated water and

were gently pressed against the side with a flat glass insert to allow a lateral view with
minimal parallax error. The camera (Canon Powershot A2000 IS) was placed at uniform
distance from the sulgg under constant lighting conditions throughout the experiment, with
macro focus (0 cm), no flash and automatic exposure. Photographs were only used for
measurement when the subject was in focus, had a straight tail and was perpendicular to the
camera Measurements were taken from the photographs using ImageJ, with the lower edge
of the container as a scale reference and at least a 75% zoom for straight line measurements.
The four measurements taken were body length, tail length, tail muscle heightimdum

tail height, as described by Altig and McDiarm(#l999; Fig. 2.2) In a pilot study, the
validity of the digital photo measurement protocol was assessed by comparitaj digi
measurements with those taken from the anaesthetised tadpole using callipers (see Appendix

2.6.1).
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Figure 2.2  Tadpole measurements.
Morphometric measurements taken from tadpoles, as described by Altig &
McDiarmid (1999) BL = body length; TL = tail length; TMH = tail muscle height;

MTH = maximum tail height.

After metamorphosis only weight and sneent length were recorded. Frogs were placed on

a small hanéheld scale (accurate to 0.g) for weightmeasurement. They were then placed

in a clear plastic zip lock bag and held restrained on the bench top. A finger was ptaced 1
either side of the frog to provide consistent levels of compressionthe plastic bagcross

all frogs. Plastic callipersvere then used to measure the snauit length Frogs were not
handledduring the measuring process but were prompted to jump between the required

vessels using a plastic spoon.

2.2.5 Fitnessrelated behavioural tests

Prior to restriction (day 10), at thend of restriction (day 24) and a day after the injection
treatment (day 34), tadpoles were put through a swimming test. A specialised swim run was
constructed from a thick plastic pipe with a length ohlnd diameter of ém. The upper
portion of the jpe was removed and the ends were sealed to provide a long watertight

enclosure. The run was divided into threecBd trials with 5cm start and finish areas and
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was filled to a depth of 2m with treated water. Individual tadpoles were held at the s&at a

for one minute taadjustbefore the trial began. The tadpole was then prompted by a plastic
spoon to begiswimmingand again whenever movement ceased for more than 5 seconds or
if a tadpole attempted to swim in the wrong direction. A lap timer was toseecord the time

the tadpole spent in each trial area and the number of prompts required was also recorded.

On days 62, 81 and 118, all frogs £ 36, 30 and 24, respectively) were subjected to a
feeding latency test. Plastic plants were removed fitoencontainer and fresh damp paper
towels were added. Frogs had previously been fed at least two days prior to testing. The frog
was prompted to sit facing towards the centre of the container on the substrate. One wingless
Drosophila melanogastexas addedo the middle of the container and the time taken for the

frog to ingest the fly was recorded. If tli@grosophila reached the top of the container
unharmed it was flicked back to the bottom. Winglesssophilawere selected as ideal prey

for this test beaase of their constant movement, inability to escape the containers and small
size which required greater accuracy in th

each frog.

On days 97, 131 and 138 all surviving frogs< 25, 24 and 24 respectiv¢lgompleted a
hopping test. Each frog was placed onra2lpiece of paper and the largest hop as well as the
number of hops achieved in 30was recorded. Initially each frog was placed on an ink pad
soaked in green tracking ink (Gotcha Traps Ltd, Warkwadidr safety validation with..
ewingii,see Frost,2007) Thi s procedure made it possible
be clearly marked. After being placed on the paper, the frog was gently prompted by touching

a pen to the caudal area if spontaneous hopping did nat.otke trial and cumulative
number of each hop was recorded beside each print. Each fradetedithree 30 s trials per

test Each test lasted less than five minutes before the frog was returned to its container to

minimise the stress of testing. Afteesting, the paper was analysed by recording the
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maximum number of hops in each trial and measuring the greatest distance between hops per

trial from the markings made by the frogbés ve

2.2.6 Statistical analysis

TheR 2.9.2 statistical packadR Development Core Team, 2008asused for all statistical
analyses. Survival was analysed using the R package, sufThaneau, 2009)ith a Cox
proportional hazards regression model accounting for censored data and clustered by clutch.
Accounting for clutch identity contributed no qualitative differencehi results so clutch

was excluded from subsequent analyses because of the large variance in clutch size (range: 1
to 63). Specific comparisons made between groups for survival were analysed usirg a bias
reduced generalised linear model (BRGLM) with a birad distribution(Kosmidis, 2007)

Due to the irregular nature of the growth curve throughout metamorphosis, it was not
practical to analyse growth in osttistical model. Instead, each morphometric measurement
was analysed by day when measurements were taken, using a simple linear model (GLM)
with food treatments as the only factor prior to injection (immune activation) treatments, then
injection treatmet and a food:injection treatment interaction were added. Notably, from day
80 onwards the food:injection interaction term was not considered due to unbalanced

mortality among the treatment groups rendering the interaction effect incalculable.

For the analsis of the fitnesselated behavioural tests (swimming, feeding and hopping),
linear mixed effects models (LMM) and generalised linear mixed models (GLMM) with
individual identity as a random effect were used accordifjgckage: Ime4; Bates &
Maechler, 2009)The output variables of trmntinuous data were first multilinearised by a
Box-Cox transform to account for the nraormal skew frequently found in timed data
(package: car; Fox, 20Q9Full models were fitted with a threeay interaction of food,
injection and day (with the quaBbisson error for count data), then the best models were
selected by sequentially eliminating msignificart interaction terms, then least significant
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terms, to lower the AIC value of the model. The food:injection interaction term was not
included for feeding and hopping data due to the unbalanced mortality mentioned above.
Results from the analyses of the gtbwslope and fitnesselated behavioural tests are
reported without degrees of freedom due to the use of Markov chain Monte Carlo simulations
to estimatep-values from the linear mixed effects mod@imckage: languageR; Baayen,

2009; see Bolkeet al, 2009)

To visualise the impacts of the feeding and injection treatments in a more holistic way, the
compkte morphometric dataset (including stage) for fbasthing days 10 to 45 was
analysed by feeding day using maximikelihood factor analysis. This analysis provided

six variables per individual per day and each day was analysed by two factors fof ease o
interpretation. The sample size for each day was considered sufficient for-factao
analysis(Budaev, 2010Q)This factor analysis was conducted to show the relative distinctions
between feeding and immune activation treatments on the shape and development of the
tadpoles as a whole across time. Likewise, a linear dis@irhianalysis was run to test how
these morphological characters combined to provide distinctions between treatment groups
(package: MASS; Venables & Ripley, 200Beeding treatments and immune activation
treatments were analysed separately. All mormpétric data including stage weirecluded

for each individual and the prior probabilities for the groups v@eseeach. Following the

l inear discriminant anal ysi-isnd tnmeet hdgpd ewla sc t E
the individuals based on the coefficients of the analysis and the accuracy of these predictions
was recorded. Both the factor analysisd linear discriminant analysis were conducted

following guidelines from Everitt2005)

To place the éécts of the feeding treatments into a broader context, the results were
compared with published literature of experiments usingwingii All available literature

was searched for information on metamorphic characteristics and was accepted when no
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extraneous stressor®.g. predators, salinityvere placed on the animals and results were
reported with standard errors (SE). Only data for tadpoles raised at the lowest density were
included from Soko(1984) To compare linear growth slopes, the slope from Chinathamby

et al (2006)was digitally calculated using IrgaJ. These data were then analysed in two
sidedt-tests, not assuming homogeneity of variance, in comparison to the corresponding data

from the control and experimental groups of this study.

2.3 RESULTS

2.3.1 Survival analysis

Prior to the injection procene, only six tadpoles died, three from each feeding treatment,
indicating that the restricted feeding ration was not a significant health risk for young
tadpoles. In the three days following the injection treatment, there was a considerable
increase in miality, presumably attributable to the effects of the injection. Mortality was
significantly higher for those injected with PHA (49% mortality vs. 6% fé&cted;
BRGLM: z-value = 2.865p = 0.004; Fig. 2.3) but there was no difference between feeding

treatments (BRGLMz-value =-0.014,p = 0.989).

Survival from completion of metamorphosis to the end of the experiment (136 days post
hatching) was significantly higher for the restricted group than the controls (BRGLAue

= 2.946,p = 0.003). In addion, heavier weight upon completion of metamorphosis
significantly increased the likelihood of survival to the end of the experiment (BRGLM:
value = 2.809p = 0.0018).There was no significant effect of injection treatment on post
metamorphic survival BRGLM: zvalue = 1.538,p = 0.124). There was a significant
interaction between the food and injection treatments (CRRidlue = 3.58p = 0.0003).

Survival was highest for the restricted RBgected tadpoles and lowest for the control PBS
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Figure 2.3  Survival across the entire experiment.
Survival throughout the experiment by treatment group (C = cefetdafadpoles; R =
food-restricted tadpoles; o = PHBfjected; x = PHAInjected). The vertical dashed
line represents theag of the injection proedure. Small verticalars on the Co and

Ro lines indicate tadpoles sacrificed at forelimb emergemsel@ per group).
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injected tadpoles (Fig. 2.3). In contrast, both Ridcted groups showed a similar survival

trend with a steep decline as a resflthe injection.

2.3.2 Pre-metamorphosis: the tadpole stages

Prior to metamorphosis, food restriction had a major impact on growth and development (Fig.
2.4). Control tadpoles were significantly heavier, had longer bodies and larger tail
measurements heeen days 17 and 31 (Fig. 2.4; Tables AR26). After this period, all
control measurements began to decline as a result of their natural advance towards
metamorphosis. Control tadpoles were consistently at a more advanced stage of development
than resicted tadpoles (Fig. 2.4b, Table A2.7). This pattern explains why they were
significantly heavier and longer prior to the peak size and then significantly lighter, smaller
and had greater tail 4@bsorption than restricted tadpoles after this peak hadreaeehed.

This advance in development resulted in a significantly earlier age at forelimb emergence for
control tadpoles (mean days + SE, control: 39.9 6. #estricted: 44.7 + 0.3; GLM;value

= 7.43,df = 70, p < 0.0001). There was a small but sigrant difference in time between
forelimb emergence and completion of metamorphosis between feeding treatments (mean
days + SE, control: 2.84 + 0.1& restricted 2.68 + 0.1; GLM;value =-2.057,df = 40,p =

0.047). Notably, forelimb emergence wasll stonsidered a more practical and reliable

estimate of metamorphosis compared to observing taibserption (Sokol, 1984).

Immune activation had a significant effect only on the restricted tadpoles immediately after
injection. PHAinjected tadpoles wersignificantly lighter than PB#jected tadpoles on day

38 (mean weight (g) = SE, restrict®dBS: 0.418 + 0.018s restrictedPHA: 0.366 + 0.016;
GLM, t-value =-2.461,df = 37,p = 0.019; Fig. 2.4a). Tail growth was also affected with
immune activatedadpoles having smaller maximum tail heights (mean maximum tail height

(mm) + SE, restricte’BS: 7.646 = 0.124s. restrictedPHA: 7.2 + 0.161; GLMt-value =

30



0.5 . S 50 .
1 * % | t_ -
0.4 - * | T 45 I *_*/‘
— = a i c | - =
SN
o 1 9 >
0.1 / ' R (=R /7
- ] . l o - _/_.- I
= [ 2 e |
0.0 H 1 8 25 4= 1
| | | | I | | | | |
10 20 30 40 50 10 20 30 40 50
c) d)
1 25 1 o
14 I * *
3 ¥ = == = & 20+ . % *
E 12 1 S~ & &
< /, = 15 = /0 A
2 10 - " : 5 * |
s e | o 5 10 C— |
z 84 */ | E - ' .\
o £ - - R0 o b
1 = 5 1 -
@ 6 — /“ ) Rx i _
] 0 ]
| | | | I | | | | |
10 20 30 40 50 10 20 30 40 50
e) f)
-~ 47 ! £ 8 ¥
< 3 | * e 6 - L) *
T 2 - 2 \ = 4d* LOF\ ¢
= I _ E I T
o | N @ 1 e
. 0 ] = 0 ]
| | | | I | | | | |
10 20 30 40 50 10 20 30 40 50
Post-hatching day Post-hatching day

Figure 2.4  Pre-metamorphic morphometric measurements.
Mean (x SE) measurements for a) weighk, Gosner development stage, c) body
length, d) tail length, e) tail muscle height and f) maximum tail height by treatment
group (C = contrefed tadpoles; R = foetkestricted tadpoles; o = PBfjected; x =
PHA-injected). Vertical dashed line represetiise of injection procedure. Asterisks
indicate significant differences between feeding treatments k€85, see text and

Tables A2.2A2.7 for details. See Fi@.1 forn.
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- 0.446,df = 37, p = 0.034; Fig. 2.4f). Otherwise, immune activation had mgmicant
effects on controls or other morphometric measurements prior to metamorphosis and the
observed differences in restricted tadpoles had disappeared by the next measuring time

(Tables A2.2A2.7).

Alternatively, the impact of twaveeks of feed restriion on growth and development as a
whole can be better visualised by factor analysis, which included all six measures and two
factors (Fig. 2.5, Table A2.8). This pattern indicates a morphological distinction between
feeding treatments increasing on dbf to a peak on day 24, when food restriction ended.
After this period, the separation of the groups decreases. This evidence is supported by a
linear discriminant analysis (Table 2.1). The discrimination accuracy between control and
restricted tadpoles pk&s at the end of the restriction period then begins to decline. Notably
the discrimination accuracy between PB&d PHAiInjected increases sharply following the

injection then again declines.

Table 2.1 Linear discriminant analysis
Accuracy of the lineardiscrimination analysis between feeding treatments and
between immune activation treatments. Morphological variables of the treatment
groups were analysed by linear discriminant analysis and the resulting parameters
which defined the groups were then ugedpredict which treatment group an

individual belonged to and scored as correct or not.

Day Feeding Immune Activation
10 61.20% 58.47%
17 91.30% 59.13%
24 100% 58.77%
31 93.64% 59.09%
38 85.92% 77.46%
45 95.92% 69.39%
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Factor analysis of premetamorphic morphology.

Plots of two first axes from the maximdikelihood factor analysis of all

morphometric variables for individuals prior to metamorphosis caioded by

treatment group (C = contrééd tadpoles; R = foodestricted tadpes; o = PBS

injected; x = PHAInjected). This analysis provided six variables per individual per

day and each day was analysed by two factors for ease of interpretation. See Fig. 2.1

for nand Table A2.8 for loadings.
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To ascertain that compensatory growiad occurred, the growth rates of all morphometric
measures between day 10 and 31 for controls and days 17 and 38 for restrictedllge

for ease of comparison as 10 to 31) were compared. These periods constituted the most linear
growth for each gnap and the seven day tirs@ift of the restricted data was comparable to

the actual developmental difference as given by time of forelimb emergence. The growth
rates of each group were extracted from a linear mixed model with random effects of the
interacton of food and day over the entire period, accounting for individual identity as a
random factor. The slopes of stage, body length, tail length and tail muscle height were not
significantly different, indicating that for these traits, feed restrictiog dalayed growth but

did not change the growth ratmce food was equally availab{Eig 2.6.; Table A2.9). In
contrast, the slope of weight for the restricted tadpoles was significantly steeper than that of
the controls (slope + SE, control: 0.0146 + @90s.restricted: 0.0166 + 0.0006 restricted,;
LMM, t-value = 2.95p = 0.004; Fig. 2.6a). The slope of maximum tail height growth was
steeper for the controls than restricted tadpoles (slope + SE, control: 0.199 +v8.004

restricted: 0.186 + 0.006; LMM;value =-2.13,p = 0.043; Fig. 2.6f).

The results of the comparisons with other papers (Table 2.2) showed that although both
control and restricted tadpoles showed earlier forelimb emergence than has previously been
published, their weights at forelbremergence and the growth slopes were not significantly
different than what is to be expected frdm ewingii tadpoles raised in a laboratory

environment.
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Figure 2.6  Pre-metamorphic linear growth slopes.
Linear regression slopes for a) weight, b) @asdevelopment stage, c) body length,
d) tail length, e) tail muscle height and f) maximum tail height by feeding treatments
prior to injection. Restricted tadpole data were shifted back by one week for ease of

comparison. Original data measurementsekided as circles. See Fig. 2.1 flor
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Table 2.2 Comparison with published literature

Statistical results of the comparisons of weight at forelimb emergence, larval period

and linear growth slope prior to peak growth between published literatute on

ewingii, and the control and restricted treatment groups. The results are reported from

multiple two-sidedt-tests with unequal variances (note statistically significant results

are in bold).

Treatment Grouf Paper t df p
Weight Control Chinathambyet al(2006)  -0.267 54 0.7903
Restricted 0.331 57 0.7418
Control Squireset al. (2010) -0.106 28 0.9161
Restricted 0.200 31 0.8429
Larval Period Control Sokol (1984) -5.545 39 <0.0001
Restricted -2.043 42 0.0473
Control Chinathamby et al.(2006)  -13.560 54 <0.0001
Restricted -9.647 57 <0.0001
Control Squireset al.(2010) -8.656 28 <0.0001
Restricted -4.515 31 0.0001
Growth Slope Control Chinathambyet al. (2006) -0.044 54 0.9654
Restricted 0.016 57 0.9873

Tadpole swimming speed was significantly affected by feeding treatment (LtMBue =

3.67,p=0.0003; Fig. 2.7a, Table A2.10). Day also had a significant effect (LMMlue =-

26.14,p <0.0001; Fig. 2.7a, Table A2.10). Initially there was little differe between the

groups. However, after two weeks of food restriction the restricted tadpoles were

considerably slower than the controls. Following only 10 days of realimentation both groups

were equally fast. The number of prompts required to get the lesdfm swim 30cm was

affected by a significant interaction between day and feeding treatment (GeMalje =

3.91,p < 0.0001; Fig. 2.7b, Table A2.11). The prompts restricted tadpoles required after the

period of food restriction increased from baselieeels yet were no different than controls

by the final swimming test.
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2.3.3 Postmetamorphosis: the frog stages

After metamorphosis, the frogs from previously restricted tadpolewesha distinct size
advantage over the controls in both weight and swent length (SVL; Fig. 2.8, Tables
A2.2& A2.3). However, the difference in SVL appeared to be decreasing towards the end of
the experiment, with the final measurement showing no feignt difference (mean SVL
(mm) + SE, control: 16.12 + 0.34 restricted: 16.69 + 0.16; GLM,value = 1.236¢f = 21,

p = 0.23; Fig. 2.8c). In contrast, the general trend of PHA injection being detrimental to
weight appeared to be increasing towardsehd of the experiment, with PBgected frogs
weighing significantly more than the PHAjected frogs on the second to last measurement
(mean weight (g) £ SE on day 129, PBS: 0.447 + ONKL.PHA: 0.388 £ 0.016; GLMt-

value =-2.11,df = 21, p = 0.047 Fig. 2.8b). PHAInjection showed a lesser effect on SVL

and was only significant at one measurement (Table A2.3, Fig. 2.8d).

Neither the feeding nor the injection treatments had a significant effect on the hopping ability
of the frogs. Time did have afffect, with the hopping distance decreasing and the number of
hops increasing over successive testing days (distance: LtMMye =-2.304,p = 0.022,

Table A2.12; number: GLMMzvalue = 7.268p < 0.0001, Table A2.13). The feeding
latency of the frogs as significantly affected by their earlier feeding treatment. Previously
restricted tadpoles were significantly faster to capture prey (winglessophilg as frogs

than the controls (feeding latency (s), control: 52.0 #/8.Testricted: 20.7 £ 12.5;MM, t-

value = 3p = 0.003, Table A2.14).
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Figure 2.8  Postmetamorphic morphometric measurements
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2.4 DISCUSSION

The two main findings of this study are that: 1) the feeding treatment caused compensatory
growth in weight, delayed development and resulted in larger frogs with higher survival and
2) the immune activation caused 49% tadpole mortalityvieiig the injection and showed a
trend of decreased size in PHifjected frogs. Compensatory growth and delayed
development are common responses to a restricted feeding tredhiyént& Gotthard,

1998; Metcalfe & Mbnaghan, 2001)However, few studies have observed the restricted
group exceeding the final si zecorfipemgMitriodrsq
et al, 2003) Likewise, increased survival due to restricted feeding is usually only observed
in farmed poulty, as it has been shown to reduce the incidence of aseltged mortalities
(Baghbanzadeh & Decuypere, 2008ompensatory growth was observed only in weight
(Fig. 2.4a). There was a lower growth trajectarymaximum tail height, suggesting that
tadpoles may have tradedf investment in tail growth in order to commit more resources to
weight gain (Fig. 2.4f). Tail height may be expendable in a laboratory situation since it is

usually associated with escagipredatorgKraft et al, 2006)

Restricted feeding caused a significant delay in the development of the tadpoles, as has been
recorded in a number of metamorphosing species as a result of early nutritionaltidepriva

from sea stars and clams to wax moths and damsdlflleson, 1994; Bogus & Szolajska,

1995; De Block & Stoks, 2008a; Yaet al, 2009) Larval fire salamander§alamandra
salamandra which had been mainted on a constant poor diet, took almost 30% longer
than weltfed conspecifics to reach metamorphdgigauseet al, 2011) In a broad context,
estimated larval periods fdar. ewingiitadpoles in natural environments range from less than
one month(Lauck et al, 2009 to up to eight month§Alderton, 1985)and e&en successive

years during wet summe(&ill, 1978). In a similar experimental design, wood froana

temporarig showed compensatory growth but there was no difference in larval period
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(Capellan & Nicieza, 2007YheR. temporaridadpoles were able to fully compensate by the

time of peak size prior to metamorphosis. Either their developmental rate was not hindered
by food restriction oR. temporariaalso showed compensatory development. Growth slope
analysis shows that in the present study, developmental stage increased at the same rate as
controls (Fig. 2.4), suggesting that these tadpoles did not attempt tcemseatg for a

prolonged developmental period.

Since the weight of restricted tadpoles showed compensatory growth but their body length
grew along the same trajectory as controls, it can be assumed that these tadpoles compensated
by investing in fat storesther than skeletal growth. The necessity of weight gain in place of
skeletal growth is not obvious considering that both sexes prefer larger (iHateset al.,

2009) Instead, fat stores may be an investmenhurtderm survival rather than lorgrm
reproductive fitness. The lighter weight, and presumably smaller fat stores, of the controls at
metamorphosis may have reduced their chances of surviving. Their smaller size at
completion of metamorphosis may in pée a result of the shorter larval period of the
controls compared to restricted tadpoles. Analysis of the existing literature showed that mean
larval periods for both feeding treatments were significantly shorter than all of these studies
(Table 2.2). Hwvever, importantly, the linear growth trajectories of tadpoles in both groups

were not significantly different from the existing literature.

One unusual finding in this study was the high mortality rate of the control animals (Fig. 2.2).
Since PHAInjection caused a large number of deaths, further discussion of survival is limited
to PBSinjected tadpoles to obtain a more biologically relevant perspective. The survival rate
up to forelimb emergence (when 24 were sacrificed for a different experiment) wés fo9

the 59 PBSnjected tadpoles. This rate falls within normal expectations of tadpole survival in

laboratory studies which only follow tadpoles to metamorph@ise, 1984: 100% survival,

Sokol, 1984: 45% 84% survival; Chinathambgt al, 2006: 92% survival)
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| was unable to locate studies with which to compare-teng postmetamorphic survival

since all of the published laboratory studies lanewingii tadpoles use completion of
metamorphosis as the exppeental end point. Differential mortality between diet treatments
after metamorphosis indicates that early larval diet had an important impact on later survival.
Of the PBSinjected tadpoles that survived metamorphosis and were not sacrificed, 11 of the
13 previouslyfood-restricted metamorphs survived until the end of the experiment, compared
with only one of the eleven control metamorphs. Analysis of-p@tamorphic survival

showed a significant positive relationship between metamorphic weight andasurvi

In comparison with other studies an ewingii the larval periods of both feeding treatment
groups were significantly shorter. One potential cause of the rapid developmental rate of both
treatments is a pond drying effect, where tadpoles detectcr@asdéng water level and
accelerate development in order to reach metamorphosis before a pond completely dries.
Amphibians are known to be very sensitive to pond drying and can rapidly react by
increasing their development radewman, 1992)In the present experiment, individual
tadpoles were raised in 200ml containers with a 4.8cm water column. Housing in these
relatively shallow containers may have simulated a pond drying effect by exciting the
proximate mechanismef temperature or touepressure cues which are translated into
phenotypic changes in development rédenver, 1995) All individuals were exposetb
identical housing conditions; however, the restricted tadpoles may have been more successful
at avoiding the costs of premature development due to their accelerated weight gain which

increased their probability of pestetamorphic survival.

Compensatgr growth does not come freely, as Metcalfe and Mona@hk@l) outline, but
this cost was not detected by mynéssrelated behaviour tests. The swimming test showed
that following food restriction, tadpoles were much slower than controls and required more

prompts (Fig. 2.7). This finding is likely due to small size, which for the restricted tadpoles
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was still simlar to initial size measurements, since the {pestriction speed and prompt
measures were also similar to those recorded at the start of the experiment. At the time of the
final swim trial, both treatment groups were of a similar size because the ¢adpoles had

begun their reabsorption following peak size and both groups showed a similar swimming
speed. Interestingly, immune activation did not impede swimming ability, despite the high
mortality for PHAInjected tadpoles and the fact that the fisaim test was conducted one

day after the injection was administered. This observation suggests that for the tadpoles
which survived the immune activation, there was little immediate fitness cost or lethargy

related to fighting the immune challenge.

The fogs from previouslyfood-restricted tadpoles were much faster to capture prey than
control frogs. The decreased feeding latency could have resulted from the previously
restricted tadpoles being in better condition as frogs, with heavier weights anddooger

vent lengths than control frogs (Fig. 2.8). In contrast, feeding and immune activation
treatments had little effect on the hopping ability of the frogs. Many studies have failed to
find a significant treatment effect on hopping despite other evidehtteatment effecfd/an

Buskirk & Saxer, 2001; Stampet al, 2008)

Although the mortality rate for PH#jected frogs was relatively high and their growth
seems to be stunted compared to the control gleB&njected), there was no differential
survival between PHAnjected dietary treatments. There was also no effect of immune
activation on time to metamorphosis. Both of these outcomes have been observed in wood
frog tadpolesRana sylvaticusimmune actiated with ranaviru¢Warneet al, 2010) Warne

et al(2010)found that mortality caused by the immune response to ranavirus was greater at
later developmental stages, yet in this study there was no differenceebefeeding

treatments despite the more advanced development of the control tadpoles (Fig. 2.3b).
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Decreased investment in growth following an immune activation during development is a
tradeoff that has been shown in a number of spe@gigewed in Sadd & Schmitlempel,

2009) Restricted tadpoles showed a temporary reduction in weight gain and maximum tail
height growth immediately followm immune activation, indicating that they had fewer
energy reserves to invest in fighting off the challenge and therefore had to reduce their
growth to compensate, unlike the controls which showed no difference in growth following
the challenge (Fig. 2.3)t is unfortunate that due to unbalanced group sizes (because of
unpredictable differential mortality), this interaction was not possible to investigate after
metamorphosis. However, the trend towards smaller sized frogs after larval immune
activation dos suggest there are lotgym effects of immune activation which may affect the

stronger consequences of early dietary restriction.

Contrary to my initial hypotheses, tfi@od-restricted tadpoles in this study actually showed
increased survival and fitnedsaits, except for a prolonged developmental period. In
particular, restricted tadpoles reached a larger size as frogs, which has strong implications for
future reproductive fithes@Hunt et al., 2009)although his result could partially be due to

my experimental setting. Compensatory growth was observed in the weight of restricted
tadpoles, confirming that this species is capable of plastic development in order to overcome
developmental nutritional setbacks.ewingii hasevolved to survive in both permanent and
ephemeral ponds with a wide variety of habitat characteristics, including pond productivity
(Lauck et al, 2005) Therefore, it is likely that variable levels of availabletrition are
experienced by tadpoles in the wild. In a natural environment srhalvingiitadpoles are

more likely to be predated by dragonfly larvae; therefore the benefits of compensatory
growth are obvious: grow fast or risk being egteichards & Bull, 1990)On the whole, the
results of this experiment provide additional support for the prevalence of compensatory

growth across the animal kingdom and, in particular, emphasise the vast capacity for
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phenotypic plasticity exhibited by amphibians in response to their developmental

environment.
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2.6 APPENDIX

2.6.1 Photo Validation

Tadpole morphologys sensitive to a number of environmental factors. Tadpoles showed an
interaction effect between temperature and predator cues on morphology, with predator cues
resulting in increased tail size and musculature only in cold watrchon & Warkentin,

2011) In nature, the overall shape of tadpoles from a number of species has been shown to
vary depending on habitat characteristics such as pond permanence, canopy cover and
conspecific densityVan Buskirk, 2009) To make accurate comparisons of morphological
differences between the treatment groups in this experiment, it was first necessary to verify
that the morphological information was correct. | validated the use of digitally measured
photographs in an earlier pilot test, which also allowed me to teseffluacy of the

anaesthetic and the ability of the tadpoles to recover from anaesthesia.

Fifteen tadpoles were initially photographed using the protocol described in Chapter II.
However, in this instance three photographs were taken instead of one. Rgltbvgi the
tadpoles were placed in 0L / L -SAuptd spontaneous movement ceased. Each tadpole
was placed laterally on a moist paper towel on the platform of a dissecting microscope and
callipers were used to measure the four morphological measuseaienterest (body length,

tail length, tail muscle height and maximum tail depth). Measurements of each feature were
taken three times for each tadpole. Tadpoles were doused with water between each series of
measurements and were not out of water fogdéorthan three minutes. After measurement,

the tadpoles were returned to their containers. All tadpoles recovered from anaesthesia within
15 minutes and showed no adverse effects of the measuring procedure within the next few

days.
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To analyse whether théhptographic measurements were accurate, the R statistical program
(R Development Core Team, 2008as used to measure the repeatability of each method for
each morphological measuremé¢8thielzeth & Nakagawa, 2008)he results are presented
below (Table A2.1). Linear mixedffect models were also run for each morphological
featurewith tadpole identity as a random factor. There was no detectable difference between
measurement techniques for body length (mean = SE, calliper = 10.94 + 0.63, photo = 10.93
+ 0.63;t =-0.12,df = 72,p = 0.905). However, both tail length and tail meshkkight were
recorded as being larger when measured by photograph (tail length: mean + SE, calliper =
17.88 £ 1.27, photo = 18.23 + 1.2% 3.59,df = 72,p = 0.0006; tail muscle height: mean +

SE, calliper = 2.37 £ 0.17, photo = 2.45 + 0.1%;2.74,df = 72,p=0.0078). In contrast, the
measurements of maximum tail height were higher when taken from callipers (mean + SE,

calliper = 6.44 £ 0.33, photo = 6.33 + 0.3%;-2.39,df = 72,p=0.019).

Table A2.1 Repeatability of photo measurements
Edimates and measure$variation for repeatabilityR) of the measurement type for

each morphological feature. (SE: standard error, 95% CI: 95% confidence interval)

Photographic measuremer Direct measurement
Morphological feature R SE 95% CI R SE 95% CI
Body length 0.997 0.002 (0.991,0.999) 0.995 0.004 (0.984,0.998)
Tail length 0999 O (0.998,1) 0.998 0.002 (0.993,0.999)
Tail muscle height 0.984 0.01 (0.958, 0.993) 0.973 0.021 (0.915,0.989)
Maximum tail height 0.991 0.006 (0.981, 0.998) 0.98 0.012 (0.952,0.993)
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Overall, these results indicate that there are consistent differences between the two
measurement techniques. From the higher repeatability of the photographic techniques, it is
likely that the differenes stem from technical difficulties arising from measuring a tadpole

by hand. This is consistent with the evidence that tail length and tail muscle height are higher
when photographed, while maximum tail height is lower. Both tail length and tail muscle
height require measurements to start at the tail base which is at least partially obstructed by
the body when measuring with callipers. This means part of the length would have been
missing from these calliper measurements, giving smaller results. Maxiaiuimeight is

more likely to be overestimated when measured by hand because of the difficulty in
distinguishing where the edges of the transparent fin lie and the care required to prevent

damaging the fragile tissue.

Overall, this validation provides cod&nce in the photographic measuring technique as
being not only more consistent, but also more accurate than the traditional calliper technique
(Altig & McDiarmid, 1999) Of course, the greatest advantage of the photogragttinique

is that it is relatively quick, nemvasive and much less stressful to the tadpole. Photographic
measurement is unlikely to cause confounding effects on the experiment and allows for
multiple measurements of numerous subjects throughout gewefd. An additional
advantage is that it also provides concrete and lasting evidence of the tadpoles which may be

of some use to future research.
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Table A2.2  Weight statistics

Stdistical table of the results of multiple linear models (GLMs) conducted separately for each
day of measurement, both pand postimetamorphosis, for the weights (g) of tadpoles/frogs

in the control or restricted feeding treatments and injected with imvacteator (PHA) or

control injected (PBS). See statistical details in methods for rationale of use of interaction
ter ms. AfoodRO refers to the restricted t
treatment and Ainj ect adpolesie domparssontwith PBSeoadn e a ¢

tadpoles, with AfoodR:injectxo indicating e

Day Term Estimate SE t-value df p-value
Intercept 0.0290 0.0008 36.677 116 <0.0001

10 foodR 0.0002 0.0011 0.182 116 0.856
17 Intercept 0.0629 0.0014 45910 113 <0.0001
foodR -0.0195 0.0019 -10.180 113 <0.0001

24 Intercept 0.1482 0.0028 53.400 112 <0.0001
foodR -0.0770 0.0039 -19.960 112 <0.0001

31 Intercept 0.3440 0.0067 51.530 108 <0.0001
foodR -0.1293 0.0095 -13.640 108 <0.0001
Intercept 0.3182 0.0169 18.817 68 <0.0001

38 foodR 0.0993 0.0234 4.243 68 <0.0001
injectx -0.0109 0.0293 -0.372 68 0.711
foodR:injectx -0.0406 0.0392 -1.035 68 0.305
Intercept 0.1820 0.0280 6.495 45 <0.0001

45 foodR 0.1786 0.0350 5.109 45 <0.0001
injectx 0.0070 0.0396 0.177 45 0.861
foodR:injectx -0.0394 0.0522 -0.755 45 0.454
Intercept 0.1663 0.0099 16.722 35 <0.0001

52 foodR 0.0604 0.0128 4.707 35 <0.0001
injectx -0.0063 0.0133 -0.469 35 0.642
foodR:injectx -0.0149 0.0182 -0.816 35 0.420
Intercept 0.1564 0.0101 15.523 35 <0.0001

59 foodR 0.0779 0.0130 5.996 35 <0.0001

injectx 0.0028 0.0135 0.204 35 0.840
foodR:injectx -0.0269 0.0184 -1.460 35 0.153
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Table A2.2 (continued)
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Day Term Estimate SE t-value df p-value

Intercept 0.1500 0.0131 11.451 31 <0.0001

66 foodR 0.0958 0.0160 5.974 31 <0.0001
injectx 0.0150 0.0173 0.866 31 0.393
foodR:injectx -0.0464 0.0224 -2.074 31 0.047

Intercept 0.1640 0.0150 10.942 29 <0.0001

73 foodR 0.0927 0.0178 5.194 29 <0.0001
injectx 0.0160 0.0191 0.837 29 0.409
foodR:injectx -0.0389 0.0245 -1.590 29 0.123

Intercept 0.1838 0.0163 11.310 26 <0.0001
80 foodR 0.0522 0.0153 3.406 26 0.002
injectx -0.0063 0.0142 -0.446 26 0.659

Intercept 0.2149 0.0176 12.226 22 <0.0001
87 foodR 0.0280 0.0164 1.705 22 0.102
injectx -0.0179 0.0140 -1.278 22 0.215

Intercept 0.2275 0.0173 13.176 22 <0.0001
94 foodR 0.0569 0.0161 3.527 22 0.002
injectx -0.0290 0.0138 -2.106 22 0.047

Intercept 0.2440 0.0230 10.602 22 <0.0001
101 foodR 0.0657 0.0215 3.056 22 0.006
injectx -0.0148 0.0184 -0.806 22 0.429

Intercept 0.2533 0.0227 11.148 22 <0.0001
108 foodR 0.0614 0.0212 2.896 22 0.008
injectx -0.0100 0.0181 -0.550 22 0.588

Intercept 0.2755 0.0228 12.087 21 <0.0001
115 foodR 0.0676 0.0212 3.194 21 0.004
injectx -0.0166 0.0183 -0.907 21 0.375

Intercept 0.3267 0.0211 15.481 21 <0.0001
122 foodR 0.0709 0.0196 3.616 21 0.002
injectx -0.0180 0.0170 -1.063 21 0.300

Intercept 0.4098 0.0270 15.194 21 <0.0001
129 foodR 0.0402 0.0250 1.606 21 0.123
injectx -0.0458 0.0217 -2.110 21 0.047

Intercept 0.4325 0.0306 14.150 21 <0.0001
136 foodR 0.0709 0.0284 2.497 21 0.021
injectx -0.0430 0.0246 -1.751 21 0.095




Table A23 Body length statistics

Stdtistical table of the results of multiple linear models {&) conducted separately for each

day of measurement, both pend postmetamorphosis, for the body length (or SVL; mm) of

tadpoles/frogs in the control or restricted feeding treatments and injected with immune

activator (PHA) or control injected (PBS)eé& statistical details in methods for rationale of

use of i nteraction terms. AfoodRO refers t
control feeding treatment and fAinjectxo re
with PBSinjectedtadpp e s, wi th AfoodR:injectxo indicat

Day Term Estimate SE t-value df p-value

10 Intercept 5.4966 0.0660 83.290 116 <0.0001

foodR 0.0251 0.0926 0.271 116 0.787

17 Intercept 7.1446 0.0565 126.440 113 <0.0001

foodR -0.7989 0.0789 -10.130 113 <0.0001

24 Intercept 9.4509 0.0787 120.030 112 <0.0001

foodR -1.9713 0.1095 -18.010 112  <0.0001

31 Intercept 12.3655 0.1284 96.334 108 <0.0001

foodR -1.6909 0.1815 -9.315 108 <0.0001

Intercept  12.6773 0.1974 64.180 68 <0.0001

38 foodR 0.1769 0.2735 0.647 68 0.520

injectx 0.0955 0.3421 0.279 68 0.781

foodR:injectx -0.2430 0.4583 -0.530 68 0.598

Intercept  11.5700 0.3048 37.961 45 <0.0001

45 foodR 1.6578 0.3801 4.361 45 <0.0001

injectx 0.3600 0.4310 0.835 45 0.408

foodR:injectx -0.7241 0.5673 -1.276 45 0.208

Intercept  12.2250 0.2534 48.244 35 <0.0001

52 foodR 1.0917 0.3271 3.337 35 0.002

injectx 0.1250 0.3400 0.368 35 0.71533

foodR:injectx -0.2861 0.4642 -0.616 35 0.542

Intercept  12.2000 0.2428 50.249 35 <0.0001

59 foodR 1.9000 0.3134 6.062 35 <0.0001

injectx 0.4500 0.3257 1.381 35 0.176

foodR:injectx -0.7833 0.4447 -1.761 35 0.087
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Table A2.3 (continued)
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Day Term Estimate SE t-value df p-value

Intercept  12.3333 0.2968 41.555 31 <0.0001

66 foodR 1.8333 0.3635 5.044 31 <0.0001
injectx 0.4792 0.3926 1.220 31 0.232
foodR:injectx -0.5681 -1.1210 -1.121 31 0.271

Intercept  12.6800 0.3542 35.802 29 <0.0001

73 foodR 1.3867 0.4216 3.289 29  <0.0001
injectx 0.1575 0.4515 0.349 29 0.728
foodR:injectx -0.0992 0.5784 -0.171 29 0.865

Intercept  13.1839 0.3179 41.469 26  <0.0001
80 foodR 0.9771 0.2999 3.258 26 0.003
injectx -0.2650 0.2777 -0.955 26 0.349

Intercept  14.1638 0.3201 44.249 22  <0.0001
87 foodR 0.3476 0.2988 1.163 22 0.257
injectx -0.8165 0.2554 -3.196 22 0.004

Intercept  14.2596 0.4389 32492 22 <0.0001
94 foodR 0.7604 0.4097 1.856 22 0.077
injectx -0.5115 0.3502 -1.461 22 0.158

Intercept  14.2037 0.4364 32.545 22 <0.0001
101 foodR 0.8127 0.4074 1.995 22 0.059
injectx -0.1444 0.3483 -0.415 22 0.682

Intercept  14.0785 0.3660 38.470 22  <0.0001
108 foodR 0.9983 0.3416 2.922 22 0.008
injectx -0.2942 0.2921 -0.415 22 0.325

Intercept  14.6304 0.4297 34.050 21 <0.0001
115 foodR 0.9304 0.3990 2.332 21 0.030
injectx -0.2565 0.3455 -0.742 21 0.466

Intercept  15.6138 0.5172 30.189 21  <0.0001
122 foodR 0.5304 0.4803 1.104 21 0.282
injectx -0.7565 0.4159 -1.819 21 0.083

Intercept  15.8828 0.4037 39.341 21  <0.0001
129 foodR 0.9370 0.3749 2.499 21 0.021
injectx -0.2793 0.3247 -0.860 21 0.399

Intercept  16.3522 0.3939 41514 21  <0.0001
136 foodR 0.4522 0.3658 1.236 21 0.230
injectx -0.2826 -0.8920 -0.892 21 0.382




Table A2.4  Tail length statistics

Stdistical table of the results of multiple linear models (GLMs) conducted separately for each

day of measurement, up to complete taiibsorption on completion of metamorphosis, for

the tail length (mm) of tadpoles in the control or restricted feeding treatments and injected
with immunea ct i vat or

treatment in comparison

(PHA)

or contr od theiresfricked t e d

activated tadpoles in comparison withPB$1 j ect e d

an interaction term.

wi t h

tadpol es,

t

he contr ol

Day Term Estimate SE t-value df p-value
10 Intercept 7.8035 0.1044 74730 116 <0.0001
foodR 0.0349 0.1464 0.238 116 0.812

17 Intercept  10.4643 0.1216 86.061 113 <0.0001
foodR -1.2592 0.1698 -7.418 113 <0.0001

o Intercept 15.5309 0.1648 94.250 112 <0.0001
foodR -4.5801 0.2291 -20000 112 <0.0001

31 Intercept  21.2582 0.2605 81.611 108 <0.0001
foodR -3.6818 0.3684 -9.995 108 <0.0001
Intercept  18.3180 1.0360 17.678 68  <0.0001

38 foodR 3.7650 1.4350 2.625 68 0.011
injectx 1.7090 1.7950 0.952 68 0.344
foodR:injectx -1.9920 2.4040 -0.829 68 0.410
Intercept 2.5300 2.8536 0.887 45 0.380

45 foodR 13.4311 3.5591 3.774 45 0.0005
injectx -0.2200 4.0356 -0.055 45 0.957
foodR:injectx -0.3593 5.3116 -0.068 45 0.946

wi t h
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Table A25  Tail muscle height statistics

Stdistical table othe results of multiple linear models (GLMs) conducted separately for each

day of measurement, up to complete taiibsorption on completion of metamorphosis, for

the tail muscle height (mm) of tadpoles in the control or restricted feeding treatménts an

injected with immunea ct i vator ( PHA) or contr ol i nject e
restricted treatment in comparison with the ¢
immune activated tadpoles in comparison with FBBj ect ed thdpOoReBnN| evc tt

indicating an interaction term.

Day Term Estimate SE t-value df p-value
10 Intercept 0.9707 0.0121 80.176 116 <0.0001
foodR -0.0007 0.0170 -0.041 116 0.968

17 Intercept 1.2964 0.0161 80.365 113 <0.0001
foodR -0.1456 0.0225 -6.464 113 <0.0001

o Intercept 1.9636 0.0144 136.030 112 <0.0001
foodR -0.5484 0.0201 -27.330 112 <0.0001

31 Intercept 2.6673 0.0319 83.590 108 <0.0001
foodR -0.5036 0.0451 -11.160 108 <0.0001
Intercept 2.5909 0.0616 42.032 68  <0.0001

38 foodR 0.2633 0.0853 3.085 68 0.003
injectx 0.0182 0.1068 0.170 68 0.865
foodR:injectx -0.1190 0.1430 -0.832 68 0.408
Intercept 0.3000 0.2591 1.158 45 0.253

45 foodR 2.1222 0.3232 6.567 45  <0.0001

injectx -0.0300 0.3665 -0.082 45 0.935
foodR:injectx -0.0195 0.4823 -0.040 45 0.968
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Table A2.6 Maximum tail height statistics
Stdistical table of the results of multiple linear models (GLMs) conducted separately for each
day of measurement, up to complete taiibsorption on completion of metamorphosis, for

the maxmum tail height (mm) of tadpoles in the control or restricted feeding treatments and

injected with immuneact i vator ( PHA) or contr ol i njec
restricted treatment i n comparisonreferstoh t h
immune activated tadpoles in comparison with fFBB8j ect ed tadpol es, Wi

indicating an interaction term.

Day Term Estimate SE t-value df p-value
10 Intercept 3.1845 0.0523 60.950 116 <0.0001
foodR 0.1655 0.0733 2.259 116 0.026

17 Intercept 4.2089 0.0422 99.664 113 <0.0001
foodR -0.4479 0.0590 -7.597 113 <0.0001

o Intercept 5.6218 0.0514 109.370 112 <0.0001
foodR -1.2930 0.0715 -18.100 112 <0.0001

31 Intercept 7.3600 0.0719 102.380 108 <0.0001
foodR -1.0691 0.1017 -10520 108 <0.0001
Intercept 5.8455 0.2993 19.532 68  <0.0001

38 foodR 1.8004 0.4143 4.345 68  <0.0001
injectx 0.3273 0.5184 0.631 68 0.530
foodR:injectx -0.7731 0.6944 -1.113 68 0.269
Intercept 0.8300 0.8405 0.988 45 0.329

45 foodR 42311 1.0482 4.0% 45 0.0002

injectx -0.0700 1.1886 -0.059 45 0.953
foodR:injectx 0.0816 1.5644 0.052 45 0.959
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Table A2.7

Developmental stage statistics

Stdistical table of the results of multiple linear models (GLMs) conducted separately for each

day of measurenm¢, premetamorphosis, for the Gosner development st@gsner, 1960)

of tadpoles in the control or restricted feeding treatments and injected with iractivesto

(PHA) or control injected (PBS). Note that stage was measured between stage 25 and stage

46,

wi t h

comp

t he

|l eti on

contr

of

ol f

met amor phosi s.

eedi

ifoodRO r ef

ng treat memtpoleaimd WfAi nj €

comparisonwithPB$ nj ect ed tadpoles, with AfoodR:injec

Day Term Estimate SE t-value df p-value
10 Intercept 25.4800 0.0875 291.359 116 <0.0001
foodR 0.0005 0.1227 0.005 116 0.996

17 Intercept  28.4107 0.1267 224.230 113 <0.0001
foodR -1.8005 0.1769 -10.180 113 <0.0001

24 Intercept  33.9636 0.1354 250.860 112 <0.0001
foodR -3.9806 0.1882 -21.150 112 <0.0001

31 Intercept  39.1636 0.1748 224.070 108 <0.0001
foodR -3.9273 0.2472 -15.890 108 <0.0001
Intercept 41.9545 0.2233 187.911 68  <0.0001

38 foodR -1.4962 0.3091 -4.841 68  <0.0001
injectx -0.4091 0.3867 -1.058 68 0.294
foodR:injectx 0.2174 0.5180 0.420 68 0.676
Intercept  45.5000 0.5199 87.512 45  <0.0001

45 foodR -3.0000 0.6485 -4.626 45  <0.0001
injectx -0.2000 0.7353 -0.272 45 0.787
foodR:injectx 0.0636 0.9678 0.066 45 0.948
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Table A2.8  Factor analysis loadings
Factor loadings from twactor analysis of the six morphological variables for each-lpatsthing day of the praetamorphigeriod. Each day
includes the uniqueness and the loadings for factors 1 and 2 of each variable, as well as the sum of square loadoEt{&%)| ypariance

(PV) and cumulative variance (CV) for each factor.iBhody length, TL tail length, TMHi tail muscle height, MTH maximum tail height.

Day Weight BL Stage TL TMH MTH SS PV CV
Uniqueness 0.765 0.436 0.805 0.603 0.534 0.609
10 Factorl 0.423 0.652 0438 0.375 0.641 0.116 1.36 0.226 0.227
Factor2 0.237 0.373 <0.001 0.506 0.236 0.614 0.888 0.148 0.375
Uniqueness 0.129 0.178 0.41 0.379 0.578 0.401
17 Factorl 0.868 0.773 0.348 0.657 0.269 0.452 2.179 0.363 0.363
Factor2 0.342 0474 0.685 0436 0592 0.629 1.746 0.291 0.654
Uniqueness 0.07 0.093 0.193 0.134 0.005 0.147
24 Factor 1 0.8 0.782 0.614 0.7 0.539 0.727 2938 0.49 0.49
Factor2 0539 0544 0.656 0.613 0.839 0.569 2.421 0.404 0.893
Uniqueness 0.017 0.168 0.247 0.201 0.183 0.241
31 Factorl 0.822 0.743 0.538 0.537 0432 0.744 2547 0.424 0.424
Factor2 0681 0553 0453 0529 0.715 0.794 2.396 0.399 0.824
Uniqueness 0.17 0.353 0.186 0.168 0.273 0.021
38 Factorl 0541 0.177 -0.878 0.809 053 0.849 2.752 0.459 0.459
Factor2 0.733 0.785 -0.206 0.421 0.668 0.508 2.076 0.346 0.805
Uniqueness 0.083 0.005 0.025 0.029 0.095 0.009
45 Factorl 0.775 0.432 -0.898 0.878 0.823 0.887 3.83 0.638 0.638
Factor2 0563 0.899 -0.412 0446 0477 0451 1925 0.321 0.959




Table A2.9  Growth slopes statistics

Statistical output from separate linear mixaddel (LMM) analyses of the growth slopes of

the feeding treatments during the linear growth phase with individual identity as a random
factor. Results are reported from the interaction between feeding treatments and day for each
morphological variable wh the p-value estimated from MCMC simulation, including the
lower and upper bounds of the 95% highest posterior density (95% HPD) as a credible
interval. BLT body length, TL tail length, TMHi tail muscle height, MTH maximum tail

height.

Trait Estimate SE t-value 95% HPD lower 95% HPD upper pMCMC

Weight 0.0020 0.0007 2.95 0.0007 0.0033 0.004
BL -0.0075 0.0089 -0.84 -0.0259 0.0113 0.483
Stage -0.0053 0.0147 -0.36 -0.0337 0.0231 0.715
TL -0.0127 0.0193 -0.66 -0.0495 0.0299 0.557
TMH  -0.0013 0.0025 -0.53 -0.0061 0.0035 0.601
MTH -0.0129 0.0061 -2.13 -0.0252 -0.0005 0.043
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Table A2.10 Swimming speed statistics

Stdistical table of the results of a linear mixed effect model (LMM) for the time taken (s) to
swim 30cm for three trials per tadpole mpéay on three days throughout development, with
individual identity as a random factor. Results were -Bax transformed and the results

shown are the optimal model according to the AIC values obtainedgeljyentially
eliminating nonsignificant interactn terms then least significant terms to lower the AIC

value of the modelSee statistical analysis details in methods for reasoning why degrees of
freedom are unable to be presented. Anf oodR
withthecontrb f eedi ng treatment and fAdayo refers

order.

Term  Estimate SE t-value p-value
Intercept 3.0314 0.0313 96.86 <0.0001
foodR 0.1170 0.0319 3.67 0.0003

day -0.2991 0.0114 -26.14 <0.0001
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Table A2.11 Swimming prompts statistics

Stdistical table of the results of a generalised linear mixed effect model (GLMM) for the
number of prompts required for tadpoles to swintB0for three trials per tadpole per day on

three days throughout development, with individuahtdg as a random factor. Results were

analysed with a quastoisson distribution and the results shown are the optimal model
according to the AIC values obtained $squentially eliminating nesignificant interaction

terms then least significant termsltover the AIC value of the model A f oodRO r ef er s
restricted treatment i n comparison with the

three testing days in chronological order and

Term Estimate SE z-value p-value
Intercept 2.2824 0.0680 33.58 <0.0001
foodR -0.0325 0.0914 -0.36 0.722
day -0.4774 0.0322 -14.82 <0.0001
foodR:day 0.1631 0.0417 3.91 <0.0001
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Table A2.12 Hopping distance statistics

Stdtistical table of the results of a linear mikeffect model (LMM) for the longest hop (mm)

in 30 seconds for three trials per frog per day on three days throughout development, with
individual identity as a random factor. Results were -Bax transformed and the results
shown are the optimal model aacding to the AIC values obtained ksequentially
eliminating nonsignificant interaction terms then least significant terms to lower the AIC
value of the modelSee statistical details in methods for reasoning why degrees of freedom
are unable to be presn t e d . AfoodRO refers to the restr
control feeding treat ment, Ainjectxo refer.
PBSi njected tadpoles and Adayo refers to th

colon indicates the interaction between two terms.

Term Estimate SE t-value p-value

Intercept 131.665 20.264 6.50 <0.0001
foodR 24.760 18.903 1.31 0.192
injectx ~ -27.309 16.190 -1.69  0.093
day -15916 6.907 -2.30 0.022
foodR:day -8.928 6.420 -1.39 0.166
injectx:day 8.666  5.548 1.56 0.120
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Table A2.13 Number of hops statistics

Stdistical table of the results of a generalised linear mixed effect model (GLMM) for the
number of hops achieved in 3@conddor three trials per tadpole per day on thosgs
throughout development, with individual identity as a random factor. Results were analysed
with a quasiPoisson distribution and the results shown are the optimal model according to
the AIC values obtained bgequentially eliminating nesignificantinteraction terms then

least significant terms to lower the AIC value of the modeliday o refers to

days in chronological order.

Term  Estimate SE z-value p-value
Intercept 1.7766 0.0645 27.527 <0.0001
day 0.2021 0.0278 7.268 <0.0001
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Table A2.14 Feeding latency statistics

Stdistical table of the results of a linear mixed effect model (LMM) for the time taken (s) to
catch and consume a single wingl&®sophila melanogastefior three trials per frog per

day on three days throughodevelopment, with individual identity as a random factor.
Results were BoxCox transformed and the results shown are the optimal model according to
the AIC values obtained bgequentially eliminating nesignificant interaction terms then
least significanterms to lower the AIC value of the mod&lee statistical details in methods
for reasoning why degrees of freedom are

restricted treatment in comparison with the control feeding treatment.

Term  Estimate SE t-value p-value
Intercept 0.9815 0.0010 989.00 <0.0001
foodR 0.0037 0.0012 3.00 0.003
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Chapter lll: Effect of compensatory growth on wholebody corticosterone
levels of tadpoles.

ABSTRACT

The stress response is necessary for the survival of apim#hough its effects can be
detrimental in the case of chronic streSerticosterone is a stress hormone most abundant in
birds, reptiles and amphibiarsnd acts to aid the bodyods
response by dowregulating the immune stgm and reproductive functiorDietary
restriction has been shown to cause a stress responggious taxa, as measured by
analysing glucocorticoid levels$ aimed to investigate the effects of early dietary restriction,
and subsequent compensatory gigwdn the wholédody corticosterone levels dfitoria
ewingi tadpoles Tadpoles were sacrificed at forelimb emergence and corticosterone levels
were analysed by a singstibody radioimmunoassay (RIA). No differences in baseline
corticosterone levels werdetected between groypgswever, a number of impediments in

the RIA procedure mean that this result is inconclusive. It remains unknown if there are any

long-term consequences of early dietary restriction or compensatory growth on tadpole stress

hormone.
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3.1 INTRODUCTION

A stress response involves two phases: the immediate release of catecholamines (eg.
adrenalineand or adr enal i n)ghtordi gshttiomurleastpeo nas eifand t he
glucocorticoids (eg. cortisol and corticosteroneaitb in recoveryRomero& Butler, 2007)

A stress response can also be classified as acute or chronic stress. Acute stress is a necessary
survival function wheran animal isconfronted with immediate danger, such as predators,
storms or rivals challenging for dominan¢Romero, 2004) Glucocorticoids divert all

possible resources to immediagervival at the cost of less immediate needs, such as
digestion, immune function and reproducti@reel, 2001) While this process is veryseful

in an emergency situation, heightened glucocorticoid levels for long periods, i.e. chronic
stress, can have severely detrimental effects on bodily functions. @8%&) included

diseases such as heart disease, diabetes, stomach ulcers and kidney failure as consequences of

the exhaustion phase when he first defined stress as the general adaptation syndrome.

Long-term exposure to glucocarbids can also result in less sensitivity to a repeated stressor
because the animal becomes acclimated to the stréRemnero, 2004) For example,
European starlingsSturnus vulgaris exposed to repeated loud noises, restraint and cage
rolling, showed strongly suppressed baseline and resinginted corticosterone levels after

12 days(Cyr et al, 2007) Suppression of corticosterone after prolonged stress allowed the
birds to maintain a normal immune response to-eell mitogen. In contrast, juvdai
alligators implanted with higkdose corticosteroneeleasing implants showed a depletion of
lymphoid cells, decreased percentages of lymphocytes, eosinophils and basophils, and 40%
mortality within four weekgMorici et al, 1997) Acclimating to chronic stress can also
cause animals to become more sensitive to new stressors. Consistently high glucocorticoid
levels damage the hippocanhpzells, limiting the ability to dowsregulate glucocorticoid

expression after a novel stresgBtack & Garbutt, 2002) With longterm stress, immune
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functioning can become dysregulated to a degree, which has negative health implications
(Padgett & Glaser, 2003Mice, Mus musculusstressed by restraint showed greatly elevated
corticosterone | evels and, following infec
(TMEV), were fve times more likely to succumb to this disease than unstressed infected
mice (Young et al, 2008) Likewise, reproduction is sacrificed during chronic stress, with
female meerkatsSuricata suricattg showing increased glucocorticoid levels, reduced
concepion rates and increased abortion rates wétesssedy dominant female aggression
(Young et al, 2006) Minimising stress is therefore very important for an animal to live a

healthy and fecund life, thereby maximising fitness.

There are a number of potential letegm stressors, which can cause chronic stress in
animals, such as injury, intense predation, habitat loss anedamgsubordinancéRomero,

2004) The stress response places an addition
glucocorticoids convert protein to glycogen (in preparation for conversion to gjuaonde

reduce glucose raptake in target tissues, causing an overall increase in blood glucose levels
(Romero & Butler, 2007) Severe nutritional restriction limits energy intake and further
depl etes an ani mal 6s energy reserves ,by al
Rissasp, on various restricted diets maintained baseline levels of corticosterone two to four
times higher than chicks on the most nutritious ¢kétaysky et al, 1999) Diet-restriction

can also have contrasting effects to other stressors. Mice were exposed to two regimes which
resulted in similar weight loss: 60% dietary restriction and separation from conspecifics
(Avrahamet al, 2002) Dietary restriction caused a large increase in baseline glucocorticoid
levels, wlereasseparation almost halved the baseliglucocorticoid levels compared to

controls.

In amphibians, corticosterone is especially important during the tadpole phase. As the tadpole

approaches metamorphosis, the corticosterone levels become elevated and act in concert with
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thyroid hormones to proote metamorphosig§Wada, 208). This peak in corticosterone
levels is believed to serve the purpose of inhibiting the larval immune system as adult tissues
are differentiating, in order to make way for a new adult immune sy&Raftins-Smith et

al.,, 1997) A number of stressors have been shown to cause significantly elevated
corticosterone levels in amphibians: restraint stri@sden et al, 2005) intra-specific
competition(Coopermaret al, 2004) pond drying(Denver, 1995)novel diet(LedonRettig

et al, 2009)and chorusing in malg8urmeister & Wilczynski, 2000)Exposure to tadpole

alarm pheromone actually decreasmiticosterone levels in a timend doselependent
manner, which functioned to activate aptr e dat ory #Afr eezi ngRanabehavi o
clamitans tadpoles(Frakeret al, 2009) Species also has an effect on the typical stress
response, with spadefoot toa@gaphiopus holbrookfailing to stow the usual increase in
corticosterone with handling, unlike wood frod®, sylvatica and Jefferson salamanders,
Ambystoma jeffersonianun{Belden et al, 2010) The consequences of elevated
corticosterone levels, as demonstrated by application of exogenous corticosterone to
American leopard frog tadpoleR. pipiens are growth suppression, delayed development
and a weaker sponse toadrenocorticotropichormone(Glennemeier & Denver, 2002b)
These effects arlikely to have negative effects on future fitness, reducing the likelihood of
breeding and increasing the chance of failing to respond to an immediate lethal §ttessor

et al, 2009)

The aim of this experinmé was to compare the corticosterone levels of two groups of
tadpoles, a control group and a group that had experienced dietary restriction early in
development, as they reached the peak of metamorphosis. The effects of this treatment on
morphology, develoment and fitneseelated behaviours have been described in Chapter Il. |
wished to observe whether this perioddadtary restrictiornad had longerm effects on the

corticosterone levels of the tadpoles. Glennemeier and D€R06Ra)found that limited
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food did indeed cause large increase in corticosterone levelsRofpipienstadpoles when
raised in low densities. However, the intervening period of realimentatiomy study in
addition to the effects of approaching metamorphosis, made it difficult to predict whether

ealy dietary restriction would have lortgrm effects in tadpoles.

3.2 METHODS

3.2.1 Dietary treatments

The tadpoles were raised according to the protocol described in Chapter Il. Briefly, tadpoles
were individually housed from day 10 pdwsitching and fed aording to two different
feeding regimes. Contrdéd tadpoles were provided with food at a daily amount equal to the
mean weight of their clutch. Restricted tadpoles were provided with half the amount of their
groupdbés mean wei ghtscahanued for.twoWwhekss Framrpéstichinge nt  \
day 24 until metamorphosis, the restricted tadpoles were fed the same amount as the control
fed tadpoles from their clutch. Tadpoles were also injected with phosphate buffered saline on
day 33 and completed #& swimming speed trials on days 10, 24 and 34. Upon reaching
forelimb emergence, Gosner stage (&sner, 196Q)the tadpoles used in this experiment
were killed by anaesthetic overdose (AgBi New Zealand Ltd, Lower Hutt). They were
gently dried with paper towels and stored in Eppendorf tubes2@°&€ freezer until the time

of analysis.

3.2.2 Radioimmunoassay

To assess the wholdy corticosterone levels of thtadpoles, a single antibody
radioimmunoassay (RIA) was conducted. The validation protocol described by Btakn
(2003)was primarily used to assess the reliability and accuracy of the RIA, although several
other sources were consulted to clarify technical details. Most notably, Cn-Redtg, R.

Denver & E. Crespi very generously provided information on their tadpole corticosterone
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RIA protocol, which was modified from that of K. Glennemeier based on the work of P.

Licht (see Crespi & Denver, 0D5; LedonrRettig et al, 2009) Initially, a working
concentration of [3HFforticosterone was established, with a concentration ofl/i3l
phosphatéuffered saline (PBS) equating to approximately 460@ per well, an average of

the 30005000 cpm recomended by Silvestret al(1998) and Collinset al(1969) An

appropriate dilution of the corticosterone antibody (C8784, Sigldach) was then

estimated b serial dilution and the optimal concentration at 30% binding of labelled steroid

was selected. According to the product certificate of analysis, this antibody has the following
crossreactivities with  other steroids: progesterone 15.7%, testosterone , 7.9%
dehydroandosterone 0.1%, desoxicorticosterone 20%, androstenedione 2.6%, androsterone
0.1%, estrone 0.1%, estiial 0.1%, estriol 0.1%, aldosterone 4.4%J5 dehy dr ot est os't
1.4%, 17hydroxy progesterone 1.8%,20 OH progest-6r ©He p8 oyBst 20 o

5.2%, cortisone 3.2% and cortisol 4.5%.

Originally, the extraction process included a chromatographiaragpn (Wingfield &
Farner, 1975; Kreutzmanet al, 1982; see Appendix 3.6Due to time and resource
constraints, hwever, following the initial low extraction efficiency of this step,
chromatography was removed and the whmdy corticosterone was analysed without
purification. Tadpoles were thawed, weighed and homogenised in a volume of ethyl acetate
equivalent to thir body weight. Tadpoles were then homogenised at a slow speed in an
UltraTurrax homogeniser. After homogenisation,&50 o fcortjcdterpne at 4000pm

was added to estimate recoveries. The homogenate was then extracted twice in ethyl acetate,
including drying in a vacuum oven at 37°C, before being reconstituted in PBS to 100
Extracts were incubated with antibodyernight at 4°C and dextran coated charcoal was
used to separate the bound and unbound phases with centrifuaeddSB was less than

2% in all assays, indicating that the charcoal performed effectively
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Standards and validation steps were run inlidaje, however in accordance with an ideal
sample dilution of 50% binding in the validation for parallelidgnown et al, 2003; Fig.

3.1), samples could only be analysed by RIA once at full concentration. Theagsag CV

was 17.3% and the intaissay CV was 19.4%. The eadtion efficiency was 31.5% (x 7.7

SE). Recovery analysis gave &% value of 0.9366 K = 88.71,df = 6, p = <0.0001)
indicating that hormone mass was being correctly estimated. The parallelism validation
demonstrated that standards and samples showeddiparallelism (Fig 3.1.). This indicates

that the immunoactivity of the corticosterone in the tadpole samples may not have been as
similar to that of the standards as in an ideal RIA. The minimum detectable limit (as given by
the mean of the maximum bimg blanks plus two standard deviations) was 0.49ng/ml
corticosterone in PBS, which is only slightly less sensitive than the 0.37ng/ml detected by

another amphibian corticosterone RBurmeister & Wilczynski, 2000)

3.2.3 Statistical analysis

Due to the failure of the standaodirves to meet the template criteria of the RiAart
program, it was necessary to manually calculate the sample concentrations of corticosterone.
Healy (1972)provided the necessary procedure and equations which were then converted to
an R script(R Development Core Team, 2009)o estimate each point of the curve, the

following equation was used:

y = a+blexp(c—d-Inx)/(1+exp(c—d-Inx))] (D

wherexi s the known <concentration of atshhe st a
meanblank counts arglis the mean maximum binding counts from the RIA, elatdd are
twounknown @rameters which describe the curve. To estimate the most likely valaes of
andd, | ran a script which calculated the residuals of the fitted values from giaedd

valuesagainst the actual values provided by the mean standards from the RIA, exbiiding
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Figure 3.1  Parallelism of sample and standard.
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obvious outliers. Thec and d values which together provided the lowest residual was
therefore the best fit curve to the actual data. Once the equation of the curve was described,
the following equation was used to calculate the actualerdgration of corticosterone given

by the samples:

x = exp[(c —p)/d] (2)

wherex is the concentration of corticosterone in the samplepaisdthe proportion of the

zeroconcentration rate as calculated by:

The given concentration of the sample was then divided by the original body weight of the
tadpole to give a uniform concentration of corticosterone per gram of body weight. A simple
linear model (LM) was then used to analyse the corticosterone levels oivdhtreatment

groups, as well as possible confounding effects such as tadpole weight and analysis run.

3.3 RESULTS

There was no significant difference in whole body corticosterone levels detected between the
two feeding treatments (mean corticosterong/d) + SE, control: 6.20 = 0.78, restricted:
5.60 + 0.63; LM t-value =-0.62,df = 22,p = 0.541, Fig. 3.2). There was also no significant
effect of tadpole weight (LMt-value =-0.80,df= 22,p = 0.431) or analysis run (LM;value

=-1.63,df=22,p=0.118).
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libitum diet provided to the controls i & 12). Dark line indicates the mean of each

group, with interquartile range given by boxes and range by whiskers.



3.4 DISCUSSION

The results show thatdéhe were no statistically significant differences between the whole
body corticosterone levels of contfield and fooerestricted tadpoles at the time of forelimb
emergence (Fig. 3.2). There are a number of reasons why the corticosterone levels of the
tadmles may not have been affected by their earlier exposure to a stressor. Firstly, they may
not have been stressed by the experience. Restricted tadpoles were placed on a limited diet
from day 10 poshatching, approximately the same time that they stagtdohg (Gosner

stage 25). In Wistar ratRattus norvegicysan equivalent degree of restriction (alternate day
feeding) did not have an effect on corticosterone levels between weaning and 28 months of
age(Dellwo & Beauchene, 1990Thus, a moderately restricted diet in these taxa may not be
sufficient to cause a stress response if the animals are accustoankaited amount of food

from very early in life. This reasoning is in keeping with the finding that there were no
detectable differences in mortality between dietary groups exposed to an immune activation
(Chapter 11). If the restricted tadpoleshad eled corticosterone levels, their immune
systemsmight be suppressed, so mounting an immune response to an apparent pathogen
would be more taxing and likely to be faf@adgett & Glaser, 2003Alternatively, the
corticosterone levels of the restricted tadpoles may have initially been heightenetebut af
chronic exposure the levels decreased and so were indistinguishable at the time of both

immune activation and forelimb emerger{€yr et al, 2007)

A second possibility is that the tadpoles may have been stressed by thedwimtion but
recovered without any loragrm consequences in the intervening 3 weeks. In rats, it has been
found that one week is sufficient time to recofam a week of chronic stress, returning
corticosterone receptor levels to those of control anif@apolskyet al, 1984) Finally, the
experimental conditionsby themselves may have been more stressful than the

feedingtreatment intervention. Tadpoles were weighed, staged and photographed weekly, had
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water changes every second day and were kept in small containers in isolation from other
tadpoles. Frequent hanad is a common stressducing procedure and although high
density is known to increase corticosterone levels, isolation stress has yet to be tested in
tadpoles(Belden et al, 2007) Although greatcare was taken to minimise stress to the
animals (minimal handling, clean water, visual cues from neighbours), it is possible that these
processes had a greater effect on the corticosterone levels of the tadpoles than the feeding

treatment so that no detable difference was observed between the groups.

Although the methods used to measure the corticosterone levels of the tadpoles lacked the
precision desirable of an RlAhe priority was on detecting a difference between the two
groups rather than edtlishing a true indication of the corticosterone levels in the tadpoles
However, if we assume the results are correct, the wWiaalg corticosterone levels of both
groups(~ 6 ng/g)are higher than expected for baseline wHmdy corticosterone levels.
Beldenet al. (2005)provide a brief summary of corticosterone levels reported for amphibians

in the published literature. The baseline levels range odhi 1.5 ng/g, while the peak

levels obtained from a stress response range froni @.8 ng/g. Exposure to exogenous
corticosterone produced even higher levels of 25 ng/g. This collective summary of data
suggests that the results provided from Ri& were either incorrectly calibrated with true
levels of corticosterone, a stpmossibility given the limitegharallelism (Fig. 3.1), or the
tadpoles experienced a peak stress response during euthanasia. This response is unlikely
given that tadpoles &ve euthanized by anaesthetic overdose. Alternatively, the high
corticosterone levels of both groups could be a genuine reflection of the peak of baseline

corticosterone levels at the climax of metamorph@siada, 2008)

Because of the role dirosterone has to play in the progression of metamorphosis, it was
considered that stress levels may have had some effect on the difference in developmental

period between the two groups (mean days + SE, control: 39.9 + 0.4; restricted: 44.7 +
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0.3).Elevaed corticosterone during food restriction may have slowed the progression of
metamorphosis. Glennemeier and Dern(2&02b)found that development could be restricted

by exogenous corticosterone application. However, without an assessment of baseline
corticosterone levels at the end of food restriction, it is implesso know if stress was a

major contributor to the delayed developmentoafd-restricted tadpoles.

Overall, these results leave a number of conflicting and inconsistent avenues of interpretation.
This conflict is in part due to the unreliability of tRéA according to the validation protocols

but also owes some degree of confusion to the contradictory nature of glucocorticoids. Much
of their biological interpretation is dependent on the specific context in which they are
observed, especially the diftarce between acute and chronic stressors and whether these
effects enhance or suppress other physiological func{iohabhar & McEwen, 1999)To

obtain a better insight into the effects of dietary restriction on cortiorselevels in
tadpoles, an experiment would need to be designed which not only had more precision in the
RIA analysis, but could capture snapshots of the average corticosterone levels of both groups
across time. Such a procedure was not possible foexperiment since the primary goal

was to observe the morphological and fitness effects beyond metamorphosis. However, for
the purpose of observing corticosterone levels at this one significant point in development,
this studysuggestghat early dietary mdriction has no observable lotgrm effect on later

stress levels at metamorphosis.
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3.6 APPENDIX

3.6.1 Column chromatography

The original experimental design of the tadpole corticosterone anatygb/éd column
chromatography as a purification step between homogenisation of the tadpoles and analysis
by radioimmunoassay (RIA). While many researchers usddiier chromatography for this
purpose(Glennemeier & Denver, 2002; Warretd al, 2010) resource availability made
column chromatography better choice in this instance. Column chromatography is most
commonly used to separate small amounts of plasma into fractions containing different
steroids of interest so as to reduce the amount of blood which is required from small animals
(Wingdfield & Farner, 1975) However, for this study, it was intended to separate the
corticosteronecontaining fraction from a wholbody hanogenate, since the tadpoles were

too small to provide an adequate amount of blood for analysis. It was hoped that column
chromatography would prevent interference from other steroids and proteins included in the
homogenatéAbraham, 1975)This appendix outlines the preliminary experiment testing the
effectiveness of column chromatography and is included to clarify whfirthl protocol did

not include a purification step.

3.62 Method

Celite 545 (419931, Sigmaldrich), diatomaceous earth commonly used as an analytical
filter aid, was first cooked overnight at 400°C to ensure maximum dehyd(&tieatzmann

et al, 1982) Columns were built in sterile disposable 5ml glass pipettes. Celite was mixed in

a 2:1:1 ratio with ethylene glycol and propylene glycol and left for 10 minutes before packing
into the columns. A small glass bead was placed into the pipettayéal by 0.3g of a 3:1
Celite:distilled wat er (Wngfigld & Famer, 1975)This wasn a 0

packed dowrwith a thin rod and followed by 1g of the Celite:glycols mixture. Two aliquots
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of 3.5ml isooctane (also known as 2;Rinethylpentane) were run through the column

before use.

Prior to preparing the col umn, two tadpol es
[3H]-corticosterone was added to each to determine which fraction contained corticosterone
(Lokmanet al, 2002) The homogenate was extracted in ethyl acetate, centrifuged and the

liquid layer dried in a vacuum ovefCrespi & Denver, 2005) Dried extract was then
resuspended in 100¢]l i s 00 (Towsigreantesah, 1995) aheed wi t h
100¢l of sample was then added to the top of
was allowed to flow through at a rate no faster than one drop per seven ¥toydeld &

Farner, 1975) Sampl e tubes were then used to coll ec
this allowed a range of 6ml of eluate, while the other had only 3ml due to restricted flow. The
fractions were dried in the vacuumamlysedh t hen
by scintillation. Two weottidosterone ahditwowwéllswithmomf ~900

[3H]-corticosterone were also run as references.

3.6.3 Results

The elution pattern of sample 1 showed two sharp peaks: one at 0.75ml and one at 2ml (Fig.
A3.1). However, the presence of a large outlier at 2.5ml makes it difficult to determine
whether collecting between 2ml and 3ml would have provided a purified corticosterone
containing fraction. The irregular pattern of sample 1 hindered the selectempreferred
fraction and, therefore, was not analysed for the extraction efficiency of one fraction. The
overall extraction efficiency of sample 1, excluding the outlier, was 60.4%. With sample 2
the pattern is more obvious, with the most obvious eludkection lying between 1.5ml and
2.75ml. The overall extraction efficiency was 17.4%, with 16.3% of the-{8i]jcosterone

recovered from the preferred fraction. The same preferred fraction from sample 1, excluding
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Figure A3.1 Column chromatography elution profile.
Elution profile from column chromatography for two tadpole samples containing
[3H]-corticosterone. The dashed line indicates the background (mean of two blank
wells) as the background was subtracted before plotting. The asterisk in@dicates

outlier of 60,674cpm.
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the outlier, gives an extraction efficiency of 20.5%.

3.6.4 Discussion

Clearly, the column chromatography protocol was not a success, given the large variation
between the two elution patterns and the overall disappointing esiraefficiency
(compared to most published studies which achieve an extraction efficiency of at least 90%).
There were a number of areas which could have been improved in the protocol: sample size,
finding the correct ethyl acetate:isooctane ratio use@ltdion for this particular syste(see
Wingfield & Farner, 1975)variation in how tightly Celite wasagked, variation in the
concentration of sample and more stringent-eatitamination measures. Unfortunately, due

to limited time, restricted access to laboratory resources and, most importantly, a rapidly
dwindling supply of norexperimental tadpoles,decided that further exploration into this

technique was simply not possible.

Although the double extraction technique used in the final protocol lacks the precision of the
purification step, the advantage was that it provided fewer opportunities farostetione to

be removed from the final sample used in the RIA analysis. The main priority of this
experiment was to detect whether a difference in corticosterone levels existed between the
two treatment groups. Therefore, steps which were more likelywe tidferential effects
between samples (such as the variation in patterns seen in this experiment) had to be
minimised, even at the cost of reporting inaccurate whotly corticosterone levels. It was

more important that all samples were exposed to déneesprotocol. With a larger pool of
tadpoles for use in validation techniques, more time and access to resources such as the
nitrogengas which many researchers use to speed up the repeated drying processes, | believe
could have successfully refined thislwon chromatography protocol for inclusion in an

improved tadpole corticosterone RIA. Unfortunately, | was not able to do so for this thesis.
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Chapter 1V: Quantitative analysis of compensatory and catckup growth in
diverse taxa

ABSTRACT

ACompensatory gupwghowthd &adcatohten wused i
the faster tha optimal growth whichoccurs following a period of dietary restriction in the
development of many animals. This study distinguishes the two termlarify the fitness
consequences of rapid growth. Eighetmanalygs and metaegression analyses were
conductedon data extracted from 88 papers, including 11 taxonomic classes. The results
confirmed that both growth strategiesccur acros a wide range of taxa ameésult in
decreaseddirect fitness Importantly, the metaanalytic techniguesnade it possible to
identify specific experimental techniques which most successfully promoted rapid growth
after restriction. Tl results also addresecent concerns regarding high rates of false
detection of compensatory growthAs the first quantitative analysis to be conigalcin this

field, this study provides not only essential support for the premises of compensatory growth,

but also future guidelines and new possibilities for relevant research.

A version of this chapter will be submittedRanctional Ecology
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4.1 INTRODUCTION

Developmental plasticity is an important advantage for growing organisoause it allows
them to be better suited to their environmdRigliucci, 2001) Making phenotyj
adjustments tsuit a suboptimal developmental environment enabd@sorganism to make

the best of a bad situatigMetcalfe & Monaghan, 2001)Growth is a crucial component of

life history, not only for its relationship with maturation time and subsequent body size, but
also for the impact of these collective itestory traits on fitneséNylin & Gotthard, 1998)
Under ideal circumstances, animals grow at an optimal rate, limited more by quality control
of differentiating tissues than by a lack of resour@éstcalfe & Monaghan, 2003faster

than optimal growth (maximal growth) can decrease cell functioning efficiency, immune
function and resistance to physiological stoesgMangel & Stamps, 2001ptimal growth
reduces the negatiyghysiological costs of the accumulated cellular damage observed when
maximal growth occurs. However, growth rates closer to maximal are commonly observed
when an organism has previously experienced a period of limited growth during

development, known a®mpensatory growth or catalp growth.

Compensatory growth has long been of interest to scierflatskson, 1937)primarily
because it begs the question: if some animals are willing to grow at a maximal rate, why
dondédt they all ? The an s woenefit sgeadomsf art animdl wite 1 n
a poor start iife. An ani ma lzéis oftendaunbjor fagtor in fitness; it is known to
affect mate selection, fecundity and offspring survifBlanckenhorn, 2005)Therefore,
animals with slow growth during development are at a distinct disadvantage if they reach a
small adult size. If the environmental cause of restricted growth passes, the opportunity may
presenttself for an animato increase growth before reaching a small final size. In this case,

it is more beneficial for the growdftestricted animal to risk the negative conseqes of

maximal growth. In many circumstancethe cost of maximal growthin the form of
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accumulated cellular damage not paid until after the reproductive phase. For example, in
humans, rapid growth Hor-gestationdbdyle@o db i a ft the rw ez
associated with increased risk of kateset adult diseases such aarhéisease, diabetes and
obesity(Cottrell & Ozanne, 2008)Similar findings have been reported, for example, from

the intensive studies of metabolic symahe inrats (Bol et al, 2009; Porrellcet al, 2009)
Compensatory growth is known to decrease the maximum lifespan of a number of species
(Metcalfe & Monaghan, 2003)'hus, compensatory growth allows animals to reach a larger

size for increased reproductive fitness before the consequencagidfgrowthnegatively

affect them.

The theory of compensatory growth has been reviewed by a number of researchers, with a
variety of perspectives. Metcalfe and Monagk2001)provide a broad outline of the forms

and consequences of growth compensation across many taxa. Compensatory growth has also
been reviewed with specific taxa in mifdomestic fowl: Niret al, 1996; fish: Aliet al,

2003pmnd withlife-history model simulations to support theoretical assumpfiidlagel &

Munch, 2005) Collectively, these reviews voice strong support for compensatory growth as a
measurable, repeatable and taxonomically diverseweddl phenomenon. However, the
review by Nicieza & Alvare2009) casts doubt on the collated evide from decades of
research into compensatory growth by criticising the statistical methods used to analyse this
type of data. They claim that many analyses do not take into account tuegeelence of

growth ratesmeaning that growth slows as an aaligets largerWestet al(2001)propose a
universal growth curve, since the relationship between resource allocation to maintenance
and to growthchanges as an animalogvs larger. Clearly, ignoring the siztependence of

gr owt h i s a major oversight. Anot her conf

resources to storage as opposed to structural grééfierential recovery of fat stores as
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opposed to skeletal growth may be leading to a bias in the reporting of detectable

compensatory growttNicieza & Alvarez, 2009)

The terminology used in this area of research could be considered another impediment to the
accuratereporting of compensatory growtln many cases, compensatory growth and eatch

up growth are used as interchangeable terms, both imgedimat the growth rate of a
previously restricted group is significantly higher than a control. This is the explanation
which has the most relevance to a traffefor fithess, owing to the relationship between
maximal growth and cellular damag@&angel & Stamps, 2001 However, in other studies,
thetermcatclupgowt h i s defined morue Oloyf taldeul ac tsu ale
the growth. Reaching the same final size as the controls is important in many species where
sizedependant fithness traits occuych as predation, mate chaicgocial dominance and
fecundity (Blanckenhorn, 2005)Catching up to the weight of normal conspecifics can be
achieved by extendg the developmental period while continuing at an optimal growth rate
(Arendt, 1997) While there may some cost to Hfiene reproductive success due to the extra
time spent in a nereproductive phse(Oli et al, 2002) this strategy can often be favourable

in variable environments and comes at minimal physiological @v#bur & Rudolf, 2006)

Thus, not oty are the fitness consequences confused by the lack of clarity in terminology,

but it is also unclear what the authors really m@ameporting resultsaS c o mpensat or y o

Afcattpd gFowthhe sake of cl-wapid¢growtafardo the@isl Istrud

attainment of a nosignificant difference in size between the control and previously

restricted animals (Figd.1lb & 4.1d). This can be achieved at a normal growth (&ig.

4.1b) I n contrast, A ¢ o mpsinifcantty steeper ggowtb rate bfthe r e f e r s

previously restricted animals, which may or may not result in catching up to the same weight

of controtfed animals (Fig 4.1d).

The experimental design, in particyldre duration of the relevant periods of restriction and
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Figure 41. Diagram of compensatory and catckup growth patterns.
Theoretical representation of four growth patterns following restricted growth: a) no
compensation, b) catalp growth only, ¢) compensatory growth only and d) both
catchup and compensatty growth. The dark line on the time axis indicates the period
of growth restriction for the restricted group (red). The control group is in blue. The
asterisk indicates a significantly different final size between the groups, while the
dashed lines outle the time taken between 20% and 80% of the final size for ease of

comparison between growth slopes.
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realimentation, has a large effect on the conclusions drawn from each experiment, although
the length of each period of the experiment is often a segmamgitrary decision. The
approximate time during the growth phase that restriction takes place is of particular
significance to growth outcoméMangel & Munch, 2005Furthermore, the degree to which

one group is restricted is also widely varied across the body of literttigesurprising that

few studiesare able to report direct fithess outcomes, given the effects of compensatory
growth on fitness seem to be of primary interest. In part, this trend may be due to the
limitations of working with relatively longived species. Agricultural studies also maigea

large proportion of the literature on compensatory growth and, therefore, report effects in
terms of economic value rather than effects of relevance to life history. Due to the limited
nature of fitness consequences reported, combining the resaltsuohber of studies should

give a more holisitic view of the impacts of compensatory growth on fitness. Such an

approach also requires comparing a variety of taxa.

Compensatory growth is hypothesised to have evolved because the fithess consequences are
ddayed until after reproductio(Metcalfe & Monaghan, 2001 herefore, selection favours

those individuals capable of compensgatgrowth because of their increased siependent

fithess compared to individuals with limited developmental plasticity in gr¢¥Wglarsleyet

al., 2004) This selection is dependent on the delay before health consequences occur being
sufficiently long to allow reproduction. Another factor worth consideration is the life history
flexibility of the species involved. Mangndothermshave a fairly rigid developmental
pathway compared tectothermsbecause of their decreased sensitivity to the enwvieon

and the potential foendbthermy to indirectly increase intrinsic growth ra{@sendt, 1997)

Taken together, it is imperative that we attempt to gain a better perspective on the

universality of compensatory growth and its associated effects on fithess. While thare are
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number of reviews on the topic, there has yet to be a qaardgiassessment of compensatory

growth.

The aim of this paper was to use matalytical techniques to explore a number of
assumptions about compensatory growttestedwhether: 1) nutritional restriction affects

size across a variety of taxa;f@apd-restricted animals are able to reach the same final size as
control-spd)icatcaéar a period of nutritional
normal feeding amounts; 3jood-restricted animals show faster than normal growth

( Acompens ataftar nutritgpmaloregtridiaon;)4) early restriction has an effect on later
fitness traits. By analysing each of these assumptions with a number of moderators included,
such as the degree to which an animal was restricted andet®d used for restriction
aimedto gain a better understanding of the variation in the literature and compensatory

growth as a whole.

4.2 METHODS

4.2.1 Data collection

Data werecollected from papers published in peeviewed journals, but also included the
results of an expement in this thesis. Primarily,gpers were sourced frosearches of ISI

Web of Science, the most recent of which was conducted "oAugust, 2010.0nly
compensatory growth as a result of dietary restriction, as opposed to temperature or seasonal
effects was considered to be of interest for this study. The study was also limited 40 post
natal effects of restrion, although there is a vadterature on the consequences of
inadequate nutrition in prenatal developmehhe search terms for titles, keywsr and
abstracts-upegeowilidadt ciicompensatory growthbo
on Areali mentationo), refeed* (to include

under nutritiono, Afearly thiuams toondldeflet€i e
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di et * restrict*o (to include variations on
include variations on Arestrictiono), nfear |l vy
restrictiono)ri ditetadg | yt ecai ochi dadeegbariations or
nutri* restrict*>o (to i nclude variations C
compensationo. This provided over 8,000 paper
the metaanalysisby title and many were instantly rejected because they related to human
disorders, proximal effects of feeding on tissu@m@natal nutritional deficits. To ensure that

few relevant papers were missed by this collection method, | alseréfeckenced fronall of

the available reviews of the topic and forwaeferenced from Metcalfe and Monaghan

(2001) which is tle most cited review of the topic and relates specifically to the area of

interest in this analysis. This procedure yielded only six additional papers which were of use

in analysis, indicating that the initial search was sufficiently thorough.

The remainig papers were then filtered by adherence to the follgwites. For inclusion in

this analysis, a paper must) have a controgroup 2) report body weight before and after
restriction and after realimentation along with estimatesuwéertainty (e.g. andard
deviation and/or standard errp8) be an empirical study (i.e. no computational simulations),

4) not include animals which have been genetically modified or have a known digrder,
have quantifiable degrees of feed restriction in a controlledra@mment (thus excluding
correlational data from wild populations in different areas of food abundance) and 6) report
the sample size. To be included studies also had to provide both treatment groups the same
diet but in a smaller quantity for restricteghimals, as opposed to studies of qualitative
dietary restriction which limit the amounts of specific nutrients, such as protein. | felt that this
was the most ecologically relevant way to determine the effects of compensatory growth in
relation to a perig of poor nutrition in the natural environment. Some allowances were made

for papers that restricted animals by manipulating clutch size, diluting food with indigestible
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material or feeding animals less frequently rather than a smaller amount. Howevtd | n

these exceptions in order to control for the method of restriction in later analysis.

Length, an alternative size measurement to weight, was also recorded where available and
ranged from total body length to tarsus length. This size estimate wmidnaéto compare
compensatory growth in weight with compensatory growth in length. Studies which used
farmed or model laboratory species were also required to have some fitness estimate
included. | decided this criterion was the best way to optimiseahety of species included

(one of the main aims of this study), while ensuring that fithess data was important, since
some studies of taxonomically diverse wildught animals did not include fithess estimates.
This criterion also reduced the representatdf agricultural studies (approximately 300
agricultural studies with no fitness estimate) which would have overwhelmed the other taxa
in the analysis. | noted that agricultural papers were found to rarely report fithess data, more

commonly reporting meajuality and characteristics instead.

In summary, | collected data from 88 papers (Table A4.2), from which | extracted 226
comparisons of the size of restricted animals with their reported control groups. These data
included 58 species, spanning eightssks within the phyla Chordata, Arthropoda and
Mollusca. Since some papers reported multiple fitness measures, | collected a total of 207
fithness comparisons between restricted and control animals, which | categorised into the six
broad classes of fitnesmits (seeAppendix4.6.1 for analysis of indirect fitness traits). For

use in the main study, only those fitness traits which were considered direct fithess estimates
(survival, number of offspring, lifetime reproductive output, fertility and hatchghbiliere

included. This limited the fitness analysis to 94 comparisons.

4.2.2 Effect size extraction
| recorded the publication details of each paper, the study species, the number of animals in

each treatment group, their sex, age at initiation of théntesd, duration of the restriction
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treatment, duration of the realimentation period (i.e. end of restriction to end of experiment)
and the degree of restriction (percentage comparison to the amount the controls were fed). In
addition, it was recorded whethor not the controls were fedl libitumand if the restricted

animals were refedd libitum if the animals were farmed (including laboratory colonies) or

not, and which type of study design was used among the three methods of food restriction,
mentionel earlier (clutch size manipulation, food dilution or intermittent feeding). Estimates

of the mean weight at the three crucial time points (prior to restriction, after the restriction
period and after realimentation) were derived either from direct regooti from graphs. In

the case of taking estimates from graphs, the image was enlarged to screen size and analysed
using ImageJ. The last reported weight was accepted as the end of realimentation. Estimates
of variation were recorded as standard errorsheserror statistic was the most common
format. Conversions from standard deviation or 95% confidence intervals were performed in
some cases. In many papers, there were multiple treatment groups reported, in some cases all

compared to one control groupdaim other studies each treatment group had its own control.

Additional data on the taxonomic ranking of each species studied was sought from the NCBI
Entrez Taxonomy website hitp://www.ncbi.nim.nih.gov/taxonomy Table A4.3). The
taxonomic information llowed higher level analysis instead of grouping each species
individually. Along with the taxonomic data, the average longevity for each species was also
researched. The Animal Aging and Longevity Database website
(http://genomics.senescence.info/specipe)vided the expected longevity of many species
using data collected from a number of published sources (Table A4.4). Where the longevity
data was not available or the legitimacy of the source was doubted, independent searches
were conducted among the fisbed literature on the species in question (Table A4.4). The
longevity data was required in order to standardise data on the duration of restriction and

realimentation. Even though these standardised durations were somewhat imprecise
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measurements, thetesates of longevity would, nonetheless, allow a better comparison of
species with lifespans at the more extreme ends of the scale. For example, coambaria
magna,with a recorded average lifespan of 80 days, and the green Chdgnia mydas

whichis estimated to live for 75 years.

4.2.3 Statistical analysis

Data were analysed using R 2.4® Development Core Team, 2008yd SPLUS 8.0.4

(TIBCO; http://lwww.tibco.com/). Estimates of variance for weight and fithess data were first
converted from standard errors to standard deviations for use in calculatingsHedge

He d gdevsad considered theost appropriate measure of effect size because it compares
the difference between two groupdcontidsforng ¢t

an upward bias caused by small sample @zkagawa & Cuthi] 2007)

H e d gdevastcalalated as:

3

H ! = h ! 1—
edges’ d = Cohen’s d dmtm, =2 =1

(1)

wheren; andn, aret he sampl e si ze of e ac twas caleuatedne nt

from:

mp; —my
Cohen'sd = ——— (2)

Spooled

wheremyandm, are the means of eaaleatment group ang.seqwas calculated from:

(3)

S _ (np — Dsi + (g — Ds?
pooled n,+n, — 2

where s;?and s,° are the standard deviations from each treatment group. The associated

estimate of standard error withobal estimate was calculated as:

107



nn, 2(ny +n, —2)

n,+n d?
sed=\/ = 2+ (4)

The standard error afwas then squared to represent the varianck Die variance ofl was
used as the weighting value for statidtiaaalysis of the overall effects, such that estimates
with lower variance and therefore more reliability (either from more consistent results or a

greater sample size) contributed more to the model (i.e-anetgtical models).

The fitness data | colleett were broadly of two categories: continuous estimates and
percentage data. For the continuous data, a separate sample size was recorded in addition to
the mean estimate and error because in many cases only a subset of the experimental subjects
was usedContinuous data was able to be calculated as an effect size in the same manner as
weight data. However, the percentage data first had to be logit transformed wils3he

variance estimate, assuming the logistic distribution of the transformed pegeatdta

(Borensteiret al, 2009)

Estimating growth slopes from the two periods observed (A: from theiagito the end of
restriction; and B: from the end of restriction to the end of the experiment; Fig. 4.2) required

additional analysis. Slopes were straightforward to calculate, for example:

My, —m
Growth slope, = % (5)

wherema; is the mean size of a treatment group at the start of period A, mkils mean

size of the group at the end of period A amglthe duration of period A. However, it was not
possible to calculate thestimate of error analytically, as far as | kn@wcema; and ma;

each had their own standard errrtherefore, used a simulation to calculate the standard
error of the slope. For each slope, the number of samples in the original experiasent w
drawn from a normal distribution ofma; and ma, using their known standard deviations.

These values were then used in a linear regression model which calculated the slope and its
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associated measure of error. This procedure was repeated 1000 time for eachdskbhee a
means of the final values were taken as the growth slope and standard error for each
treatment group. To verify that this procedure was accurate, regression analysis of the
original estimates of growth and those calculated in the model returng \aiue of 1

(slope £ SE: 1 £ 0.00006~= 16570,df = 418,p< .0001). The simulated slope and standard
deviation values could then be used to calcuthteetween the two slopes, as described

above.

In order to answer the questions which | had initiallgguh severasets of metanalyses

were required: 1) modelmvestigating size differences at each point of interest (before
restriction, after restriction and after realimentatiat the end of the experiment); @)

effect the dietary treatemt had onifness; 3)the effect on growth rates as measured by the
growth slopes at the different periods. This last point was difficult because of the size
dependent growth Nicieza and Alvar¢2009) addressed as a prominent confounding
variable in analysis of compensatory growth (i.e. control animals are larger and therefore
grow at a slower rate, so roparison with postestriction growth of small restricted animals

is biased). As such, I compared the ficomp
restricted animals with both period A and period B of the control animals, and also compared
difference when the studies were |imited to tho
growth (Fig. 4.2). By only comparing studies where controls showed linear growth over the
entire experiment, | could be certain that the siependence of growth would noé la
concern. To identify linear growth, a visual inspection of the control slopes was made and
those that appeared to be of a linear nature were selected. This method was then verified by
selecting only control data where the larger, steeper slope was %% of the value of the
smaller slope and this method was found to have 93% agreement with the visual inspection

(see Appendix 4.6.2 for method rationale). This method reduced the number of data points
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for inclusion in the linear slopes analyses to @#tn from the original 226 included in the

nal |l sl opeso analyses. Ther e -amalysig buadnlg212 226 v a
in the prerestriction and 218 in the peststriction because some experiments which gave
information on length dichot provide measurements at these points. The fithess meta

analysis included 94 comparisons.

Each metaanalysis was analysed as a linear migffdcts model, using a modified version of

the method described biakagawaet al. (2007) In all analyses, | controlled for
experimental design effects by including both paper identity and taxonomic class as random
factors (the former nested within the later). Both null models (model with the intercept;
classically considered and referred to as matelysis) and scaled best models with
moderators (often referred to as meggression) were used to interpret my results. For
scaling, all continuousoderators had the mean subtracted from each value and were divided
by two times the standard deviation. This method of scaling and centering allows the outputs
of the model to be more fairly interpret@@elman, 2008; Schielzeth, 201®jnary variables

were left unscaled, and sex (which had the values both, male and female) was analysed with
Abotho as the reference variable so that t h
interpreted as the effeof looking at only one sex as opposed to miges experiments (see

Table A4.5 for the complete list of moderators). Best models were then selected by running
the full model using the maximum likelihood method, as opposed to restricted maximum
likelihood (REML), because the changes in the AIC values are more relevant under
maximum likelihood. Least significant moderators were then sequentially removed until the
AIC value was no longer lowered and the best model was then reverted to REML so that the
effectsize estimates could be used in interpreting the data. Full models are reported including
all the moderators initially included in the Appendix. Moderators were first tested for

collinearity among one another and were only included if correlated byhbs9 5 (Table
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Figure 4.2  Diagram of non-linear and linear growth slopes.

Representation of the four analyses performed on the growth slopes. The blue line is
the period of growth calculated for the control group, which is then compared to the
growth iate of the restricted animal during realimentation (red line). The dark line of
the time axis indicates the period of growth restric{ldariod A), while the time after

this is realimentation (Period BYThe four analyses are: a) A vs. B (all), b) A vs. B

(linear), c) B vs. B (all) and d) B vs. B (linear).
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A4.6). Two pairs &d libitum feeding of control and of restricted for realimentation, and
relative duration of realimentation and proportion of realimentation compared to restriction)
failed to meet tis criterion so only one moderator per pair could be used. | seladted
libitum feeding of restricted animals for its possible relation to hyperphagia following
restriction, and the relative proportion of realimentation, because it is probably a better
reflection of the experimental method@nly moderators which could reasonably have
affected the outcome, and were biologically meaningful, were included in each model. For
example, the duration of realimentation had no bearing on theegtréction size ath
therefore was not included. Some of the moderators were not directly given from the original
papers and were instead calculated by combining data. Namely, the relative age, duration of
restriction and duration of realimentation were all calculated as@eptage of the reported
maximum longevity of the species. The proportion of the duration of realimentation to

restriction was calculated by dividing the length of the former by the latter.

4.2.4 Validation of meta-analytical techniques

To ensure that thenalyses were not affected by publication bias, funnel plots of the datasets
used in each analysis were visually inspedieid. 4.3, see Fig. A4.4 for fine scalé&yo
obvious asymmetry was detected in the plots, other than that which was expecteetcto refl
true biological heterogeneity in the passtriction and postealimentation datase(Eggeret

al., 1997, Fig. 4.3f). Heterogeneity was assessed by calculation ofthgtistic, using the

following equation(adapted from Higgins & Thompson, 2002)

2

g,
I =100— (6)
or

wherge siithe between study viisgwembye and t he

of = of + ¢ (7)

02 = of + 05 (8)
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w h e r’wds thie class-6pecific) va i a n’giethe stidys peci fi ¢) “viathd ance

measurement variance. The measurement variance was calculated as follows:

kK wik—1)
ol = > J—1 ZJ i - 9
(Zj—1 Wj) T LjaW

wherew is the inverse variae ofd; (i = 1,...,k; see earlier number of studies per model for

k). The high!? values reported reflect the high degree of inconsistency across studies
(Higgins et al, 2003; Table 4.1)The large contribution of betwestudy differences (as
opposed to betweerlass differaces) to the overall heterogeneity reflects the importance of
moderators in controlling for differing experimental techniques (Table 4.1). In most cases,
the best model actually increased the heterogeneity compared to the null model, although the

AIC valueof all best models was lower than the null models.

113



Vit

Figure 4.3  Funnel plots for each analysis.
Funnel plots showing the distribution of the effect sidedxtracted from each study plottedaist the precisioof the study W = 1/SE).
Asymmetry abouthe null intercept (red line) can indicate either publication bias or true biological heterogPeeibg A (restriction) and B

(realimentation) are defined in tef@or ah,n= 212, 218, 226, 94, 226, 87, 226 and 87 respectively.
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Table 4.1 | statistics for each analysis.
Values of thd? statistic reflecting the heterogeneity of each null and scaled best model. The
relative contribution of class and paper to model heterogeneity is also reported as well as the

AIC value calculated by maximum likelibd for each model.

Model |2 Class Paper AIC
Prerestriction null 56.57 0.00 56.57 32
best 54.89 0.00 54.89 31

Postrestriction null 98.83 0.64 98.19 1628

best 99.05 0.07 98.97 1484
Postrealimentation null 95.81 1.80 94.02 909
best 96.71 0.00 96.71 797

Fitness null 95.63 0.00 95.63 836
best 95.21 2.22 92.99 724
AvB null 99.52 0.00 99.52 1744
best 99.57 0.00 99.57 1694
A v B linear null 96.14 27.03 69.12 301
best 95.84 21.65 74.19 292
BvB null 95.93 8.07 87.86 665
best 95.99 1545 80.54 646
B v B linear null 93.24 5.22 88.01 196

best 93.72 46.34 47.38 189

4.3 RESULTS

4.3.1 Meta-analysis:null models

The null models reflect the overall effect sizedofvithout considering any moderators but

still accouning for paper identitynested withintaxonomicclass.The prerestriction intercept

(i.e. metaanalytic mean) shows that there was no difference between treatment groups prior
to restriction (intercept £ SE: 0.02 £ 0.@3; 0.642,df = 124,p = 0.522; Fig. 4.4a). By the

end ofrestriction, the restricted group was significantly smaller than controls (intercept + SE:

-1.78 + 0.02t = -9.57,df = 130, p< 0.0001; Fig. 4.4a). By the end of the experiment, the
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restricted grouph ad f ai | eudp 0t d of d ehtec hs i zeee stibd Significanttyt r ol s a
smaller (intercept + SE0.54 + 0.10f = -5.416,df = 138,p<0.0@1; Fig. 4.4a). Fitness was
significantly afected by the treatment arlde effect was in the expecteeégativedirection

(intercept £ SE:0.25+ 0.09f = -2.824,df = 57,p = 0.0065; Fig. 4.4a).

The slopes showed more ambiguous results than the absolute models (Fig. 4.4b). Intercept for

A vs. B (see Fig. 4.2a for explanation) shows that there was no detectable difference between

the initial growth of the controls dnthe growth rate of the restricted animals during
realimentation (intercept = SE: 0.25 £ 0.277 0.894,df = 124,p = 0.373; Fig. 4.4b).

However, when only experiments during the linear growth phase of the controls were
considered (Avs.Blinear,Fig.. 2b), the restricted ani mals ap
growtho at a faster rate than tOMexCl8tr=ly grow
-2.090,df = 49,p = 0.042; Fig. 4.4b). This effect was also found to be true when comparing

the period B growth of all the control animals (B vs. B, Fig. 4.2c), although this result would

be expected if sizdependent growth is causing oweflated estimations of compensatory

growth, as Nicieza and Alvar€2009)suggest (intercept + SED.30 + 0.13t =-2.379,df =

124,p = 0.019; Fig. 4.4b). Their claim of false detection is suppaotethe finding that the

difference for B vs. B is eliminated when only linear control growth is considered (B vs. B

linear, Fig. 4.2d; intercept £ SED.15 £ 0.131 =-1.172,df = 49,p = 0.247; Fig. 4.4b).
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Figure 44  Meta-analysis null intercepts.
The intercepts of the null models for each of the eight tae#dyses, grouped as a)
standardized difference between point estimates in size and fithess and b)
standardized difference between growth slopes. For the former, a negative w@lue of
indicatessmaller size or decreased fitness in the restricted group compared to the
control group. For the latter, a negative value indicates that the restricted group grew
faster than the control group during the period of interest (see Fig.Cagjidence

interval s which span zero indicate no signi
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4.3.2 Meta-regression:scaled best mdels

These models take into account the effect of various moderators, as selected by the methods
describd earlier.To interpret the output of these modetss necessary to remember that the
models are scaled. The intercepts reflect the overall effect size based on the mean values of
continuous variables and the default value of binary variables. For example, an intercept
which had dietary restriction aridrming as moderators would reflect the overall effect based

on a moderate degree of restriction and-fasmed animals. The moderator values provided
could then be interpreted as the slope of the degree of restriction centred on this intercept and
the efect when farmed animals are considered. Inclusion in the best model did not
necessarily produce statistical significance in all moderafansease of reading, statistical
values are only provided for intercepts, but full statistical information for ratats is

available in Tables A4-14.

There were no statistically significant moderators for ther@sé&iction analysis, suggesting
experiments were indeed fair and both treatment groups started at the same size (intercept =
SE: -0.04 + 0.04,t = -1.006 df = 124,p = 0.316; Fig. 4.5a). Following restriction, the
restricted animals were again found to be significantly smaller than controls (intercept + SE:
-1.51 £ 0.31t = -4.946,df = 126,p < 0.0001; Fig. 4.5b). The size difference between the
contrd and the treatment groups was heavily dependent on how severe the restriction was
and how long the diet lasted. Restriction also showed a greater effect on weight than on
length. Intermittent feeding appeared to be less effective than other diet metbdddsnaed

animals were more likely to be significantly smaller.

Contrary to the results of t-lhpo ngddwtmodwehen atn
into account a number of variables, most significantly the duration and severity of the diet

(intercept + SE: 0.05 + 0.24,= 0.196,df = 133,p = 0.845; Fig. 4.5c). Length was more
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likely to attain the same size as controls than weight, though this could be because length was
not as severely affected by restriction. When the realimentation periotbmges than the
restriction period, the restricted group was more likely to catch up. This result suggests that
either restricted animals eventually catch up by prolonging the growth period or that
experiments which fail t o allonh adequage tiriiec fart c h

compensatory growth.

In support of the null model, fithess was found to be negatively affected by the diet treatment
overall (intercept + SE=.597, t = -3.005 df = 52 p = 0.0041 Fig. 4.5d). The effect size of

the impact on fitess was even larger when accounting for moderators. Mortality was more
negatively affected by treatment than reproduction and there was less of an impact on fitness
if the period of realimentation was longer than restriction. Unlike males, for whichvtiasre

no detectable difference, females in sirgx experiments had higher fitness than mixed sex
experiments. These results were extracted from direct fithess measurements only. The
analysis of fitness with indirect fithess measurements included candifferant conclusion

(Appendix 4.6.1).

With experimental methods taken into account, both A vs. B and the linear selection of A vs.
B were found to show no significant difference in growth rate between period A of the
controls and realimentation of thestected group (A vs. B intercept £ SE: 0.28 + 0.8%,
0.920,df = 119,p = 0.359; Fig. 4.6a; A vs. B linear intercept £+ S&E20 £ 0.21t =-0.936,

df = 46,p = 0.354; Fig. 4.6b). Both analyses also agreed that weight was more likely to show
compensairy growth than length. For all studies, a longer duration of restriction was found
to increase the likelihood afompensatory growth, while the linear studies showed that a
longer proportion of realimentation increased the chance of compensatory growth.
Intermittent feeding and clutch size manipulatwere found to cause slower growth of the

restricted group compared to initial growth of controls.
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