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ABSTRACT

In my thesis | investigate the ecology of maternfilences: the unique ability of
mothers to influence, via genetic and non-genetams, the phenotypic expression of
their offspring. My research is presented as &seai standalone chapters that are
introduced and then summarised by a general inttextu(Chapter 1) and a general

discussion (Chapter 6) respectively.

One of the main components of an organism’s enleuglget is its baseline level of
energy metabolism. Individual differences in thistcof self-maintenance (termed in this
chapter, resting metabolic rate, RMR) are substhriiut the causes and consequences of
this variation are obscure. In Chapter 2, | revibe/published literature and show that
maternal influences (along with other factors) cantribute substantially to variation in
offspring RMR. Also, the RMR - fitness relationslappears to be modulated by
environmental conditions (e.g. food supply), sugjggshat the fithess consequences of a
given RMR may be context-dependent. Thus, | proplesebroad-scale variation in RMR
might persist in natural populations, due to bghtisl and temporal variation in

environmental conditions and the trans-generatioiience of mothers.

To further investigate maternal influences on affsp energy metabolism, | measured
the standard metabolic rate (SMR, a measure egutved RMR but used in reference to
ectothermic animals) of juvenile brown tro&a{mo trutta in response to intra-clutch
manipulations of egg cortisol and testosterone p&ha3). Although, neither hormone
affected offspring SMR (egg testosterone treatmeslted in a likely pharmacological
dose), juveniles from cortisol-treated eggs werallenand subordinate to individuals
from control eggs. This indicates that variatiortha amount of cortisol deposited in eggs

by females, either among clutches or within thesikiely to affect juvenile performance.

In a separate experiment (Chapter 4), | investydteithin-clutch differences in the
phenotypes of juvenile brown trout were systeméyicalated to the position where each
individual developed during oogenesis. For a gegg size, siblings from dominant
mothers were initially larger (but had a lower masgected SMR) if they developed in
the rear of the egg mass. However, heterogenettyeisize of siblings from different

positions in the egg mass diminished in lower ragkemales. Juvenile social status also
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varied according to egg mass position, althouglditextion of this effect depended on
their age.

Maternal influences on offspring are not only detieed by conditions experienced by
females immediately prior to reproduction. In Cleaif, | investigated whether the
juvenile growth rate and adult reproductive traitéemale wild Atlantic salmon are
related to the performance of their offspring ia thild. Investment in egg size was linked
to both the juvenile and adult phenotypes of mahéven when controlling for egg size,
the influence of these ‘past’ and ‘present’ matetraats extended to offspring
performance. Offspring growth was positively rethte maternal investment in
reproduction and the juvenile growth rate of eadthar. The survival and biomass of
offspring were also linked to adult reproductivaits but these relationships differed for

mothers that had grown at either fast or slow ragegiveniles.

Overall my thesis demonstrates that maternal inflee are a substantial source of
variation in offspring size, behaviour and physgylpboth among and within clutches. My
research also underlines the importance of materfitaénces for offspring ecology and

therefore maternal fitness.



TABLE OF CONTENTS

Y 0151 =T U PUPTTURPRTRPTN 2
Table Of CONENTS ....ooiiiiiiiie e 4
LISt OF TADIES. ...t e 5
S o T T 7

ACKNOWIEAGEIMENTS ...ttt e e e e e e e e e e e e e e e e eeeeeeeaeennnees 9

(@ gF=T o (= g I [ 01 Yo [ 1T £ T o RSP RSUR 12
Offspring traits that are subject to maternal laflaes: ... 13
Broad approach of the thesis and study Organisms...........cccccevvvviiiiiiiiiee e eeeeeeenn, 16
Aims and structure of the theSIS .........o e 18

Chapter 2. What causes intra-specific variatioresting metabolic rate and what are its

€CO0l0QICAl CONSEQUENCES?.... ..ottt e e e e e e e e e et e e e aneeeeeeeeeneennnnnn 20
SUIMIMIATY ettt e et enmme et e e e et e e e et e e e et e e e et e e e et eaeennsseeaetaeeeennnneenes 20
T goTe [¥]ox 1o o PP TRSPPPPP 20
Intrinsic causes of individual variation in RMR..........ccccciiiiiiiiiiiieeeeenn 22
Extrinsic causes of individual variation in RMR.............iiiiiiiieeee, 25
Does RMR affect fithess? Evidence for context-dejeen effects and trade-offs ......... 26
Future directions — testing hypotheses regardiag#uses and consequences of
individual variation in RMR ..........uuiiiiiieiii e 33

Chapter 3. Egg hormones in a highly fecund vertebiao they influence offspring social

structure in competitive CONAItIONS? .......cccoeiiiiiiieeierrr e ee e e eee e 36
SUMIMABIY ...ttt oottt e mm oo e e e et eat e e e e e e eta e e e e eene b e e e e enemmmsssn e eeeeeesnnnaeaans 36
1] 10 o [0 [1 1 o] o TR PRPOPPP 37
Materials and Methods ...........oooeiiiiiiie e 39
RESUILS ..ttt e e e e a7
DISCUSSION ..ttt e e et e e e e e et ettt eeeeee e aee e e e e e e e e e e e e e e eeeeeeeseet b s s mmmms s bnn e e a e e e e eeeeaeas 53

Chapter 4. Within-clutch differences in the pheipety of juvenile fish depend on their

location within the egg mass and maternal dominaagk..................ccccceeeiiiiinieeeiiinnees 58
SUIMIMIATY Lottt e e emmme et e e e et e e e et e et et e e e et e e e et eaeennsaeeeetaeeeesnneaenns 58
1o Te [¥]ox 1o o PRSP 58
Materials and MethOOS ...t 61
RESUIES .. e e e e ettt e e e e e e e e e e e e e b s 69
D[S od B =1 (o] o [P P TTTTTPRPOPPPP 76
Supplementary Material ........cccoooi oo e 79

Chapter 5. Maternal influences via multiple pathsidinks between parental life history

traits and offspring performance in wild Atlanti@is1on ..............cciiiiieiee e 80
SUIMIMIATY L.ttt e e enmmr et e e e et e e e et e e e et e e e et e e e et eaeennsseeeetaeeeesnneeenns 80
1o Te [¥]ox 1o o PP 80
Materials and MethOOS ........cccuiiiiiiiii e 82
RESUIES .. e e e ettt e e e e e e e e e e e e et bbb s 88
DT o] B =1 (o] o [T PPPOPPPP 96
Supplementary Material ..........ooooo oo 100

Chapter 6. General DISCUSSION .......cciiiiiceceeeeertriieeee e e e e e e e e e eeereeeeeeaeeeaannnaassnnn s 101
FULUIE DIFECHIONS.....ceiiiiiiiiiiiiie e s e e e e e e e e e e et et ee et bbb s e e e e e e e e e e e e e 103
= (o 1 or= | I o] o] o= [0 £ 106
(0] o Tod [0 ][0} o PSSR 108

RETEIEINCES ...ttt ettt e e e e e e s 109



LIST OF TABLES

Table 2.1. Representative summary of relationships betweeRRNd fitness-related

traits obtained in laboratory (L), semi-natural &y field conditions (F). Positive (+ve),
negative (-ve) and non-significant (ns) relatiopshietween RMR and each trait are
shown. Also indicated (in the case of laboratorgeziments), are whether ad libitum (AL)
or restricted (R) rations were employed. Ratiorelés denoted as being not applicable
(NA) in field EXPEIMENTS. ..uuuiiiiii e e e e e e e e e e e eeeeeeaeeeeeeeaeeaenne 29
Table 3.1. Results from linear mixed effect models of eggnmame treatment on body
length (SL), mass and condition of brown trouthat hatching (alevin) and first feeding
(fry) stages of development. Body condition wascadtulated for the alevin stage. All
analyses included family as a random faCtOr . cevvvrvreeeiiiiiee e eeeeeeveeeeeeeeaenes 49
Table 3.2. Parameter estimates from linear mixed effect neodeegg hormone treatment
on behavioural performance of brown trout fry. Arsals controlled for fry age, body mass
and mass-corrected SMR, and included family asdam factor. Non-significant terms
(other than egg hormone treatment) were excluded the final analyse3.he effect of
testosterone is represented by the intercept, asrior the control and cortisol treatments
are given in comparison to this value. See text@sails of pair wise comparisons between
LLEST= 10 LT PP PP o1
Table4.1. Summary of the final linear mixed effect model kxping variation in the mass
of juvenile trout at the first feeding stage of dimpment. The analysis controlled for the
effects of egg size (mean value per family), matkdominance rank and the position
within the egg mass from which the fish originafdnt, middle and rear). Parameter
estimates are given as treatment contrasts wi#mjias originating from the front of the
egg mass set as the intercept. Family was incladexdrandom variable. Treatment
contrasts between juveniles from the middle andpe#d of the egg mass (when the rear
part is set as the intercept) are given in DOId. cc.........cooiiiiiiiiiiieeee 70
Table 4.2. Summary of the final linear mixed effect model kxping variation in the
residual standard metabolic rate (SMR) of juvetibeit. The analysis controlled for the
effects of maternal dominance rank and the posititnin the egg mass from which the
fish originated (front, middle and rear). Parametgrmates are given as treatment
contrasts with juveniles originating from the fraritthe egg mass set as the intercept.
Family and respirometry batch were included ass@dsandom variables. Treatment
contrasts between juveniles from the middle andaéthe egg mass (when the rear part is
set as the intercept) are given iN DOI. ..o 73
Table 4.3. Summary of the final linear mixed effect model kxping variation in the

social status of juvenile trout. The analysis colfed for the effects of age and the position
within the egg mass from which the fish originafdnt, middle and rear). Parameter
estimates are given as treatment contrasts wignjlas originating from the front of the
ovary set as the intercept. Family was includechadom variable. Treatment contrasts
between juveniles from the middle and rear ovanygmvthe rear ovary is set as the
intercept) are given iN DOI. ........ooiiii e 75
Table S.1. Body size, dominance rank and egg size data éft#hfemale Brown trout
selected for the measurement of sibling size, noditakate and social status in relation to
their position Within the €00 MASS. ........ieerri e 79
Table5.1. Summary of the optimal linear mixed effect modgdlaining variation in mean
egg size among female salmon. The analysis injtahtrolled for the following maternal
traits: body size, reproductive investment, somediadition and rate of early growth (SEG
versus FEG; see text for definitions and detailthefanalysis). Parameter estimates are
given as treatment contrasts with fast early graiwtbG) females represented by the
intercept. Family was included as a random variable....................ocooiiiiiiiiceeen. 89



Table5.2. Summary of the optimal linear mixed effect modgdlaining variation in mass

of juvenile salmon (In transformed) recaptured 2the after emergence. The analysis
initially controlled for the same variables listedTable 5.1 but included the effects of egg
size (mean value per family, In transformed) anstigam densities of salmon of the same
age, older year class salmon, and trout (see @exteffinitions and details of the analysis).
Parameter estimates are given as in Table 5.1.Ifvarmd stream capture location of each
individual (recorded at a 2 m scale) were includearossed random variables................ 91
Table 5.3. Summary of the optimal generalised linear modegétive binomial

distribution with gaussian-link function) explaigiwvariation in relative survival rates of
juvenile salmon from different mothers. The analysitially controlled for the same
variables listed in Table 5.1 but included the @Beof egg size (mean value per family).
See text for details of the analysis. Paramet@nasts are given as in Table 5.1. ............ 93
Table5.4. Summary of the optimal generalised least squaageirexplaining variation in
the theoretical contribution of each mother tolifemass of the experimental salmon
population. The contribution of each mother wagdeined by calculating the amount of
offspring biomass produced per egg stocked andmhyitg this value by her fecundity.

The analysis initially controlled for the same adies listed in Table 5.1 and included the
effects of egg size (mean value per family). Sgefte details of the analysis. Parameter
estimates are given as in Table 5.1, ... e e e 95



LIST OF FIGURES

Figure 3.1. Boxplots of hormone concentration in (a) cortigehted eggs and (b)
testosterone treated eggs in comparison to con&kasgle value for each hormone was
determined from a pooled sample of 6 — 8 eggs ttwrsame 10 families for which
behavioural and SMR data were obtained. Mediarheggone concentration, upper and
lower quartiles, range and outliers indicated hg libox, error bars and dots respectively.

Figure 3.2. Mean (z s.e.) standard length (a), body mass@ay condition (c) and SMR
(mass-corrected) of fry originating from eggs watbvated concentrations of cortisol and
testosterone. Fry morphological (n = 10 siblinggey family per treatment) and SMR (n =
4 -5 sibling fry per family per treatment) data webtained from the same 10 families.
Different letters represent significant differentesween treatment groups, after
controlling for among-family differences (see téxt statistical analyses). ................. 50..
Figure 3.3. Mean (z s.e.) territory quality (a), competitiviellay (b), aggression (c) and
social status (d) of fry originating from eggs wélevated concentrations of cortisol and
testosterone in comparison to controls. Data arttqul as z-scores except for (d) which are
principal component scores, based on a summatitreadther three behavioural variables.
Behavioural data were obtained for the same friywese measured for SMR. Different
letters represent significant differences betweeatiment groups (see text for statistical
ALY SES) . it e e e e et e ettt ettt bt ————————ttbaan e e e aaaaaeaeees 52
Figure4.1. (a) Relationship between juvenile body mass afitbefeeding stage of
development and egg mass (mean value per familyRé€lationship between residual
juvenile body mass and maternal dominance. In basles juvenile mass depends on the
position within the egg mass (front, middle or jdewm which the juveniles originated. In
(a) the lines are the predicted values for eachnegggs position from the final LME model
(see Table 4.1 for statistical analysis). Cleatles/black dashed line = front of egg mass,
grey circles/grey line = middle of egg mass, bleickles/solid black line = rear of egg
mass. The predicted values are based on a femalendge dominance (2.95). Juvenile
mass data are mean family values (n = 10 per egg pw@sition). In (b) data are plotted as
mean residual values (z s.e.) averaged by egg pusstson across females of different
dominance status: clear circles - front of egg maeesy circles - middle of egg mass, black
circles - rear of egg mass. High dominance; motrarked between 1.0 and 2.0 (n = 4),
Intermediate dominance; mothers ranked betweeari33.0 (n = 4), Low dominance;
mothers ranked between 4.0 and 5.5 (n = 3). Théuals were derived from a LME
model of juvenile body mass with family as a randactor. Mean family egg mass, egg
mass position and their interaction were includeeéxplanatory variables because the
juvenile mass - egg mass relationship differed ayrsmctions of the egg mass (see Table
4.1). Although maternal dominance is treated asngirtuous variable in the analysis
(Table 4.1), effects have been plotted categoyitalkid visual interpretation. ................ 71
Figure 4.2. (a) Relationship between log standard metabole (83MR) and log body
mass of juvenile trout. Line represents the predistalues from the LME model
describing the relationship between SMR and bodysm@®) Relationship between SMR
(residual values corrected for the effect of bodyss) of juvenile trout and maternal
dominance depends on the position within the eggsrifram which the juveniles
originated. Lines are the predicted values for eagghmass position from the final LME
model (see Table 4.2 for statistical analysis)aCtarcles/black dashed line = front of egg
mass, grey circles/grey line = middle of egg mbaksgk circles/solid black line = rear of
[<T0 [0 I 0 1= TSP PP RPPPT 73
Figure 4.3. Relationship between social status of juvenilattend position within the egg
mass from which the juveniles originated is depehnde their age. Early; juveniles aged

7



between 18 — 20 days (n = 12 juveniles per egg pasision), Intermediate; juveniles
aged between 34 — 36 days (n = 12 juveniles penegs position), Late; juveniles aged
between 47 — 49 days (n = 10 juveniles per egg pasision). Clear circles - front of egg
mass, grey circles — middle of egg mass, blackesre rear of egg mass. Data are mean (+
s.e.) principal component scores (PC1), deriveshfaoPCA of the aggression, competitive
ability and territory quality measures of behaviaveraged across all 12 families for each
egg mass position. Although age is treated as antaus covariate in the analyses (Table
4.3), effects have been plotted at discrete timm®g@e to aid visual interpretation.
Behavioural data were obtained for the same jugsrifiat were measured for SMR (see
Table 3 for statiStiCal ANAIYSES). ......... e eeeeee e e et e e e e e 75
Figure5.1. The relationship between a female’s body sizethadnean size (mass) of her
eggs for females with fast and slow rates of egibyvth (FEG — open circles, SEG — filled
circles, respectively. The predicted values fromdptimal LME model for FEG and SEG
females are represented by the dashed and sa@&lfaspectively. See Table 5.1 for
analysis an@upplementary Materidbr details of the data used to plot the predicted

Figure5.2. The relationship between mean egg mass and messohpuveniles at the
time of emergence. The predicted values from thengb LME model are represented by
the solid line. Data are mean family values, amdséwown separately for females with fast
and slow rates of early growth (FEG — open circBE(5 — filled circles, respectively),
although maternal early growth did not influencis tielationship. See text for analysis. .90
Figure5.3. (a) The relationship between the mean mass of feggseach family and the
mean mass of the resulting juvenile salmon (recadt@ months after emergence, FEG —
open circles, SEG — filled circles). The predictatlies from the optimal LME model for
FEG and SEG females are represented by the dasbesbld lines respectively. Both
axes are on a logarithmic scale. Panels (b) ansh@) interactions between maternal
reproductive investment and maternal body size adgfip size respectively. The solid and
dashed lines are the predicted values and 95 %dewmae intervals from the optimal LME
model (see text for analysis). Black and grey liredsr to predictions for large (mass =
138 mg) and small (72 mg) eggs respectively. Datatp are omitted in (b) and (c) to aid
visual interpretation. See Table 5.2 for analysid Supplementary Materidbr details of
the data used to plot the predicted Values.............coooiiiiiiiiiiiiiii e 92
Figure5.4. Relationships between the relative survival rdteneeniles (i.e. number
recaptured) and (a) the mean size (mass) of eggs\vihich they hatched, and (b) the
body size and (c) somatic condition of their mosh&EG females are represented by open
circles and SEG females by filled circles. The predl values from the optimal
generalised linear model for FEG and SEG femalesepresented by the dashed and solid
lines respectively. See Table 5.3 for analysis @umplplementary Materidbr details of the
data used to plot the predicted ValUES. ... oo 94
Figure5.5. The theoretical contribution of each mother toltl@mass of the experimental
salmon population depends on (a) their investnrergproduction, (b) the mean size
(mass) of eggs they produce, (c) their somatic itimmdand (d) their body size. The
contribution of each mother was calculated by mlyling the biomass of sibling juveniles
produced per egg stocked in the stream with mdtéroandity. FEG females are
represented by open circles and SEG females leg fiircles. In (a) the solid line is the
predicted values for all females (i.e. FEG and S&G@) the optimal generalised least
squares model. In (b) to (d), the dashed and sokd are the predicted values plotted
separately for FEG (dashed line) and SEG (sole) lfamales respectively. See Table 5.4
for analysis an@upplementary Materidbr details of the data used to plot the predicted
VAIUBS . ..o ettt e e e e e e e e e e e e e e et e e e e e et bbb 96



ACKNOWLEDGEMENTS

I would like to thank my supervisors Neil Metca#fied John Armstrong. With the
exception of annoyingly underhanded comments regguttie fortunes of the Australian
Cricket team, your support, expertise and enthostagve been exceptional. Thank you
for taking a punt on the kid from the southern rephere (without a proper interview!)
and more importantly making my time in Scotlandhsticcessful and very enjoyable. In a
similar vein, 1 would also like to thank Mia Hood®mom, my unofficial third supervisor.
Thank you so much for taking me under your wing simnolwing me the ropes during the
initial stages of this PhD. You were a constantsewf encouragement, great advice and
leant a sympathetic ear far more than was required . M80 and A9 will never be the
same without you! A special thanks goes to my farsupervisor, Dr Brenton Knott at the
University of Western Australia for encouraging tneindertake what has ultimately been

an amazing adventure and the best decision offeay li

Graham Law expended considerable effort in ensuhadiappiness of my fish in the
Graham Kerr building. Moreover, his superb bantet laumour brightened up the chilly
days spent in Aquarium Room 6. | would also likextend a big thanks to all the other
University technical staff that has assisted me tive past three years, especially Alistair
Kirk, Pat McLaughlin, Aileen McAdam and Karen Mcldan. A large part of my
practical work was conducted with the assistancgadf at Marine Scotland’s fish
hatchery in Alimondbank, Perthshire: Mike Miles,\&t&eay and Jim Muir. Big thanks for
politely listening to my crazy ideas, caring for fish and being a constant source of great
advice, humour and conversation. | would also fkkextend my gratitude to other Marine
Scotland staff Davy Stewart, Jason Henry, Mick Whand and James Orpwood for their

great company in the field and fantastic expertigeading fish scales and electro-fishing.

| owe a tremendous amount to Simon McKelvey, fangpa fantastic collaborator and
giving me access to his amazing facilities fordiekperiments on Atlantic salmon. Simon
and his family in Marybank took me in and treateel like one of their own. When spoken
in a gentle Geordie accent, the phrase “get puhttib data and I'll bring you some

beers” has never sounded so good!



Special thanks my office mates, both past and ptéean Room 424: Donald Reid,
Shaun Killen, Will Miles, Johan Nilsson, Who Seureg, Katherine Herborn, Ashley Le
Vin and Chris Donaldson. Cheers for all the lauglipport, advice and entertainment. |
would like to thank all the amazing students, psts and staff in the Graham Kerr
Building for making it the special place that it(@d for epic Friday nights in the pub!).
To name just a few - Nick Beevers, Sunny Townseetius Hoebe, Tony Robertson,
Lindsay Henderson, Jan Lindstrom, Amy Schwartz thkraFerguson, Steve Larcombe,
Winnie Boner, Adam Cross, Grant Hopcraft, Mary Ry@mma Lowe, Dan Haydon,
Barbara Mable, Gemma Jennings, Zara Gladman, Paadhan, Rob Critchlow, Sambo
Maganga, Marco Morelli, David Costantini and Andigginson. | would also like to give
a mega thanks to the man behind the glass walligggdow and to Lorna Kennedy for
giving me chocolates and keeping the local couwf€iny back! In Trondheim | would
like to thank Tonje Aronsen, Irja Raitekainen, Qrdackson, Line Larsen, Lisa Cats-Myre,
Geir Bolstad, Gunilla Rosenqvist and Sigurd Einamifeing especially welcoming at
NTNU.

Out with the Graham Kerr building, | would like timank the Northern Irish — Scottish
triumvirate at the Stevenson Building, Anthony &din, Ross White and Ally Mclinroy.
Cheers for the great camaraderie and our weeklg cdmaall and sundry. Also Mavra
Grimonprez put a roof over my head for my firsthiigh Glasgow and was a great flat
mate for 18 months thereafter. Adam ‘Oxford’ Pideserves a massive cheers for getting
me involved in mischievous capers all around thddvand for being the best-est mate
anyone could ever hope for.

I would like to thank my sister Tess and her pariviatt for coming to visit and my
folks, Ruth and Chester, for sending me gentle mderis of home in the post, for the
continual updates on developments in the veggiehpatd the local Kangaroo population,
for making the effort to see me every year and nmakure we had a regular yap on the
phone. It has meant more than you could ever kikovally, thanks heaps to Grethe

Robertsen for putting up with my idiosyncrasies araking me one happy camper!

10



Candidate’s declaration:

| declare that the work recorded in this thesesnrely my own. The work described in
this thesis is my own except where specificallyramiledged. No part of thesis has been

submitted for any other degree or qualification.

Signature of candidate ...................ooi e

11



CHAPTER 1. INTRODUCTION

Phenotypic variation among individuals is envisibigenerally as the sum of direct
environmental and genetic effects (and their imtiivas). These sources of phenotypic
variation do not, however, account for environmeetiects that were experienced in
previous generations. Maternal effects — phenotyai@tion that may be inherited by an
individual independently of the genes providedtsyparents and direct environmental
effects on developing offspring — are often theseaof such trans-generational influences
on phenotypic expression (Mousseau & Fox 1998ajeMal effects were traditionally
perceived as factors that complicated the predsmate of narrow-sense heritability — the
relative contribution of genetic variation to phenmc variation among related individuals.
However, since the release of a landmark publinaltaternal effects as adaptations
(1998), edited by T.A. Mousseau and C.W. Fox, wisiecinmarised the importance of
maternal effects in ecology and evolution, intenesheir significance now stems from a
range of biological sub-disciplines, the diversifywhich is reflected in the nomenclature
and range of definitions that currently descrilde fhenomenon. Some examples of this

complex terminology are given below:

Maternal effects — “part of an offspring’s phenotype that does not itefsam the
action of its own genes and the interaction of ¢hgenes with its environmériBernardo
1996a) or “.the causal influence of the maternal genotype @nplype on the offspring
phenotypé (Wolf & Wade 2009).

Parental effects —Together, the transmission of non-genetic developahéctors and
developmental plasticity result in an effect of plaeental phenotype on offspring
phenotype that cannot solely be ascribed to inbdrgenes(Uller 2008).

Inherited environmental effects — those components of the phenotype that are derived

from either parent, apart from nuclear gehéRossiter 1996).

Non-genetic inheritance — ‘any effect on offspring phenotype brought abouhby
transmission of factors other than DNA sequenaa® fparents or more remote ancestors
(Bonduriansky & Day 2009).
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Chapter 1

In this thesis, | adopt the definition of Mousseauad Fox (1998a). Where the genetic
and non-genetic contributions of a mother to phgpotvariation among offspring cannot
be separated, | use the term ‘maternal influen@aseen 2008; Venturelkt al.2010).

For many species, early development is a periddghf mortality and intense selection.
Thus, it is hardly surprising that maternal inflaea can have a pervasive influence on
offspring growth and survival. It is the mother wihetermines the initial size (and often
the subsequent provisioning) of offspring and desi@hen, where and how they are born
or dispersed. Additionally, in mammals and birdlss generally the mother who cares for
the offspring (although in fishes, it is the fatldro cares for the young in more than 60%
of species that have been studied, Gross & Safi@®8%). Environmental effects on the
mother can also lead to variation in her growtmditoon and physiological state that can
be transmitted to offspring via non-genetic resesra the egg, for example as hormones,
antibodies, antioxidants and mRNA, that may disectlindirectly influence offspring
development (Mousseau & Fox 1998b). Maternal infaes have thus been interpreted as
a mechanism that allows for an adaptive phenotygsponse by offspring to an
environmental cue experienced by parents (Bernd®d6a). Indeed, numerous empirical
studies demonstrate that mothers do adjust theopyyses of their offspring according to
changes in the maternal environment (Mousseau &1P@8b; Uller 2008). However, not
all maternal influences are adaptive. For exantpkefransfer of pathogens across the
placenta may have deleterious consequences fgotirgy, or a mother in poor nutritional
condition may be unable to adequately provisiondfispring during egg production, both
of which would result in reduced prospects for ttiseirvival. Furthermore, maternal
influences may have a heritable basis themseleasiarpretations of adaptive plasticity

may need to be made with a degree of caution (BeonE996a).

OFFSPRING TRAITS THAT ARE SUBJECT TO MATERNAL
INFLUENCES:

Egg size

Egg size is crucial because it can profoundly mrfice the growth and survival of
offspring (Mousseau & Fox 1998b). Accordingly, esize is perhaps the most intensively

studied maternal influence (Bernardo 1996a). Laqgs generally result in larger, faster
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growing offspring with better survival prospectsaygcularly in adverse environmental
conditions (e.g. Einum & Fleming 1999; DziminskiRbberts 2006; Donelson, Munday &
McCormick 2009; Segers & Taborsky 2011a). In lighsuch obvious benefits, why do
some mothers produce smaller eggs than others?ekéatiat lay large eggs must lay
fewer eggs due to the trade-off between offspring and number. Theoretical and
empirical investigations of this trade-off reveal@ptimal egg size that maximizes
maternal rather than offspring fitness: offsprinigvéval rates that maximise maternal
fitness may be low compared with those maximisifigpoing fithess (Smith & Fretwell
1974; Einum & Fleming 2000a). Whilst this may oféebroad explanation for the large
variation in egg sizes that has been observed afeomgies in a range of species,
environmental conditions experienced by the motheralso influence the size, number
and provisioning of eggs that she produces. In stases, this may be a constraint that
reflects the nutritional status of the mother. Example, low food levels experienced by
mothers prior to egg production can reduce matdrody condition and reduce the size,
energy content and survival of her progeny (Gagli&riMcCormick 2006; Donelson,
McCormick & Munday 2008; Donelsaat al. 2009). However, in some cases such egg
size plasticity may yield adaptive benefits. In@pe ofDaphnig females can respond to
low levels of food by producing larger eggs that laigher in lipid and protein content.
The eggs from such females then give rise to lgty@niles that survive better in food-

limited environments (Gliwicz & Guisande 1992).

Maternal investment in offspring may be determibgdoth the ‘current’ and ‘past’
environments of a mother (Reznick & Yang 1993).rAvgng number of studies
demonstrate that factors experienced by motheraglthieir own development as
juveniles can also affect the phenotypes of thigapoing. Low food availability, poor
nutrition or even exposure to predation risk dumagly ontogeny can cause mothers to
produce larger, slower growing offspring, irrespeebf the conditions experienced after
sexual maturity and adult body size (Huck, Labolzigk 1986; Taborsky 2006;
Vijendravarma, Narasimha & Kawecki 2010; Segersaldrsky 2011b).

Juvenile size, energy metabolism and social status

Although egg size can explain much of the initiaessariation among juvenile

offspring (Chambers & Leggett 1996), other facian influence the egg size — juvenile

14



Chapter 1

size relationship. Indeed, egg size and composittemot necessarily correlated and
variation in egg composition may be as importardrirecological sense as variation in egg
size (Bernardo 1996b). The levels of hormones sisatortisol and testosterone that are
transferred from the mother to the egg or foetuswaay substantially both within and
among clutches and enable the mother to affegpirfig sizes by influencing rates of
growth (McCormick 1999; Hayward & Wingfield 2004y@thuiset al.2005; Uller,
Astheimer & Olsson 2007).

The causes and consequences of within- and- antotat) @ariation in egg hormone
content have been most widely studied in birdsnémy avian species, juveniles that hatch
early obtain a competitive advantage because theye substantially larger than
individuals that hatch later (Groothwgsal. 2005). By systematically adjusting egg
hormone levels within a clutch, particularly andeng, to increase the aggressive or
begging behaviours of juveniles (Schwabl 1996),dlenbirds can either compensate for
hatching asynchrony to promote survival of latechatl individuals or even inflate the
effects of hatching asynchrony to favour first-laffspring (reviewed by Groothuet al.
2005). In contrast, between-clutch variation in eggnone levels can either reflect traits
of the mother, such as her territory size and guéBroothuis & Schwabl 2002), body
condition (Loveet al.2008) and aggressive behaviour (Whittingham & Saihiv2002) or
temporal and spatial variation in environmentalditons, such as social density and food
availability (Groothuiset al. 2005).

The precise mechanism by which pre-natal cortisdltastosterone affect growth is
unknown, but it may involve indirect effects on etlraits. High energy costs of self-
maintenance, when measured as minimal rates ofgneetabolism (in this Chapter the
related terms basal, resting and standard metatawécare referred to collectively as
‘SMR’), can constrain juvenile growth and even tesua faster rate of mass loss when
food is limiting (Steyermark 2002; Killen, MarrasMcKenzie 2011). SMR is remarkably
variable, often differing by 2 — 3 orders of magdi among individuals, even after
controlling for important factors such as body sinel temperature (Metcalfe, Taylor &
Thorpe 1995; Steyermagk al.2005; Johnstoet al.2007). Little is known of the
proximate and broader-scale mechanisms that deterthis residual variation in SMR. It
has been proposed that SMR may be under parefite@noe (Pakkasmaa, Penttinen &

Piironen 2006; Régnieat al.2010) and recent evidence suggests that somésof th
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variation may be of maternal origin due the trarssmoin of cortisol or testosterone to eggs
(Tobler, Nilsson & Nilsson 2007; Giesirgg al.2010; Sloman 2010; Nilssaet al.2011).

In addition to its influence on energy budgets, SiglRnown to correlate positively
with behavioural traits such as dominance and aggye (reviewed by Biro & Stamps
2010). These in turn may influence developmentgrowth rate, since in many species
dominant individuals tend to acquire preferent@ess to resources (Huntingford &
Turner 1987). Evidence from birds indicates thathras can manipulate offspring
territoriality, aggression and dominance rank bjstithg levels of egg testosterone
(Schwabl 1993; Eising, Muller & Groothuis 2006; Né&ul| Dijkstra & Groothuis 2009). In
contrast, elevated concentrations of glucocorteaidthe embryo seem to have the
opposite effect on offspring behaviours by redu@ntyvity, begging and dispersal or
invoking risk-averse behaviour (De Fraip@attal.2000; Meylan & Clobert 2004; Rubolini
et al. 2005; Uller & Olsson 2006). Thus androgens, suctestosterone, and
glucocorticoids, such as cortisol, are likely méalia of maternal influences on offspring
body size (as separate from egg size), SMR andlssteitus. There are thus many complex
interactions between physiology, behaviour and ldgveent that may be mediated
through the non-genetic influences of the pareggakeration.

BROAD APPROACH OF THE THESIS AND STUDY ORGANISMS

The main objective of my thesis is to investigéte itole of maternal influences in
generating individual variation in offspring pheyyeés and to address their likely
ecological consequences. Admittedly, this is aarabtoad topic! Consequently, | address
a number of specific questions that are connectékis central theme. For the empirical
work presented in this thesis | use stream dwelinegnbers of the family Salmonidae
(namely Atlantic salmo®almo salail.. and brown trouSalmo truttal.) as study
organisms. These closely related teleost fishgdalisemarkable variation in their general
biology and life history characteristics, both amamd within each species (Klemetsgn
al. 2003). Adults typically spawn in freshwater streamhere females lay hundreds to
thousands of eggs in sequentially-spawned grawsifgedds’), where they are fertilised
externally by males. After relatively synchronideatching, the offspring (referred to as
alevins) remain in the gravel, sustained entirglyie remnant yolk from the hatched egg

(termed the yolk-sac). Once the yolk sac is ma$tiyleted, the offspring (now termed fry)
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emerge from their gravel nests to disperse anchifegding exogenously. These juvenile
salmonids then spend variable amounts of timeair thatal stream as ‘parr’ before
migrating, for a period of one or more years, thes marine (anadromous life cycle) or
lacustrine (freshwater resident) environments. Mlagority of growth occurs in these
environments, before they return as adults to spawimeir natal stream (although some
fish, particularly males, may mature without evegmating from the natal stream)
(Klemetseret al. 2003).

Atlantic salmon and brown trout are ideal studyamigms for investigating the causes
and consequences of maternal influences, not onbffspring size, but other important
offspring traits such as behaviour and physiolddgternal investment is critical because
no further care is provided by either parent aggawning. This means that mothers have
limited scope to influence the development of tlyeung other than what they invest in
each egg and where they are laid. Moreover, sefedtiring early development is intense:
up to 98% of mortality can occur within 2 — 3 mantif juveniles emerging from the nest
(Elliott 1994). In this context, egg and thus juleisize are known to be critical for
survival (Einum & Fleming 1999; Einum & Fleming 2ul§). In Atlantic salmon and
brown trout, egg size increases with female bodg and large females tend to produce
fewer eggs per unit body size than smaller confipscirhus, egg size can vary
substantially among females and populations bususlly uniform within individuals
(Jonsson & Jonsson 2011). Furthermore, conditimpsréenced during early ontogeny can
also influence investment in eggs by females: thstt grow relatively slowly as juveniles
tend to produce larger eggs at maturity, even afiatrolling for body size at the time of
spawning (Thorpe, Miles & Keay 1984; Jonsson, JomsgsFleming 1996). Thus, it has
been suggested that mothers may ‘adjust’ the giteeo eggs in anticipation of the early

growth environment that their offspring may facenssoret al. 1996).

After emerging from the nest, fry compete with qoesfics to establish feeding
territories, often in high densities (Elliott 1999pecially where suitable habitat is limiting
(Armstrong & Nislow 2006). The social structuresaimonids during this period of
development is often based around dominance antbtelity (Metcalfe 1998). Large
dominant fry are more likely to establish prefeeatdrritories near the nest (Metcalfe
1998; Bujoldet al.2004), which can promote the dispersal downstrebsmaller
individuals or subordinates (Bujott al. 2004). Remarkably, individual dominance status

of juveniles can be predicted better by energy bditsm than body size: individuals with
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higher than average SMR tend to be dominant owsethwith a lower SMR (Metcaliet

al. 1995; Cutts, Metcalfe & Taylor 1999; McCarthy 200However, a single ‘optimal’
strategy in terms of energy metabolism or dominaseanms not to apply because
individuals that are dominant or have a high SMRhdbnecessarily experience growth or
survival advantages in all conditions (Martin-Sn#tiArmstrong 2002; Harwoodt al.
2003; Alvarez & Nicieza 2005).

Given their effects on offspring growth, behaviamd physiology in other taxa, egg
hormones may enable salmonid mothers to influeegeokfspring traits such as body size,
social status and SMR. Fish eggs contain apprecehbunts of glucocorticoid and
androgen hormones and egg concentrations of tleesgohes are likely determined by the
level in maternal circulation (Hwargg al. 1992; McCormick 1999; Tagawa, Suzuki &
Specker 2000). Whilst the corticosteroid stress akjuvenile fish appears fully
developed only after hatching, almost immediatéigrdertilisation, embryonic levels of
cortisol decrease and the expression of minerdicoad receptors (which like
glucocorticoid receptors can also bind to cortisotyeases (Alsop & Vijayan 2008). This
indicates that fish embryos are capable of metsingjicortisol and suggests that
maternally derived egg hormones may affect offgphiafore they hatch. Recent
manipulative studies in other fish species reveat between-clutch differences in egg
cortisol content reflect environmental conditiomperienced by the mother prior to
spawning and can have strong effects on juvenieldpment (McCormick 1998;
McCormick 2006; McCormick 2009; Giesireg al. 2010). Such data for salmonid fishes
are currently lacking, although pharmacologicalat®ns of egg cortisol have been
shown to increase the SMR of embryos and reduckdte size of juveniles (Erikseat
al. 2006; Sloman 2010).

AIMS AND STRUCTURE OF THE THESIS

A growing number of studies have documented subatantra-specific variation in
SMR. However, the causes of this variation, botixpnate and ultimate and its
consequences for individual fitness in natural pafons remain poorly understood. My
first aim is to synthesise the existing knowledgdlas topic and indicate gaps in
understanding. Thus, in a review of the literatligsk whether maternal influences are at

least partly responsible for within-species vaoatin SMR, and summarise the known
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consequences for fitness of variation in this pblggjical trait (Chapter 2). Relationships
between egg hormone levels and offspring phenotiypes mostly been investigated in
birds. Female birds typically produce small cluhed directly influence the post-natal
development of their young by providing parentakec®ata from taxa with different
reproductive tactics, such as fishes, that canyz®dthousands of offspring and do not
provide parental care, are largely absent. ThezdfoChapter 3, | test experimentally
whether levels of egg cortisol and testosteronleenice offspring body size, SMR and
social status in a highly fecund vertebrate (theortrout). | then investigate if highly
fecund mothers can generate systematic variatiimn clutchesn these same traits
(Chapter 4). Maternal investment in offspring cadietermined by environmental
conditions experienced by mothers when they are jooeniles and adults. To date, the
consequences of these maternal legacies have ewtésed in natural populations.
Utilising naturally occurring variation in both thevenile growth rate and adult body
condition of mothers, | investigate the relativBuance of these factors on the
provisioning and subsequent performance of théapoihg in the wild (Chapter 5). The
findings from these studies are then brought tagedtha synthesis in the general
discussion (Chapter 6).

19



CHAPTER 2. WHAT CAUSES INTRA-SPECIFIC VARIATION IN
RESTING METABOLIC RATE AND WHAT ARE ITS
ECOLOGICAL CONSEQUENCES?

A version of this chapter is published as - Timt®ar S. S. Killen, J. D. Armstrong and
N. B. Metcalfe (2011). What causes intra-specifidation in resting metabolic rate and
what are its ecological consequencBs@ceedings of the Royal Society B-Biological
Sciencef78: 3465 - 3473

SUMMARY

Individual differences in the energy cost of seklitntenance (resting metabolic rate,
RMR) are substantial and the focus of an emergsgarch area. These differences may
influence fithess because self-maintenance is dersil as a life history component along
with growth and reproduction. In this review, | agky do some individuals have two to
three times the ‘maintenance costs’ of conspecifingd what are the fithess consequences?
Using evidence from a range of species, | dematestinat diverse factors such as
genotypes, maternal effects, early developmentaditons and personality differences
contribute to variation in individual RMR. | reviesvidence that RMR is linked with
fitness, showing correlations with traits such esagh and survival. However, these
relationships are modulated by environmental camast(e.g. food supply), suggesting
that the fitness consequences of a given RMR maybtext-dependent. Then, using
empirical examples, | discuss broad-scale reastwysvariation in RMR might persist in
natural populations, including the role of bothtsgdaand temporal variation in selection
pressures and trans-generational effects. To cdadldiscuss experimental approaches
that will enable more rigorous examination of theses and consequences of individual

variation in this key physiological trait.

INTRODUCTION

The energy cost of self-maintenance (when measasgedinimal rates of energy
metabolism) varies remarkably within species. fe@fvely forms a central component of

life history theory which concerns how individuatsist allocate a finite energy budget

20



Chapter 2

among the competing interests of growth, reprodaciind self-maintenance (Stearns
1992). Compulsory trade-offs among these functroean that variation in the rate of
utilising energy will have likely implications fdife history traits and hence fitness.
Consequently, there is great contemporary intémesmtnong-individual variation in

minimal rates of energy metabolism. In this reviéagldress two issues: (1) why do some
individuals consistently have two or three times tiiaintenance costs of conspecifics the
same size, age and sex; and (2) what are the amrseep for fitness? For my purposes,
the ‘baseline’ measures of energy metabolism -Ipstandard and resting metabolic rate
(BMR, SMR and RMR respectively) are most relevéviten measured on quiescent
individuals, at a common temperature and correfciedody mass, these estimate the
compulsory energy cost of self-maintenance the¢idral to life history theory. The
definitions of each vary slightly. SMR is the loweste of metabolism, measured at a
particular temperature, in an inactive and posbgiisre ectotherm (McNab 2002). BMR
only differs because it is measured in endothemasirgcludes the cost of endothermy
(McNab 2002). RMR also assumes a post-absorptate,diut is frequently applied to both
endotherms and ectotherms and caters for low l@fedpontaneous activity (Jobling
1994). Since all three measures represent the mimmatabolism of an individual in a
relatively quiescent state, | group them undeiténe RMR.

Variation in RMR between species is ubiquitous arus$tly explained by body mass,
temperature, phylogeny and a range of environméautédrs (Clarke & Johnston 1999;
Glazier 2005 and references therein; see Carkali2008; Clarke, Rothery & Isaac
2010). These comparative studies have shown thd& BM trait of ecological and
evolutionary importance but are unable to idertdysal mechanisms. Within-species
studies are complementary in this respect bec&esectn provide insights into the causal
factors underlying variability in RMR. However, ettpts at explaining intra-specific
variation in RMR have in general been less sucaksin comparative studies. For
example, even after correcting for body mass, teatpee and other factors such as age
(Moe et al.2009), sex (Rgnning, Moe & Bech 2005), seasond@iret al.2007), dietary
history (Cruz-Neto & Bozinovic 2004) and reproduetstate (Speakman & McQueenie
1996), three-fold differences in RMR among posteapsve individuals and even siblings
remain unexplained (Metcalft al. 1995; Steyermarkt al. 2005; Johnstoet al. 2007).
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Individual variation in RMR appears likely to hasensequences for fitness because
RMR can constitute up to 50% of an individual’s rggyeexpenditure (Steyermash al.
2005). Moreover, RMR correlates with other impottar@asures of metabolic demand
(Chappellet al.2007) and a range of fithess-related behaviowa#kt(Biro & Stamps
2010). Differences in RMR among individuals alspegr to be permanent. For example,
RMR is repeatable over periods of time ranging faags to years (Nespolo & Franco
2007) even in individuals that have experience@-foR increase in body mass between
measurements (McCarthy 2000). Furthermore, indalglseem unable to compensate for
periods of intense energy expenditure by lowermgrtRMR (Wiersma & Tinbergen
2003). Thus, RMR has attracted considerable inteiean important ecological factor that
can set rates of resource uptake and allocatisartoval, growth, and reproduction
(Brown et al.2004). However, hypotheses that attempt to cdgefariation in RMR with
broad scale ecological variables such as climaledat are not supported unequivocally
at the intra-specific level (Chown & Gaston 1998@u£Neto & Bozinovic 2004) and do

not explain the variation in RMR that can occur agsiblings.

Using recent evidence from both vertebrate andriebeate taxa, | first discuss the
diverse causes of variation in RMR. Secondly, leevevidence that RMR is linked with
fitness. Thirdly, | discuss recent suggestions tihatbenefits and costs of a relatively high
or low RMR may depend on local environmental caodg and that selection on RMR
may be constrained by trade-offs, thereby providingxplanation for the persistence of
variation in RMR in natural populations and amortdiisgs. | conclude by discussing
experimental approaches that can evaluate thisthgpis and enable more rigorous

examination of the causes and consequences a$pettdic variation in RMR.

INTRINSIC CAUSES OF INDIVIDUAL VARIATION IN RMR

Local adaptation, heritability and genetic determinants

Broadly distributed species have been used toifglentenetic component to intra-
specific variation in RMR that may reflect localagdation. For example, using the widely
distributed isopodPorcellio laevis Lardies and Bozinovic (Lardies & Bozinovic 2008)
demonstrated inter-population differences in RMRoagF1 generation offspring that had

been bred and reared in a common environment. Merethe observed differences in
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RMR correlated negatively with the latitude of gegoulations from which the parental
generation were sourced (Lardies & Bozinovic 200®spite evidence of high within-
individual repeatability and (possibly) local adatpin, breeding experiments have
generally found the heritabilithf) of RMR to be low (Nespolo, Bacigalupe & Bozinovic
2003; Nespolo et al. 2005; Rgnning et al. 2007pkeed Kotiaho 2009; Piiroinen et al.
2010), which is typical for traits related to fisee However, exceptions do exist (e.g.
Sadowska et al. 2005; Nilsson, Akesson & Nilssod9}0and selective breeding
experiments have shown that RMR can respond totgmig Ksiazek, Konarzewski &
Lapo 2004), providing evidence for heritability.chuequivocal evidence has led to
suggestions that the genetic architecture of RMR lb@acomplex (Arnqvist et al. 2010) or
that maternal and environmental effects also imteeRMR (Nespolo et al. 2003;
Verhulst, Holveck & Riebel 2006). Indeed, differgrarental configurations of
mitochondrial and nuclear DNA can interact with thermal regime experienced during

early development to shape whole-animal RMR (Aratgti al. 2010).

Maternal effects

Recent evidence suggests that maternal effectexaaha substantial influence on
offspring RMR. A possible mechanism underlying saffects is the transfer of hormones
from mother to embryo. In oviparous species, cottaéons of egg hormones can vary
considerably among and within clutches and can Bayreficant effects on offspring
phenotypes (Groothuet al.2005). In relation to RMR, experimental elevatain
testosterone levels in zebra findraéniopygia guttafeeggs resulted in an increase in
offspring RMR that persisted into adulthood (Toldeal. 2007; Nilssoret al. 2011).
Female three-spined stickleback&aéterosteus aculeafusxposed to the threat of
predation produce eggs that have a higher condemtraf cortisol and also higher RMR
(Giesinget al.2010). Likewise, elevation of cortisol in browout eggs increased
embryonic RMR (Sloman 2010). Further evidence loflabetween hormone levels and
RMR in older animals comes from positive correlasidoetween endogenous levels of
plasma hormones and RMR (Chastel, Lacroix & Ker21@03; Rost al.2004;
Steyermarlet al. 2005) or experiments that manipulate plasma hoentewvels or induce
stress and find changes in RMR (Buchagtal.2001; Rost al. 2004). Maternal effects
on RMR are not necessarily restricted to hormoa#tways. Eggs laid by female

clownfish Amphiprion melanopyson the periphery of the clutch had a RMR that was
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average 24% lower than that of eggs laid in théreg)Green, Anthony & McCormick
2006). Although variation in maternal provisionimgy account for this observation, it is
also possible that gradients in dissolved oxygemest influence offspring RMR via their
position within the clutch (Greegt al. 2006).

Biochemical, physiological and behavioural sources of intrinsic variation

The interaction between an individuals’ genotype @re environment it experiences
during ontogeny is likely to involve effects onamge of biochemical, physiological and
behavioural factors that influence intrinsic metabdemand. Resting individuals consume
energy during fundamental processes, such asiptateover, gluconeogenesis, enzyme
activity, nitrogenous waste synthesis and protansport across the membranes of
mitochondria during energy metabolism (e.g. 198ibwever, the proportional
contribution of these factors to metabolic demanpaorly understood, but may contribute
to individual differences in RMR within species.rlexample, evidence from mice shows
that intraspecific variation in the size of theestines, liver, kidneys and heart accounts for
more than 50% of the variation in RMR, despite ¢hexgans making up a relatively small
proportion (on average approximately 17%) of thaltbody mass (Konarzewski &
Diamond 1995). Likewise, behavioural syndromesiffeinces in personality (e.g. bold
versus shy phenotypes, Sih, Bell & Johnson 2004)infauence individual daily energy
expenditure (e.g. due to differences in activityels), but also RMR: more active
individuals may have larger organs than less aatigviduals, which allow for a higher
peak metabolic output, but also need to be maietbat rest (Biro & Stamps 2010).
Behavioural differences among individuals may @#ect estimates of RMR during
respirometry. For example, some individuals areemi@active’ than others when
confined in respirometers, possibly leading toghbr estimate of RMR (Careatial.

2008; Killenet al.2011; Careaet al.2011). This indicates that some individuals may be
more susceptible to stress than others, and irstefRMR, respond more acutely to a
range of stimuli. Hence, the variation inhereninima-specific studies of RMR may
partially reflect the wide range of factors thahttute to individual RMR and are

overlooked in analyses between species.
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EXTRINSIC CAUSES OF INDIVIDUAL VARIATION IN RMR

Physical and biological environment

The expression of RMR can also be affected by enuiental conditions experienced
during and after development. For example, devetoal temperature is known to be a
strong determinant of later-life RMR (SteyermarlSgotila 2000; Le Lanet al.2010).
Furthermore, challenges to the immune system amdisl®f conspecific density
experienced during early development can alsoenite later-life RMR (Steyermark &
Spotila 2000; Le Lanet al.2010). For example, in birds, juvenile RMR canréduced
by increases in brood density during early develepmWhereas another study showed
that adult RMR can be higher in response to bearsged in an enlarged brood (Burness
al. 2000; Verhulset al.2006). In eastern chipmunkBamias striatuf juvenile parasite
load can significantly increase adult (non-parssd) RMR when measured a year later
(Careau, Thomas & Humphries 2010). This effect MRRikely results from up-regulated
immune function, since challenges to the immunéesy<licit a temporary increase in
RMR (Otset al.2001; e.g. Freitakt al.2003) which is similar to that observed in paeasit
infected individuals (Nilsson 2003; Careetual. 2010).

Resting metabolic rate in adulthood may also bectdd by early growth conditions.
Growth compensation in juvenile zebra finches @wihg a temporary reduction in dietary
protein content) resulted in an elevated RMR ohosé birds became adults (Criscueto
al. 2008). This suggests that the long-term energisadsa higher RMR may be
outweighed by the immediate benefits of catchingnupody size (reduced predation risk,
for example). Supportive evidence from biomedical apidemiological studies shows
that poor quality nutrition during early developrhean have irreversible effects on traits
likely to affect RMR such as organ size, nutriemtaolism and enzyme physiology
(Desai & Hales 1997). Conversely, a reduction &t duantity (calorie restriction) during
development can reduce RMR (O'Connor, Taylor & ME&c2000; Brzek & Konarzewski
2001; Moeet al.2004; Moe, Stolevik & Bech 2005; Rgnniagal.2009; Roark &

Bjorndal 2009). However, this reduction is revelesibnce conditions improve (Schew
1995; O'Connoet al. 2000), suggesting that it may be a mechanisncthvaderves energy
when food is limiting (O'Connaet al. 2000; Brzek & Konarzewski 2001; M@ al. 2005;

Rgnninget al. 2009).
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RMR is also known to fluctuate over short periotlrae in response to both physical
and social stimuli. Juvenile Atlantic salmdda{mo salay without access to overhead
shelter can incur 30% higher resting metabolicstsin those with a shelter, even if the
shelter is not used (Finstatlal. 2004; Millidine, Armstrong & Metcalfe 2006). The
presence of conspecifics can also affect indivilRMR. For example, in juvenile Atlantic
salmon, the close proximity of a smaller conspeaifas found to cause a 40% reduction in
RMR, whereas the presence of a slightly largerdmiised RMR to nearly double. This
divergence in RMR occurred in the absence of agtamd the presence of a transparent
barrier that prevented physical interactions betwtbe fish (Millidine, Metcalfe &
Armstrong 2009). A similar deviation in RMR betwedmminant and subordinate
individuals has been reported in other speciesn&oet al. (2000) measured the RMR of
individual brown trout before and after size-mattipairs were allowed to establish a
social hierarchy. After pairing, the RMR of subaratie fish increased by nearly 30%,

whereas that of the dominant decreased by 10%.

DOES RMR AFFECT FITNESS? EVIDENCE FOR CONTEXT-
DEPENDENT EFFECTS AND TRADE-OFFS

Studies that have investigated links between RMdRféiness have used a range of
proxies including growth, reproductive output (nienbnd size of propagules),
reproductive fitness (number of surviving offsplingenescence and survival/lifespan.
However, predicting the direction of the relatioipshetween RMR and fitness is difficult
because logical arguments can be made for bothimegand positive trends (Boratynski
& Koteja 2010). The ‘compensation’ hypothesis prgmthat individuals with a low RMR
will have higher fithess because they have lowHssaintenance costs and can devote
more energy to growth and reproduction. Conversbby increased intake’ hypothesis
(for explanations of each see Boratynski & Kotdpd@ and references therein) predicts
that individuals with a high RMR will have highetriess than low RMR individuals
because they generally have larger internal or{@@happellet al. 2007) and higher
maximum metabolic rates (Chappedlal. 2007; Biro & Stamps 2010). This greater
‘metabolic machinery’ (Biro & Stamps 2010) mighloa¥ for higher sustained energy
throughput, thus enabling greater assimilationnafrgy for growth and reproduction
(McNab 1980).
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However, high rates of resting metabolism may atswoy a cost in terms of increased
mitochondrial production of reactive oxygen spe¢R®S) that cause damage to
important biological molecules (e.g. proteins,dginucleic acids), accelerating cellular
senescence and ultimately death. On this basighehRMR has been assumed to
decrease lifespan through an increased productioFaotive oxygen species — the ‘free
radical’ hypothesis of aging (Harman 1956). Howeeemparative studies show that this
hypothesis is too simplistic, since a high RMR doesnecessarily result in either greater
ROS production or reduced lifespan (Brand 2000g dhly study to my knowledge that
has studied the relationship between RMR and l#esgd an intra-specific level found that
individual mice with a higher RMR tended to survlgager (Speakmaet al.2004). This
was attributed to higher levels of uncoupling piregen the mitochondria, which increase
the conductance of protons across the mitochonidinar membrane. Such ‘uncoupled’
mitochondria require more oxygen per unit of ATBdguced but produce fewer ROS.
Hence, greater mitochondrial uncoupling is thoughhcrease overall energy
consumption (and so mass-specific RMR) but genéeateoxidative stress, resulting in an

inverse relationship between RMR and lifespan (Bpeaet al. 2004).

Relationships between RMR and growth, reproduciiviput, reproductive fitness and
reproductive senescence have been subject to gseattiny and are summarised in Table
2.1. Laboratory studies that use libitumlevels of food have failed to find any
relationship between RMR and reproductive outmaging to speculation that there is no
direct physiological link between the two traitsaft¢s, Garland & Dohm 1992). However,
this is consistent with life-history theory becausdimited access to energy is unlikely to
cause trade-offs in allocation among self-mainteeagrowth and reproductive processes.
In this respect, a positive relationship betweenRRa&hd reproductive output has been
demonstrated in natural conditions (Table 2.1),r&Heod levels and other important

factors may be more variable.

When considering growth as a measure of fithegsetis evidence for and against both
the ‘compensation’ and ‘increased-intake’ hypotke3ée majority of laboratory studies
usead libitumlevels of food and reveal that high RMR individsiahow faster rates of
growth, supporting the latter hypothesis (Tablg.Z-dbwever, where food is restricted,
high RMR individuals do not grow any faster thaagé with lower RMR’s, and can lose
mass faster than low RMR individuals when completebd-deprived (Killeret al.2011).
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Similarly, brown trout with high RMR’s had higheragvth rates when fedd libitumin
captivity, but not when they were released in foatural streams. No correlation was
found between RMR and growth in two of the streanigreas in the other two, growth
and RMR were negatively correlated (Alvarez & Nize2005), lending support to the
‘compensation’ hypothesis.

In regard to the association between RMR and sakvpositive, negative and variable
relationships have been reported, with the latfégrthg among sexes and seasons (Table
2.1). Information on the relationships between RM reproductive performance is
scarce. Directional selection on RMR varied betws&®tes and among seasons in a study
of free-living bank volesNlyodes glareolus but overall reproductive fithess was
positively correlated with RMR (Boratynski & Kotef®10). Conversely, an analysis of
cross-sectional data on a population of wild gtigsishowed no relationship between
RMR and rates of reproductive senescence (BouwBaisidon & Verhulst 2011).
Currently, few studies have considered RMR in thatext of sexual selection. However,
positive relationships have been demonstrated leetRR and secondary sexual
characters, such as the duration and rate of acaadls and the production of olfactory
attractants (Reinholdt al. 1998; Radwaret al. 2006; Ketola & Kotiaho 2010).

28



Chapter 2

Table 2.1. Representative summary of relationships betweeRRMd fithess-related traits obtained in laboraft)y semi-natural (S) and field conditions (F).sRive (+ve), negative (-

ve) and non-significant (ns) relationships betw&MR and each trait are shown. Also indicated (i tlase of laboratory experiments), are whetheibdttirh (AL) or restricted (R)

rations were employed. Ration level is denotedeisgonot applicable (NA) in field experiments.

trait Species setting  food ration relationship reference
Atlantic salmon (Salmo salar) L AL +ve (McCarthy 2000)
Masu salmon (Oncorhynchus L AL +ve . )
(Yamamoto, Ueda & Higashi 1998)
masou)
Brown trout (Salmo trutta) L AL +ve (Alvarez & Nicieza 2005)
Snapping turtle (Chelydra L AL -ve
growth . (Steyermark 2002)
serpentina)
Zebra finch (Taeniopygia guttata) L AL &R ns under R ration
. (Mathot et al. 2009)
+ve under AL ration
Brown trout (Salmo trutta) F NA ns in 2 streams , .
) (Alvarez & Nicieza 2005)
-ve in 2 streams
Lab mice (Mus domesticus) L AL ns (Hayes et al. 1992; Johnson, Thomson & Speakman 2001;
Johnston et al. 2007)
reproductive Cotton rat (Sigmodon hispidus) L AL ns )
(Derting & McClure 1989)
output
House sparrow (Passer F NA +ve
_ (Chastel et al. 2003)
domesticus)
reproductive Bank vole (Myodes glareolus) F NA +ve ) )
fit (Boratynski & Koteja 2010)
itness
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senescence Great tit (Parus major) F NA ns (Bouwhuis et al. 2011)
radiated shanny (Ulvaria L AL & R —ve under R ration
) . (Bochdansky et al. 2005)
subbifurcata) ns under AL ration
Bank vole (Myodes glareolus) S NA dependent on sex & ) ) )
(Boratynski & Koteja 2009; Boratynski et al. 2010)
season
survival Garden snail (Helix aspersa) NA -ve (Artacho & Nespolo 2009)
Brown trout (Salmo trutta) NA -ve (Alvarez & Nicieza 2005)
Red squirrel (Tamiasciurus NA -ve o
_ (Larivée et al. 2010)
hudsonicus)
Short-tailed field vole (Microtus F NA +ve

agrestis)

(Jackson, Trayhurn & Speakman 2001)
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The influence of food availability on the relatitis between RMR and growth in
laboratory experiments, and the absence of a gemnend between RMR and survival in
natural settings (where food levels and other ifgmirenvironmental factors may vary)
indicate that a single optimal RMR may not exists lunlikely that either a high or low
RMR will be favoured in all conditions and at athes when natural environments can be
so variable. Indeed, the strength and directiosetgction on RMR is known to operate
differently according to sex and season (BoratydsKioteja 2010; Boratynsket al.

2010). Some authors have also speculated thatiselen RMR may be modulated by
environmental factors such as the availabilityesfaurces (Alvarez & Nicieza 2005;
Steyermarlet al. 2005), which can fluctuate substantially in spacé time. Thus, the
relationship between RMR and fithess may depeniéaat partly, upon the quality of
environmental conditions — what | propose to dadl tontext dependence’ hypothesis that
links RMR and fitness. High RMR individuals aredii to have relatively high fitness
when environmental conditions are favourable and versavhen they are poor (food
supply being the most obvious factor, but gradientgther environmental variables may
be applicable). In comparison, low RMR individuaiay be somewhat buffered against
the environment due to their lower costs of maiatee. | predict that low RMR
individuals will have relatively high fitness in&uconditions but lower fitness than high
RMR individuals in favourable environments. Thertext dependence’ hypothesis is
perhaps best understood when considering how resaumilability (i.e. food supply) can

interact with individual RMR to influence growthtea

Growth is dependent on both access to food andliitigy to convert ingested food into
new tissue. Relatively high RMR individuals tendb®more aggressive and dominant
over those with low RMR’s (Biro & Stamps 2010), igig them preferential access to food
(Metcalfeet al. 1995). Where resources are abundant or predictabligiduals with
relatively high RMR’s can therefore exhibit fasggowth rates than low RMR individuals
(Table 2.1). They may also have a greater physicébgapacity for growth, as they can
digest and process meals faster (Millidine, Armsir& Metcalfe 2009) and have higher
digestive efficiency (Ksiazeét al. 2004; Ksiazek, Czerniecki & Konarzewski 2009). s hi
may be advantageous in highly seasonal environnfergshigh latitudes) where
conditions can be favourable for growth only fdmaited period of time. Evidence from
the Atlantic silversidéMenidia menidiaa broadly distributed species of marine fishyvaho

that individuals from high latitude populationsdeio have higher RMR’s and a larger
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specific dynamic action (SDA, i.e. investment oérgy in food digestion). They also
consume more food and have higher food converdfaieacies than those from low
latitude populations (see Arnott, Chiba & Conov@d@ and references therein). Likewise,
selective breeding of mice for high RMR resultsiihigher rate of food consumption and
assimilation of new tissue (Ksiazekal.2004). Furthermore, when exposed to a sudden
and unpredictable decrease in ambient temperatuce, selectively bred for high RMR
are less likely to enter a negative energy baléecause they can consume and digest
more food, if it is freely available (Ksiazek al.2009). The advantages of a high RMR,
such as rapid growth potential, may however, bkseghonly in environmental conditions
that can offset the higher costs of routine maiatee, for example where food is
abundant, accessible, predictable or defendabégbsession. If these conditions are not
satisfied, individuals with high RMR’s may not b&éh&om any growth advantage or may
even experience lower rates of growth and/or sah(iVable 2.1). Thus, low RMR
individuals may be more resilient in adverse caodg due to their lower maintenance
requirements. Such effects need not only relatedd supply: juvenile Atlantic salmon
lost energy reserves over the winter faster whem+stream cover was available.
However, this energy loss was least in fish witklatively low RMR (Finstactt al.

2007). Also, only individuals with relatively lowN®R may be able to use habitats where
foraging costs are relatively high, as in the ag&ssalmonid fishes feeding on invertebrates
carried in stream currents (Armstrong, MillidineNetcalfe 2011). Furthermore,
individuals with high RMR are also known to engageiskier behaviour (Huntingfordt

al. 2010; Killenet al.2011). Thus, the benefits of a high RMR (e.g. teghial status and
growth capacity) might be traded off against cesish as an increased predation risk.
Thus, | propose that, variation in RMR might be mi@ined for the following reasons.
First, selection on RMR is unlikely to remain stati space and time (alternatively,
organisms may only encounter brief episodes otieleon RMR). Second, trade-offs
may constrain the directional evolution of RMR. Athétd, individual RMR may be
shaped by maternal effects (which could be infleenty the environment experienced by
the mother), early developmental conditions orrdaeraction between the genotype and

either the current or the parental environment.
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FUTURE DIRECTIONS — TESTING HYPOTHESES REGARDING THE
CAUSES AND CONSEQUENCES OF INDIVIDUAL VARIATION IN RMR

The causes of intraspecific variation in RMR, othbgroximate and ultimate levels, are
poorly understood and require further investigatidaternal effects and environmental
factors operating during early ontogeny offer axprate mechanism needing greater
scrutiny. Moreover, the interaction between enuvinent and genotype during this period
may also be critical (Arnqvigt al. 2010). On a broader level, the mechanisms maintain
intraspecific variation in RMR remain speculatigvironmental heterogeneity has
attracted attention as a candidate factor (Alv&rédicieza 2005; Steyermarkt al. 2005;
Armstronget al. 2011, this review), and both observational anceermental studies may
contribute to the evaluation of this hypothesisthia case of the former, the scale of
individual variability in RMR among natural poputats (as opposed to mean differences)
that are exposed to different environmental coodgihas not been measured. When
measured in a common environment, one might préuattvariability in RMR would be
higher among individuals originating from populaisathat inhabit stochastic rather than
stable environments. Alternatively, experimentatdef this hypothesis might involve
longitudinal studies that monitor the growth andvatal of individuals with known
RMR’s in semi-natural conditions where environmeéntanditions such as food

availability and habitat complexity can be manipeda

While RMR can sometimes be associated with comgsr@titness in free living
animals, the causal mechanism underlying theseiasi®ms is usually unclear. This
occurs because most studies rely on natural vamiati RMR and so the relationships
could be driven by a third, unidentified, factateally, RMR should be manipulated
independently of other trait(s) that may influepegformance. Selective breeding for high
and low RMR’s is a useful approach (Ksiazatlal. 2004). However, selection experiments
are time-consuming and can be performed in coettabnditions only where other
selective forces are largely absent. Additiondhy, genetic architecture of metabolic traits
may be complex (Arnqvigt al.2010). Thus, it could be difficult to select foMR alone
and not for correlated traits that also influenteelss. A promising approach would be to
manipulate RMR during early ontogeny in the labanatind then monitor the
performance of the animals in semi-natural or redtcwnditions. Recent studies suggest
that this can be achieved by hormonal manipulatfdthe developing embryo or by
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altering competitor density or protein intake dgromtogeny (Burnesst al. 2000;
Verhulstet al. 2006; Tobletet al. 2007; Criscuolet al.2008). However, it is currently
unclear whether these experimental manipulatiolestbther traits that may also

influence fitness.

A major obstacle confronting researchers interestéadividual variation RMR is
separating cause from effect. For example, RMRtenaorrelated with levels of plasma
hormones (Rost al. 2004; Steyermarkt al. 2005; Rgnningt al. 2009) and manipulation
of plasma hormone levels can affect RMR (e.g. &ad. 2004), suggesting causality.
However, both RMR and plasma hormone levels canalgelate with organ size
(Steyermarlet al. 2005). Thus the causal factor in these relatigrssis obscure - do large
organs and/or high hormone levels cause a high RMRg large organs or high hormone

levels result from high RMR?

| also emphasise the value of longitudinal studibere RMR and related traits are
measured repeatedly within the same individuatesthese may reveal information that is
not observed in short-term or cross-sectional ssidiro and Stamps (2010) suggested
that longitudinal studies are necessary to re¥earrelations between RMR and
behaviour are temporally consistent. This suggest@pplicable to other phenotypic
traits and also studies investigating the caus@sdofidual variation in RMR. Maternal
effects and environmental factors experienced dugarly development can affect the
expression of RMR (Steyermark & Spotila 2000; Bsset al. 2000; Greeret al. 2006;
Verhulstet al. 2006; Tobletet al. 2007; Criscuolet al. 2008; Careaet al. 2010; Giesing
et al.2010; Le Lanret al. 2010; Sloman 2010; Nilssaat al.2011), but most of these
studies made a single measurement of RMR (usuabily life), neglecting
measurements during later life stages and thusefteatability of any effect. Longitudinal
studies that have examined individual variatioRMR in relation to performance in free-
living animals have also revealed important infaioraregarding the strength and
direction of selection on RMR (Boratynski & Kote€}@09; Boratynski & Koteja 2010;
Boratynskiet al. 2010). Estimates of lifetime reproductive sucdasglation to RMR are
however absent and, with the exception of studiea single species of fish (Alvarez &
Nicieza 2005) and snail (Artacho & Nespolo 2009)rent knowledge of the fitness
consequences of variation in RMR in free-livingraais is restricted to investigations

conducted on short-lived mammals overwinteringigih fatitudes. Data from other study
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systems, for example, species with longer life etquecies and different thermoregulatory
strategies that inhabit lower latitudes are regliceevaluate the generality of conclusions

drawn from the currently narrow range of study eps.
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CHAPTER 3. EGG HORMONES IN A HIGHLY FECUND
VERTEBRATE: DO THEY INFLUENCE OFFSPRING SOCIAL
STRUCTURE IN COMPETITIVE CONDITIONS?

A version of this chapter is published as - Timt#®ar M. O. Hoogenboom, J. D.
Armstrong, T. G. G. Groothuis and N. B. Metcalf@12). Egg hormones in a highly
fecund vertebrate: do they influence offspring absiructure in competitive conditions?
Functional Ecology5: 1379 - 1388

SUMMARY

Social status can vary considerably among inditglaad has significant implications
for performance. In addition to a genetic componsotial status may be influenced by
environmental factors including maternal effectshsas pre-natal hormone exposure.
Maternal effects on traits determining social stdtave previously been examined in
species where mothers provide parental care fatively few offspring and therefore
directly influence post-natal development. Howetee, generality of conclusions arising
from these investigations is unclear because spéusd employ different reproductive
strategies have not been studied. | investigatedhypothesis that egg steroid hormone
levels influence the social status of juvenile bnavwout Salmo truttd. | manipulated
intra-clutch levels of cortisol and testosteroneggs from 15 mothers using dilute
hormone baths at the time of fertilisation, andrexed their effects on traits that correlate
with social status in juveniles (including standbatly size, aggression, competitive
ability and standard metabolic rate, SMR). Hormteatment did not affect whole animal
or mass-corrected SMR at the critical developmestede when juveniles switch from
reliance on a maternally-provisioned yolk-sac wejpendent feeding. However, juveniles
from cortisol-treated eggs were smaller at thisettgymental stage. They were also less
aggressive than, and subordinate to, fish fromeatdd eggs in socially competitive
conditions, even after correcting for the obser@#ect of cortisol on body size. Egg
testosterone treatment resulted in a likely phaoteggcal or toxicological dose with
subsequent effects on both body size and behawiondependently feeding juveniles.
Results from this study demonstrate that variaitnaime amount of cortisol deposited in
eggs by spawning females influences juvenile s@telis and performance. The effects of

elevated egg cortisol in fish are similar to théas of embryonic glucocorticoids
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reported in other vertebrate taxa with very difféneeproductive strategies, suggesting a
widespread mechanism for the effects of matermesston offspring. Possible adaptive

aspects of this relationship are discussed.

INTRODUCTION

Individual variation is becoming increasingly reo@gd as an important characteristic
of wild populations in a diverse range of ecologatiaciplines such as population biology
(Bolnick et al.2003), behavioural ecology (S#h al. 2004) and physiology (Williams
2008). Within hierarchical societies, social statas vary substantially among individuals
and has profound effects on their relative fitn@dsitton-Brock 1988). In a range of taxa,
high social status can confer enhanced accessdanees, earlier sexual maturation,
higher survivorship (Huntingford & Turner 1987) aisdoositively correlated with basal
energy expenditure (Biro & Stamps 2010). Intra-gpeeariation in this ‘idling’ cost of
metabolism (hereafter | collectively refer to tleéated terms, basal, resting and standard
metabolic rate, as SMR) is widespread and can bsiderable, varying more than two-

fold amongst conspecifics after correcting for mikdry (Steyermarlet al. 2005).

In vertebrates, hormones transferred from the mdththe egg or foetus vary
substantially within and/or between clutches defg and have a considerable impact on
offspring phenotypic traits, such as growth, bebavand immune function (McCormick
1999; Groothui®t al. 2005; Ulleret al. 2007) . Recent evidence from birds suggests that
intra-specific variation in SMR may be caused by dlation of maternally derived
hormones, since elevated levels of egg testostenonease post-natal SMR (Tobkeral.
2007), (but see Eisingt al.2003). Androgens, such as testosterone, and gittoomds,
such as cortisol, are likely mediators of matesfdcts on SMR and social status because
maternal levels of these hormones fluctuate inaese to endogenous processes and
exogenous environmental variables. They are abdilyetransferable to developing
offspring (Zarrow, Philpott & Denenber 1970; Groois & Schwabl 2008), permitting
conditions experienced by the mother to affectprffgy phenotype. Moreover, a potential
effect of these hormones on SMR is suggested hyiymsorrelations between
endogenous levels and SMR (Buchaetal.2001; Rost al.2004) and social dominance
in several vertebrates (Dloniak, French & Holek&fp6; Clutton-Broclet al.2006).
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Hitherto, attention has almost exclusively focusseddentifying the effects of
maternal hormones within vertebrates that prodalzively few offspring (Groothuist
al. 2005; Kapoor & Matthews 2005; Ullet al. 2007). The effects of hormones in
vertebrates such as fishes that spawn many eggstadimultaneously is not clear,
although some key studies have identified effentbehaviour, physiology and survival
(Gagliano & McCormick 2009; Sloman 2010). Streanetiwg salmonid fishes are ideal
species in which to investigate questions regardorghone mediated effects on
development and the causes and consequencesatioarn social status and related
traits, such as SMR. First, their eggs contain tsuit&l concentrations of steroids, which
can vary both within and among clutches (Strathiadinaldson & Liley 1997; Suter 2002;
Sloman 2010). Second, the social structure of sailtisds often based around dominance
and territoriality (Metcalfe 1998), which can aff@edividual performance, by influencing
rates of growth and age at maturation (MetcalfeB)9Burthermore, SMR varies
substantially among siblings and is a better ptediaf social status than body size in this
family (Metcalfeet al. 1995). Individuals with higher than average SMRdtéo be more
aggressive and dominant over those with a lower $M&calfeet al. 1995). However,
dominant or high SMR individuals may experiencengtoor survival advantages only
where resources are predictable or defendable ¢mesgjon (Martin-Smith & Armstrong
2002; Harwoockt al.2003; Alvarez & Nicieza 2005). It has also beesdjited that
specific combinations of water velocity and foociability will result in relatively high
growth of dominant, high SMR individuals, where#isess will favour subordinate, low
SMR fish (Armstronget al. 2011). Therefore, variation in SMR and associagtavioural
strategies may enable mothers to maximise offsmumgival via heterogeneous advantage
(Griffiths & Armstrong 2001) by producing a rangkeodfspring phenotypes for a range of

environmental conditions.

In the present study | test the hypothesis thaesmsed egg testosterone and/or cortisol
will increase offspring SMR and/or social statusmggrown trout $almo trutta Linnaeus,
1758) as a study system. Females of the g8alrmodeposit hundreds to thousands of
eggs in sequentially spawned gravel nests, proygidmfurther care. Early-life social
status and SMR are likely to be particularly impattbecause newly-emergent young
must compete with conspecifics to establish feetkngtories in crowded conditions
(Elliott 1994) and within a narrow range of suiblabitats (Armstrong & Nislow 2006).

Moreover, there is recent evidence that levelsodiisol in ovarian fluid can increase egg
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metabolic rate and offspring aggressiveness insghesies (Sloman 2010). | manipulated
egg concentrations of testosterone and cortisoirarebtigated the subsequent effects on
several fundamental correlates of social statssimonid fishes; body size, SMR and

behaviour.

MATERIALS AND METHODS

Egg hormone manipulation

Egg hormone manipulations were performed at thardacotland freshwater
hatchery at Aimondbank, Perthshire, Scotland. &ftemale brown trout (hatchery F1
generation of wild Loch Broom fish) were anaesgeti measured for fork lengthg(
range 290 — 344 mm) and somatic mass (total masssnovarian mass, range 224.6 —
376.8 g). The eggs from each female were removedripping and fertiliseth vitro with
milt from a single male, yielding 15 full-siblingilies. In the minutes following
fertilisation, salmonid eggs undergo ‘water hardghwhere water is absorbed into the
egg and the egg membrane hardens to protect tiedog@vg embryo. Hormone
manipulations were made during this hardening phadellows. Within 1 min of
fertilisation, the eggs from each family were deddevenly into three batches,
corresponding to cortisol-treated (cort), testastertreated (T) and a control with each
batch placed in its own 250 ml plastic beaker. Thecedure produced 45 groups (15
familiesx 3 treatments) of eggs. The cort and T treatmentsvved temporarily
immersing the egg batches in ca. 200 ml fresh vgatietion containing each respective
hormone at a concentration of 200 ftglh a previous study of brown trout, this treatmnen
method and dose was assumed to cause a physidipgitavant increase in egg steroid
content because two days after treatment, steoridentrations in treated eggs had fallen
to (or below) those observed in un-treated con{®lger 2002). Each hormone (cort -
Sigma, hydrocortisone 98%, T - Fluka, testoste@8%) was dissolved initially in 100 %
ethanol, prior to dilution in fresh water. Conteggs were placed in fresh water containing
the same concentration of ethanol (0.002%) asdhmdne treatments. The eggs were
immersed in each treatment solution for 2 h withqaBc mixing of the beakers to ensure
that all eggs were equally exposed to each tredtswdution. Similar techniques for
administration of hormones to eggs have been eredlsyccessfully in salmonids

(Stratholtet al. 1997; Suter 2002) and other teleosts (McCormi@918cCormick &
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Nechaev 2002). The eggs were then rinsed thorougtitgsh water and transferred to
stainless steel hatchery baskets. To confirm al@vatf egg hormone levels, immediately
after rinsing, 10 eggs from each treatment perlfamere frozen at -80° C for subsequent
analysis. Despite efforts to ensure that egg hoatewvels were elevated within
physiologically relevant limits, the T treatmend l® egg levels being significantly outside
this range (seResult}. Thus, | focus my discussion on the effects af egrt only.
However, given that the behavioural effects of damtmone were assessed in triads
composed of one fry from each of the three treatsn@ee below), | still present results
regarding the effects of egg T-treatment on offgphbody size, SMR and behaviour,

despite the likely pharmacological dose.

Determination of egg hormone levels

Egg hormone levels (cort and T) were quantifiedddioimmunoassay (RIA) in the 10
families for which behavioural and SMR data wer&oted (see below). First, hormones
were extracted from egg samples using a modifinadfca protocol used previously on
salmonid eggs (Eriksest al.2006). Briefly, six to eight eggs per sample waikeded
between two extraction tubes, weighed (0.0001my,caushed using a glass rod. To each
tube, 1 ml of physiological saline was added togettith 50ul (ca. 5000 cpm) of
radioactive-labelled cortisol to calculate hormoeeovery during the extraction process.
This solution was vortexed, incubated for 45 miB&C and extracted in 5 ml of diethyl
ether (DEE) while vortexed for 60 s, followed bytéduging (2000 rpm, 5 min, 4°C). The
extract was snap-frozen and the ether/hormone mexsted into a fresh tube. This
process was repeated twice (addition of 5 ml DEEs @nd 15 s vortex respectively)
before all extracts from each sample were combinesed with 2 ml of 70% methanol,
dried under nitrogen, and stored at -20°C pridR &.

Subsequently, extracts were thawed and dissolv2@0mpl of phosphate-buffered-
saline with gelatine (PBSG). From this solutiosuasample of 2Ql was taken, mixed
with scintillation cocktail (Ultima Gold, Perkin &er) and radioactivity’d) counted on a
liquid scintillation counter. Subsequently, @0of sample was used for cort determination
using kits purchased from Orion Diagnostica (‘SpatgtEspoo, Finland) and 5@ was
used for T determination using kits purchased fBenkman Coulter GmbH (‘DSL-4000’,

Standort, Sinsheim). Standards for each assaypvepared using dilution series from pre-
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prepared stock and ranged from 4 to 500 ri§ fimf cort and 0.04 — 20 ng thfor T. Egg
dilution curves run parallel to the standards ithamases. Recoveries were calculated by
comparison to non-extracted labelled hormone aedaged 76% (range 69 — 84%). Intra-
assay CV was 1.6% and 2.6% for C and T respectiwdlife inter-assay CV (3 assays)
was 6.7% and 7.4% respectively for pools of costrath low (44 ng mt) and high (125
ng mi*) cort concentrations, and 16.4% and 7.2% respaytfer controls with low (0.2

ng mi*) and high (15 ng i) T concentrations. For both the cort and T asghgs,

controls consisted of a pooled sample of plasmiahha been taken from a mature female

trout.

Offspring development

To test whether egg hormone treatment influencégpohg body size and condition, 10
juveniles from each treatment per family were pnesgin a 30 % ethanol solution
(Gagliano, Kowalewsky & McCormick 2006) at hatchigngd at the onset of independent
feeding after consumption of the maternal yolk aagroximately 8 weeks later (referred
to hereafter as alevins and fry respectively). alezins and fry were subsequently
measured for standard length (SL, snout tip tortrseof caudal fin rays, with callipers, to
0.01 mm) and mass (to 0.0001 g). Morphological dagee obtained for all 15 families at
the alevin stage and for a sub-sample of 10 fagdtethe fry stage.

Offspring rearing conditions

Once they reached the first-feeding stage (51-§8 dter hatching), fry were
transferred from the Almondbank hatchery to thevdrsity of Glasgow for screening of
behaviour and SMR. Groups of approximately 15 s@fish from a single treatment per
family were held prior to observations in sectiofa re-circulating aquarium system
composed of four linked glass tanks (2885 cm) through which water flowed at (mean +
s.e.) 1.28 + 0.03 cmi'sat a depth of 15 cm. The tanks were fitted witlitevplastic
longitudinal and mesh transverse dividers to prediampartments of size 2012.5 cm.
Approximately 8-15% of the water in the system wfagnged daily for routine cleaning
and maintenance. Each day the fry weredetibitum amounts of frozen bloodworm. A
minimum of 3 days before screening of SMR and behaythe fry were anaesthetised

and batch-marked according to hormone treatmentifdifferent combinations so that
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later behavioural observations were conducted piwnth different colour Visible Implant
Elastomer tags (VIE, Northwest Marine TechnologygshMngton, USA) with a single

mark between the dorsal fin and lateral line.

Offspring SMR

Open flow respirometry was employed to investigatether egg hormone treatment
affected offspring SMR. Randomly chosen fry (25el8§s after reaching first feeding)
were placed in glass respirometry chambers (inteliaeneter 97 mm, length 75 mm, vol.
1-14 ml) through which water flowed at a constan¢ tatder gravity from a header tank.
The out-flowing water drained to a sump tank, frhich it was pumped back to the
header tank through an ultra-violet steriliseredduce bacterial respiration. Oxygen levels
in both tanks were kept saturated by air stonesck of chambers arranged in parallel
allowed the oxygen consumption rates of 12 fry éamosuch that there was one fish from
each treatment from each of four families) to besueed on the same day. An extra
chamber was always left without a fish and acted esntrol. The fry were left to
acclimate in the chambers overnight and measurencentmenced 17-20 h later, by
which time they had settled and evacuated thes. drevious studies of juvenile
salmonids have demonstrated a stable oxygen corngummpte after this period of
acclimation (Metcalfest al. 1995). To minimise activity, fry were kept in sedarkness by
placing a black cloth over the respirometry charspehile low flow rates (@9 + Q01 |
h™ mean + s.e.) removed the need for active swimnfitay rates were calculated by
collecting the water outflow from each tube in aler over a measured time period

(minimum 2 min) and then weighing it (to0Q g).

The reduction in water oxygen concentration duleytoespiration was measured with a
Fibox 3 temperature compensated oxygen meter (@@istems, Denmark). A flow-
through fiber-optic cell with integrated planar gey sensor (PSt3 oxygen sensitive
coating, Presens, Denmark) was connected tempotarihe outflow of each respirometry
chamber. The flow through cell was calibrated apipnately 17-20 h before
measurements began each day with a two-point adiblorof oxygen free water and
oxygen saturated water. Oxygen free water was pedday dissolving ca. 1 g sodium
sulphite (NaSG;) in ca. 100 ml of water. Oxygen saturated wates pr@pared by
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simultaneously stirring and aerating ca. 100 niiedder tank water. Metabolic rates

(VO,, ml O, h') of individual fish were calculated according e tequation:

VO, =V, [AC,, [ 5O,

whereV,, is the flow rate (| i) of water through the respirometry chamb®g,, is the

percentage difference in oxygen concentration betweater in-flow and out-flow and
PO, is the capacitance of oxygen in the water. Measangs of outflow water oxygen

concentration and temperature were logged (soft@ariew PST3v602) every 10 s for
each fish over a 5 min period (minimum) or unt# ttxygen concentration had stabilised
(to account for fluctuations caused by sensor m@rerbetween chambers). The oxygen
concentration of water exiting a fish-less contlehmber was measured at the beginning
and conclusion of each measurement day. Two réplgzts of measurements of metabolic
rate were made for each fry between 9:00 am ar@DJ&n (with a minimum interval of

45 min between measurements). A third reading akeetif the second value was not
within £ 20 % of the first. SMR was calculated he aiverage of these measurements and
includes any slight diurnal variation in metabolisgually for all fish. During each
measurement of metabolic rate, the activity rateqin seconds not spent in an inactive
state) of each fry was monitored over a 3 min gkusing an angled mirror positioned
below the respirometry chambers because they cmilde observed from above. Fry
were isolated from each other visually. The temfopeeaof water in the respirometry
chambers averaged (£ s.e.) 12.91 + 0.03° C. Theéng anaesthetised and weighed (to

0.001 g) after measurements of metabolic rate.

Offspring behaviour

After being screened for metabolic rate the fryevaltocated randomly into triads
containing one sibling from each treatment grougctetriad was then placed in a
compartment of the stream tank. The area of theswartments (025 nf) approximate
the predicted territory size (@6 nf) of a first feeding brown trout fry (30 mhy) (Grant
& Kramer 1990), thereby increasing the likelihobdttthe three fish would compete. The
fry were then allowed to acclimate for 2 days ptothe 2 day period of behavioural

observations. During this period, fry were fdllibitumamounts of bloodworm that were
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pippetted just beneath the water surface at theeagm end of each compartment.
Behavioural trials were conducted in a temperatargrolled room (mean water

temperature 9° C £ s.e. ).

The effects of hormone treatment on fry socialustatere examined using three general
protocols adapted from previous studies: relatpagial position of each fish within the
simulated feeding territory (Metcalfe, ValdimarssoiMorgan 2003), competition for
food items (Cuttet al. 1999) and aggressive interactions (Cutts, Adan@a&pbell
2001). These protocols are referred to hereaftegrasory quality, competitive ability and
aggression, respectively. Observations were madegh the glass side wall of each

compartment.

Territory quality was measured by recording theitps of each fry within a
compartment six times daily, with at least 45 matvieeen observations. Spatial positions
were quantified in two dimensions by dividing bthile horizontal and vertical axes of each
compartment into three equal lengths, creating amelly-sized zones. The position of
the eye was used when recording the zone occupieddh fish. Dominant juvenile
salmonid fry prefer to occupy central-downstreamitans within simulated feeding
territories, often maintaining position just ofetBubstrate with subordinates confined to
the periphery (Metcalfet al. 2003). Therefore, fry positioned in the lower tthods of
the water column at the centre and downstream afessch compartment were given a
score oft1, those in the remaining corners of the compartwemne given a score ef as
were those resting on the substrate (except if Werg against the downstream transverse
mesh divider, in which case they scored -2). Alestpositions were given a score of 0.
The 2 days of observations yielded 12 spatial fwrsitecords for each fry. Total scores for
territory quality therefore ranged frofB4 (an individual always assuming the most

subordinate positions) tel2 (an individual always assuming a preferred pos)t

After each recording of territory quality, compefit ability was measured by
introducing a single piece of bloodworm (ca. 1m long to avoid satiation) to each triad
using the same technique employed during the aatiBation period. If a fry made no
attempt to acquire the food item it received asadrl, an unsuccessful attempt in the
absence of competition from the other two fry reedia score of 0, a successful
uncontested attempt or an unsuccessful contestat@tboth received a score«f and a
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successful contested attempt received a scor@.0fhus, my scoring system may be
conservative with respect to the ‘success’ of damis because successful uncontested
attempts might result from other triad members ¢péoo afraid to compete with a
dominant individual. The 2 days of observationg#ezl 12 contest records for each fry.
Total scores for competitive ability could therefeange from12 (an individual not
making any effort to acquire food) #24 (an individual successfully acquiring all iteonfs
food under competition).

At a haphazardly selected time during each observday, aggressive interactions
between triad members were recorded over a threetenperiod. To quantify aggression |
recorded the initiators (dominant behaviour) araipients of overt aggressive interactions,
involving chasing and biting. The initiator of estha chase or a nip that resulted in a
visible subordinate response was given a scot® @nd the fish responding a scorehf
If there was no response then a scoreloivas awarded to the initiator and a score of O to
the individual not responding. This scoring systaerefore awarded high positive scores
to aggressive, dominant individuals. Behavioura 8MR data were obtained for 49 triads
of fry from the same 10 families (range: 4-5 reqies per family) that were measured for
body size at the first-feeding stage.

Data analysis

Analyses of the effects of hormone treatment ospsig phenotypes were performed
using linear mixed effect (LME) models, with famag a random and treatment as a fixed
categorical factor. First-feeding fry body conditivas calculated according to the
formula, condition = body mass/3t, where the exponent is the slope from a linear
regression of log body mass against log SL of coffity (> = 0.64, n = 130). The
repeatability of whole-fry SMR was calculated frome first and second measurements of
SMR (Lessells & Boag 1987). Treatment effects ossraorrected SMR were examined
with fry body mass, fry activity level during respimetry, and respirometry chamber water
temperature as continuous variables. Treatmenttsfta whole animal SMR employed

the same model but omitted fry body mass as araeapbry variable.

To validate the scoring criteria assigned to mgsikcations of territory quality |

examined how the competitive ability (i.e. foodhite acquired) of an individual varied in
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relation to the spatial position it occupied mastitiently during observations (hereafter
termed ‘modal position’). | ranked these modal poss on a four point scale, based on
their corresponding territory quality scores (SB8&spring behaviourabove) that ranged
from +1 to -2 and then compared the competitivéitads of fry occupying these four

ranks of modal position. Since patterns of behawvtiffered between triads, individual
competitive ability scores were normalised prioatalysis (by subtracting the mean score
of all 147 fry from each individual's score andiding this value by the standard

deviation for all fry). These normalised scoresevi#ren used as the response variable in
an LME model with family as a random variable, fimpdal position as a fixed categorical
variable and fry body mass and proportion of tippend in the modal position as
continuous variables. The latter variable was idethibecause the spatial position of some
individuals varied more than others. The competiability score obtained by a fry was
influenced by its modal position in the stream téifk,14=34.37,p <0.001) and was
positively related to the amount of time it occupibat position (F 14=6.26,p <0.05) and

its body mass (F14=5.47,p <0.05). After controlling for the effects of body maasd
proportion of time spent in modal position, fry vihodal positions awarded scores of +1
obtained higher competitive ability scores (adjdsteean + s.e: 0.56 = 0.08) than those
with modal positions awarded scores of zero (-&0215), -1 (-0.54 + 0.12) and -2 (-1.33
* 0.20). These results confirm that my scoringecid of territory quality reflected

performance at those positions.

The territory quality and competitive ability protus yielded data with a different
range of possible values compared to the aggrepsatacol. To account for this, the raw
values for each of these protocols were normalmgédn triads by subtracting the triad
mean from each individuals score and dividing Hyighe triad standard deviation.
Treatment effects on the normalised scores wenmigeal with fry age (days since first
feeding), body mass (g) and mass-corrected SMR@maous explanatory variables.
Associations between the normalised scores ofhttee tbhehavioural protocols were
described using Pearson correlations and then susedavith principal component
analysis (PCA), omitting data for the few trialsex no aggression was observed (n =
13). This resulted in a single principal compon@&€1) summarising all three behaviours
as a general index of fry social status. Individ@@l scores were then analysed in an LME
model comparing treatments (fixed categorical \@epwith family as a random variable

and fry body mass, age (days since first feeding)raass-independent SMR as
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continuous variables. To identify potentially coiar explanatory variables, variance
inflation factors (VIF) were calculated for the éxpatory variables in each of the general
linear mixed models examining variation in fry beioar. VIF's were less than 2 in all

cases indicating that collinearity was not an ig€di&rien 2007).

In all LME models, interaction terms were includedially and all non-significant
terms were dropped sequentially (beginning witlstisggnificant interactions) to produce
minimal adequate models. Significant differencesagntreatment groups were examined
with pair wise least significant difference (LSDyneparisons. All statistical models were
validated to check that the underlying assumptadrgeneral linear modelling were
satisfied; normality of residuals was examined \iiiédguency histograms and
homogeneity of variance was assessed by plottanglardised residuals against the fitted
values and explanatory variables from each modehlyses were performed with SPES
15-0 (www.spss.cor)) two-tailedp values less than@ are considered significant; means

are quoted = s.e.

RESULTS

Egg hormone concentrations

Both the cort and T baths successfully elevatedhegmone levels (Fig. 3.1a, b). The
cort bath elevated mean egg concentrations aboveot® (control, 11.14 + 0.65;
treatment, 55.04 + 5.40 ng'gpaired t-testot= 8.04,p < 0.0001). This increase is within
the physiologically relevant range, lying withindwtandard deviations of the mean
observed in eggs from 15 female brown trout keeictions of a large semi-natural
stream prior to spawning, assayed using the sachaitpie described above (mean 30.26,
s.d. 35.87, range 3.22 — 122.47 fi.g he T treatment also elevated mean egg
concentrations above controls (mean £ s.e.; cqri2r®b + 1.12; treatment, 203.85 + 17.47
ng g*; paired t-testet= 11.70,p < 0.0001). This elevation was greater than twodsed
deviations of the mean observed in eggs from theeskb females from the semi-natural
stream (mean; 36.60, s.d.; 31.07, range 1.64 3403 ¢").
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Figure 3.1. Boxplots of hormone concentration in (a) cortisehted eggs and (b) testosterone treated eggs in
comparison to controls. A single value for eachnimmme was determined from a pooled sample of 6gg8 e
from the same 10 families for which behavioural é86IR data were obtained. Median egg hormone
concentration, upper and lower quartiles, range auittiers indicated by line, box, error bars andsdo

respectively.
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Body mass, length and SMR

At hatching, neither alevin SL nor body mass détesignificantly among the treatment
groups (Table 3.1; overall mean £ s.e. SL, 18.4002 mm; body mass, 88.86 + 0.38 mq)
However, by the time the fish had utilised theirtenaal yolk supplement and were ready
to feed independently (51-60 days after hatchisigiadard length, body mass and body
condition differed significantly among treatmentalle 3.1). Fry from cort and T-treated
eggs were smaller and lighter than those origigdtiom controls (LSD post-hoc tests,
standard lengttp <0.01 and <0.0001 respectively, Fig. 3.2a; body mass0.01 and
<0.05 respectively, Fig. 3.2b). The T treatment &apleater effect in reducing skeletal
length than body mass, resulting in these fry beingetter body condition than those from
cort-treated and control eggs (LSD post-hoc tgst€).01 for both, Fig. 3.2c). Fry SMR
(expressed as total oxygen consumption per fisls)significantly repeatable within
individuals (r = 0.77, B2, 1557.92,p <0.0001), but was not influenced by hormone
treatment when expressed on a mass-corrected de @whimnal basis (F133150.07,
p=0.931, Fig. 3.2d and,34260.1,p =0.909, respectively).
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Table 3.1. Results from linear mixed effect models of eggnmomne treatment on body length (SL), mass and
condition of brown trout at the hatching (alevimdafirst feeding (fry) stages of development. Body

condition was not calculated for the alevin stagkanalyses included family as a random factor.

treatment effect

response variable d.f. F-statistic p-value
alevin SL 2,433 0.28 0.759
alevin body mass 2,433 0.43 0.652
fry SL 2,375 6.97 <0.001
fry body mass 2,375 6.16 <0.01
fry body condition 2,375 5.29 <0.01
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Figure 3.2. Mean (z s.e.) standard length (a), body massb@dy condition (c) and SMR (mass-corrected)
of fry originating from eggs with elevated concetitins of cortisol and testosterone. Fry morphaalgin =

10 sibling fry per family per treatment) and SMR<r -5 sibling fry per family per treatment) datare
obtained from the same 10 families. Different bketteepresent significant differences between treatm

groups, after controlling for among-family diffex@s (see text for statistical analyses).
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Behaviour

The differences in body size had implications fgrderformance in simulated feeding
territories, with body mass being the strongestmeinant of, and affecting positively the
quality of territory acquired, competitive abilind aggression (Table 3.2). However, egg
hormone treatment had a significant independeptetin each behavioural attribute after
controlling for body mass (Table 3.2). Thus, frgrfr T-treated eggs, despite being in

better body condition, obtained poorer qualityiteries and were less competitive than
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control fry of the same size (LSD post-hoc testgjtbry qualityp <0.01, Fig. 3.3a,
competitive abilityp <0.05, Fig. 3.3b). They were also less aggresbimwgever this effect
was only significant at the <0.1 level (LSD post-hoc tegi,= 0.08, Fig. 3.3c). Hormone
treatment also affected fry aggression (Table &)y iy from cort treated eggs being less
aggressive than control fry of the same size (L8Bt4hoc testp <0.05, Fig. 3.3c). Mass-

corrected fry SMR was not a significant predictbtheese behavioural attributes.

Table 3.2. Parameter estimates from linear mixed effect nodélegg hormone treatment on behavioural
performance of brown trout fry. Analyses controlfed fry age, body mass and mass-corrected SMR, and
included family as a random factor. Non-significearms (other than egg hormone treatment) wereudgdl
from the final analysesThe effect of testosterone is represented by ttexdept, estimates for the control
and cortisol treatments are given in comparisothi® value. See text for details of pair wise corgmmns

between treatments.

model estimate  SE d.f. t-statistic p-value

territory quality
intercept (testosterone) -1.338 0.280 143 -4.77 <0.0001

control 0.511 0.152 143 3.35 <0.01
cortisol 0.264 0.152 143 1.73 0.085
body mass 7.610 1.857 143 4.10 <0.0001

competitive ability
intercept (testosterone) -1.145 0.287 143 -3.98 <0.0001

control 0.409 0.156 143 2.62 <0.05
cortisol 0.116 0.156 143 0.75 0.457
body mass 6.836 1.904 143 3.59 <0.0001
aggression
intercept (testosterone) -1.121 0.342 104 -3.27 <0.01
control 0.325 0.181 104 1.80 0.075
cortisol -0.135 0.181 104 -0.75 0.458
body mass 7.394 2.208 104 <0.001

social status
intercept (testosterone) -1.597 0.402 104 -3.98 <0.0001

control 0.702 0.212 104 3.31 <0.01
cortisol 0.009 0.212 104 0.04 0.968
body mass 9.515 2590 104 3.67 <0.0001
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Figure 3.3. Mean (+ s.e.) territory quality (a), competitiviildy (b), aggression (c) and social status (d) of
fry originating from eggs with elevated concenwas of cortisol and testosterone in comparisorotarols.
Data are plotted as z-scores except for (d) whiehpaincipal component scores, based on a summatfion
the other three behavioural variables. Behaviodatd were obtained for the same fry that were niedsfor
SMR. Different letters represent significant difaces between treatment groups (see text for titatis

analyses).
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Pearson correlations indicated that the three betes/were significantly associated
(competitive ability vs. territory quality, r = G48; aggression vs. territory quality, r =
0.686; aggression vs. competitive ability, r = @64 = 108 angb <0.0001 for each
correlation). PCA indicated that a single PC sunisedr78% of the variation in the three
behaviours, with high PC1 scores indicating indinals of high social status. Fry social
status (i.e. PC1 score) was significantly affedtgdhormone treatment and fry body size
(Table 3.2), with fry from cort and T-treated edpgsng subordinate to control fry of the

same size (LSD post-hoc tegqis50.01 for both, Fig 3.3d).
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DISCUSSION

The results from this study provide, to my knowledipe first experimental evidence of
a link between egg cort levels and offspring sostatus in fish. However, my prediction
that increased egg levels of cort would increasgpahg SMR and/or social status was
rejected. Instead, offspring from cort-treated eggse smaller at first feeding and this size
difference partly explained their reduced statusnvexposed to socially competitive
conditions. But even when controlling for body siaefspring from cort-treated eggs were
less aggressive and of lower social status. Elevatf egg T levels resulted in offspring
that were less competitive, occupied poorer quéditsitories and were also of lower social
status than controls of the same size. Howeves wis in response to a likely
pharmacological dosage of eggs. Thus, the biolbgigaificance of the T data in a
functional context is unknown. Accordingly, | foctie remainder of the discussion on the
effects of egg cort only, although T data are presgfor the benefit of future studies, and
for those that are interested in pharmacologidakes of androgens. Offspring SMR was
not associated with social status nor was wholexahor mass-corrected SMR affected by
cort (or T) treatment. These findings suggest ttrateffects of egg cort on social status are
not mediated through an altered programming of SiifRis development stage. Although
| did not detect statistically significant differes in fry SMR among treatment groups
(when measured after the emergence stage), catetréry were smaller. This suggests
that cort-treated individuals may have had a hi@MR earlier in development (as found
by Sloman 2010). In a range of vertebrates, préeatrosure to increased androgens or
glucocorticoids can have a substantial influenceftspring growth and behaviour
(McCormick 1999; Groothuist al.2005; Kapoor & Matthews 2005; Ullet al.2007;
Love & Williams 2008; Chiret al.2009). Despite a growing research focus on tipgto
the effects of these hormones have largely beemieeal in birds and mammals. To my
knowledge, the few studies investigating the coneages of embryonic hormone
exposure in alternative study systems, such asHele not addressed their impact on both

growth and behaviour, nor done so under relevarakoonditions.

Body size effects of increased egg cortisol

Offspring that hatched from eggs with increased were smaller at the critical

development stage of first feeding (hereatfter,. fiy)is result is congruent with evidence
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from other vertebrates that elevated egg or fagtedocorticoids reduce offspring growth
and body size (McCormick 1999; Hayward & Wingfi@d04; Kapoor & Matthews 2005;
Meylan & Clobert 2005; Love & Williams 2008; Chat al. 2009). However, my findings
contrast with a study of trout which showed thawated egg cort caused a transient
increase in fry body mass (Sloman 2010). Unlikeptesent study, the fish investigated by
Sloman (2010) had been feeding independently fpraegpmately one week prior to the
development of variation in body mass. Togethex résults of this study and that of
Sloman (2010) confirm that egg hormones have agtedfect on trout development, but
the direction of this effect may depend upon faxguch as egg hormone dose, food

conditions or the use of hatchery versus wild stock

In the present study the effects of increased eggon offspring body size were not
evident until the point of complete yolk sac congtion This is a critical stage when the
juveniles switch from being largely quiescent ie travel, provisioned with maternal
yolk, to active foraging in open water (Armstrong\8slow 2006). What caused the
reduction in fry body size? There is some debateialvhether maternal cort might affect
offspring body size among mammals via direct tranef cort to the embryo or indirectly
by influencing provisioning of the embryo. Consiteith previous studies (e.g.
McCormick 1999; Love & Williams 2008), my resultgdicate the former, given that egg
cort was manipulated after maternal provisionind t@ased (although | cannot exclude
the possibility that cort of maternal origin migtiso have influenced egg provisioning).
The proximate effects of egg glucocorticoids oh figvelopment remain virtually
unknown. Other studies have shown that increasga@g can increase the somite
pulsations, lateral flexions, heart rates and SNMBeweloping fish embryos (McCormick
& Nechaev 2002; Gagliano & McCormick 2009; Slom&i@), resulting in less
endogenous energy being available for growth asmaller larval size after hatching
(McCormick & Nechaev 2002). My elevation of eggtamight have caused a transient
increase in egg or alevin SMR, but with noticeadffects on growth not evident until the
fry stage. This explanation would account for theemce of an effect on fry SMR but
presence of an effect on fry body size. Regardiéfise mechanism underlying the effects
of cort, body size in newly-emerged salmonids cavelimportant fithess consequences
because competition for feeding sites is intensergyst fry and larger individuals may
outperform smaller conspecifics in certain congis¢Einum & Fleming 2000Db, this

study).
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Behavioural effects of increased egg cortisol

Studies based on natural bird and reptile populat@emonstrate that elevated
embryonic glucocorticoids affect fithess-relatethdagoural traits in offspring such as
activity, begging and dispersal and invoke antdater behaviour and risk-averse
behaviour (De Fraipordt al.2000; Ruboliniet al.2005; Uller & Olsson 2006; Love &
Williams 2008; Chiret al. 2009). | also observed significant size-indepentteatment
effects on behaviours related to social statuss ibmonstrates that the performance
implications of increased egg cort levels for jul@salmonids extend beyond reductions
in body size. | encouraged the expression of soardt by providing spatially-limited
simulated feeding territories (the area availabtesfach triad approximated that required
by a single fish). In these conditions, cort-treatedividuals were less aggressive and were
generally subordinate in comparison to control knycontrast, Sloman (2010) found that
cort-treated trout fry were more aggressive agdivest mirror image than controls.
However, in contrast to this study, she used tistt were reared and tested in isolation and
so had never encountered aggression. Experiersmia interactions may modulate the
tendency to initiate aggression, and my resultgessigthat, under the more natural
conditions used in my study, the net effect ofdbd treatment was to reduce the
likelihood of fish attaining high status when coripeg for territories against conspecifics.

Ecological consequences of variation in egg cortisol

The results of the current study suggest that edeMavels of egg cort may be
detrimental in juvenile brown trout. Indeed, theepbtypic responses of vertebrate
offspring to egg hormone content are often viewadlg from an offspring perspective
and labelled simply as positive or negative. Howgeraxent evidence in birds suggests
that increased levels of glucocorticoids in eggs by low quality mothers may match
maternal quality to offspring demand, ultimatelgri@asing maternal fitness (Love &
Williams 2008). Current interest in the evolutidndevelopmental plasticity has generated
a number of hypotheses that identify hormonesli®ly mediator of adaptive
environmental effects on early development. Thegothneses propose that environmental
influences during development may prepare the offggohenotype for conditions it will
likely encounter later in life (Monaghan 2008). Stamtial within and among clutch
variation in the androgen content of bird eggsleassupport to the hypothesis that avian
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mothers may ‘program’ offspring in anticipationpdst-hatching conditions (reviewed by
Groothuiset al.,2005). Whether female teleost fish can activelyimalate egg hormone
deposition is currently unknown. If egg hormoneclewreflect those of the mother,
however, my manipulation of egg cort levels mightidate an effect that would occur in
mothers that are stressed prior to spawning. Tharaptly detrimental effects of cort
observed in the current study may then be a coeseguof the experimental conditions
under which it was assessed: rearing the fry atinadly benign conditions may have
constituted a mismatch between the actual envirohwiethe offspring and the

environment ‘anticipated’ by the elevation of eggtdevels.

Alternatively, it is possible that variable hormasteposition in eggs may represent a
maternal bet-hedging strategy for producing withimmong clutch heterogeneity in
offspring phenotypes. Several studies in avian teaee demonstrated intra-clutch
variation in yolk cort, leading to the hypothegiattsuch variation may be related to the
benefits of enhancing or reducing the competitigsra offspring (Lovest al.2008; Love
et al.2009). This has been little studied in fish butis subject of ongoing research. In
comparison with birds, ectothermic species sudishdhave very different reproductive
systems. Female salmonids produce hundreds orahds®f eggs and provide no further
care after oviposition. Additionally, a developmestiod of several months separates egg-
laying and offspring emergence from the nest, megthiat spawning females may have
difficulty anticipating the environment likely taafront their emerging offspring. Thus,
the likelihood that salmonid mothers can adaptivietggram’ offspring to match a
particular future environment appears low. Instéagskems more plausible that fitness
may be enhanced in mothers that generate hetermgenéspring via variability in egg
cort levels (either within or among egg batches)eEgence is a period of critical
importance for juvenile salmonids because an iddial's chances of survival depend
largely on its ability to compete and defend araavéhin its natal stream (Elliott 1994).
From the perspective of maternal fithess, variatiooffspring social status and body size
at this time may be beneficial. Large dominantdrg more likely to establish territories
near the nest site (Metcalfe 1998; Bujeldal. 2004), which would promote the dispersal
of smaller subordinates to potentially producteeitories in areas of lower population
density downstream (Bujolek al. 2004). Heterogeneity in social status and body siz
among settled individuals near clumped nests n&yla beneficial because it may reduce

aggression among siblings and conspecifics ofdh@esage class. The microhabitat (e.qg.
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water depth and velocity, stream topography) widpawning streams is highly variable
over small spatial scales, which may suit a rarfgkfferent phenotypes. This may explain
why field experiments using juvenile salmonids hdeenonstrated that subordinate
individuals can perform as well dominant conspesifvithin the same stream (Martin-
Smith & Armstrong 2002; Harwooet al. 2003). Moreover, genetically heterogeneous
groups of juvenile salmonids are known to achiemeserably higher biomass than
homogenous groups, which probably results fronoader utilisation of microhabitats and
niches (Griffiths & Armstrong 2001). Similar priqdes may apply within different
contexts. Mothers may therefore generate heteragaeneffspring via non-genetic
mechanisms, such as hormones, that increase thpgats of offspring survival in

unpredictable environments and therefore the mateontribution to populations.

| have presented novel data demonstrating thatedgontent affects fish offspring
body size and social status in competitive condgid hese results concur with the general
effects of elevated embryonic glucocorticoids theate been observed across vertebrate
taxa with different life history strategies, undiirig a general mechanism for the
adjustment of offspring phenotypes. In salmonidsidgest that this mechanism may have
evolved to increase maternal fithess by producargability in offspring. Further
investigations in semi-natural settings with vaaatin social density and resource
availability, will help elucidate the causes andsequences of hormone-mediated

maternal effects.
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CHAPTER 4. WITHIN-CLUTCH DIFFERENCES IN THE
PHENOTYPES OF JUVENILE FISH DEPEND ON THEIR
LOCATION WITHIN THE EGG MASS AND MATERNAL
DOMINANCE RANK

SUMMARY

Theory suggests that when the post-natal envirohofesffspring is unpredictable,
mothers may gain fithess advantages by diversifihiegraits of offspring within a clutch.
| investigated if within-clutch differences in tbbenotypes of juvenile fish were
systematically related to the position in the egggswhere each individual developed
during oogenesis. | sampled eggs from the fronddieiand rear thirds of the egg mass in
female brown trout of known dominance rank. Intésulting juveniles, | then measured
traits that are related to individual fitness: baiize, social status and standard metabolic
rate (SMR). When controlling for differences amdegales in mean egg size, siblings
from dominant mothers were initially larger (butdhalower mass-corrected SMR) if they
developed from eggs at the rear of the egg massetkr, heterogeneity in the size of
siblings from different positions in the egg massidished in lower ranking females.
Location of the egg within the egg mass also adfgéthe social dominance of the resulting
fry, although the direction of this effect variedthwdevelopmental age. This study
provides the first evidence of a systematic bawisvithin-clutch differences in the

phenotypes of offspring in a highly fecund organism

INTRODUCTION

Maternal investment in offspring is a critical Hifiéstory decision that is under strong
selective pressure (for recent reviews see Gre@8;20arshall, Allen & Crean 2008;
Uller 2008). Environmental effects on the mothar ad to variation in her growth,
condition and physiological state that can be tratied to offspring via non-genetic
resources provided to eggs (Mousseau & Fox 1998jhé&ts adjust the phenotype of their
offspring (e.g. size, energy content or biochemicahposition) in response to a range of
environmental factors including food availabiliphotoperiod and the intensity of inter-

and intraspecific competition (Mousseau & Fox 1998lne pattern or extent of maternal
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investment can depend on the mother’s physiologizdé or dominance status. For
example, in oviparous vertebrates the rank of enerowithin a dominance hierarchy can
influence the amount of androgen hormones traresfeéo her eggs (Whittingham &
Schwabl 2002; Tanvez et al. 2008). Such variatammltave implications for her fithess
because egg androgens influence offspring growittrj\a&al and behaviour (Groothuis et
al. 2005). Indeed, there are numerous exampldwifiterature demonstrating that
phenotypic variation among juveniles is influentgdenvironmental conditions which
affect the state of the mother (Verboven et al.2@agliano & McCormick 2006;
Warner, Lovern & Shine 2007).

Mothers can also adjust the phenotypes of thespoiig within a clutch. For example,
in many species of birds there can be substariffatehces between the size of the first
and last-laid eggs within a clutch (Slagsvold ett884). This size disparity has been
interpreted as a maternal tool for manipulatingsize of the brood in response to
prevailing environmental conditions (Slagsvold letl884). What about mothers that are
unable to predict the conditions that their offegrare likely to experience (e.g. because of
a prolonged egg development time)? Numerous thealetrguments predict that mothers
may gain fitness advantages by producing variatiépong phenotypes (typically size) in
unpredictable environments (see Crean & MarshdlB2dhd references therein). Recent
evidence from teleost fish and marine invertebrdesaonstrates that within-clutch
variation in offspring size does indeed increasemvnvironments are unpredictable
(Crean & Marshall 2009). Such bet-hedging integdrens of within-clutch variation in
maternal investment seem particularly applicabl@axonomic groups, such as fishes, that
spawn large clutches of small eggs almost simuttasilg. After spawning, embryos,
larvae and juveniles of many fishes receive lttleno parental care, meaning that mothers
can influence the development of their young ohhptigh their investment in each egg.
Furthermore, egg development may be prolongedd@pnhonths in salmonids) and
juvenile fish inhabit environments with high spatad temporal heterogeneity, conditions
under which variation in sibling phenotypes carekpected to increase maternal fitness
(Crean & Marshall 2009). Finally, in many speciesense competition among juveniles
for feeding territories results in high density-degent mortality of juveniles (Elliott
1994). The combination of pronounced environmemeatrogeneity, prolonged egg

development and high density-dependent mortalitgrmeehat clutches of sibling fish that
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display high phenotypic variation potentially hdugher average survival probabilities

and, consequently, enhance maternal fitness.

The survival and growth of juvenile salmonid fishfieshwater streams is typically
influenced by a dominancel/territoriality based abstructure (Metcalfe 1998). Two
phenotypic traits primarily determine juvenile sess in these systems. First, larger eggs
give rise to larger juveniles that have a survadantage under poor growth conditions
(Hutchings 1991; Einum & Fleming 1999). Second, petitive ability is positively
related to juvenile standard metabolic rate (SM®)Carthy 2001). SMR is the lowest
rate of oxygen consumption, when measured in astiueg post-absorptive ectotherm and
corrected for temperature (McNab 2002). SMR thpsagents the minimal energy cost of
maintenance. Juvenile salmonids with higher SMRIs process food faster and so
potentially gain a further growth advantage throtlgdir ability to feed more frequently
(Millidine et al.2009). Like the relationship between egg sizejanenile fitness,
environmental conditions are also likely to affédwet particular SMR phenotypes that most
benefit juvenile salmonid fishes during their eatgvelopment. In productive
environments juveniles with a relatively high SMiR anore likely to be competitively
dominant, allowing them to gain productive terigsrand grow faster (Metcalé al.

1995; McCarthy 2000). However, when food is lingtior patchy, a high SMR may be of
no advantage because gains in food intake are @it@bliffset the higher ‘maintenance
costs’ of this phenotype, leading to no relatiopdtetween SMR/dominance and growth
(Reid, Armstrong & Metcalfe 2011; Burton et al. 20). Metabolic rate is a fundamental
physiological trait that is correlated with manypasts of individual physiology and
behaviour (Careau et al. 2008; Biro & Stamps 2@H@), correspondingly, is linked with
fitness (Burton et al. 2011b). In the absence gfrenmental heterogeneity, mothers might
be predicted to produce a single optimum metalvate that varies minimally among
siblings within a given clutch. However, natural/ganments tend to be highly variable
and correspondingly, 2 — 3 fold variation in SMR li@en reported within-clutches by a
number of authors (reviewed by Burton et al. 201While the precise mechanism that
controls this variability remains unknown, materpadvisioning of eggs with steroid
hormones is a likely candidate because hormoneh,asicortisol, can influence energy
metabolism (Sloman 2010), and also affect juvegritavth rates and behaviour (Hayward
& Wingfield 2004; McCormick 2006; Uller & Olsson @6; Burton et al. 2011a).
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The role of maternal hormones in controlling withemd among-clutch variation in
offspring phenotype has been widely studied in faaalucing small clutches, such as
birds (Groothuis et al. 2005). In many avian spgadgqg levels of testosterone or cortisol
systematically increase or decrease over the laaggence of the clutch and can have
substantial effects on offspring phenotypes (Groistet al. 2005; Love et al. 2008). For
fishes, preliminary evidence suggests that cortesadls in the eggs of female trout can
vary systematically according to the position ofj®within the ovary during oogenesis
(Suter 2002). Here | test whether the phenotygewahile trout differs systematically
according to the position in the egg mass wheriithaal eggs were located during
oogenesis. In addition, because of the known rbfeadernal dominance status on
offspring investment, | test whether this relatioipsmay be modulated by the social status

of the mother.

MATERIALS AND METHODS

Maternal dominance ranking and crosses

The experiment was based on clutches taken froferfidle brown trout§almo trutta
hatchery F1 generation of wild fish from Loch BroamPerthshire, Scotland). However,
to ensure that these females covered a broad gpeofrdominance ranks, the sampled
clutches were selected from a larger pool of spagvfemale trout. Therefore at the start
of the experiment, approximately 6 weeks priorgavening, 34 female brown trout were
anaesthetised, weighed (range 427 — 1363 g), meghfurfork length (¢, range 32 — 47
cm) and implanted with a passive integrated trandpo(PIT) tag in the intra-peritoneal
cavity. The trout were sorted randomly into 4 ta(tksn diameter) each containing 8 - 9
individuals and were allowed to recover and acdiisesfor one week during which an
excess of opaque grey PVC pipe shelters (40 cm dhgm diameter) were provided in
an otherwise bare tank. The tanks were illuminatedatural light supplemented by
overhead fluorescent lights during daylight holifse size of the pipes was originally
chosen so that only a single fish could sheltehiwieach one at any one time, although |
note that on a few occasions two fish were obsesthaging the same tube. Shelters were
weighted to hold them stationary on the floor & tank.
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Following acclimatisation, the simple shelters wen@oved and replaced with a single
shelter so that there was competition for thisceagsource, allowing us to assess
dominance. This method of dominance ranking wad usplace of more commonly used
methods such as competition for food (e.g. Metcatifal. 1995) because female trout are
largely non-feeding in the weeks prior to spawnidgwever, during this time they prefer
habitats with overhead cover (Armstrong et al. 3008is habitat preference allowed us to
quantify relative dominance by recording priorifyaccess to the single shelter. The
shelter was a PVC pipe of approximately the samedsions as used earlier, but this time
it was fitted with a PIT tag detector that monitbtae presence and identity of any PIT-
tagged trout residing within it (Wyre Micro Desigtd, Poulton-le-Fylde, Lancashire,

UK). The sensitivity of the detectors was adjugtednsure that tags were only recorded
when inside the shelter. Shelters were connectadcctomputer that automatically recorded
the PIT tag detections every minute.

PIT tag records were analysed daily, and whenavéandividual fish accounted for
more than 50% of the occupancy records on at 8a6b consecutive days it was judged
to be the dominant fish in the tank, and was rerdduea separate holding tank. The
process was then repeated with the remainingtfigneby assigning a dominance rank to
each fish based on a serial removal process (folpthe protocol of Metcalfe et al.
1989). The procedure was terminated when there 2#8résh remaining per tank, and
these fish were given a joint low rank in casesmhieeir dominance could not be
determined unambiguously. Daily shelter occuparaned between fish during the
ranking period, ranging from O records per daylfsh@ot used at all by that fish) to 1166
(shelter used for 32% of the day). Fish tendedstthe shelter more intensively during
daylight hours, typically taking occupancy betw@&en8 am and emerging at ~9 pm.
Nevertheless, on several occasions fish occupieltiest overnight and, hence, the shelter-

use data were expressed as percentage occuparagyp@4 h).

To gain an indication of whether my measure of d@nce was repeatable, |
commenced a second serial removal (with the satheidiuals present in the same tanks)
as soon as possible after the first set was costplétnfortunately, the female trout
ovulated and became ready to spawn earlier thaecgagh and | could only complete the
first phase of the second serial removal. Therefdweninance behaviour during the second

test was ranked based on overall occupancy ofttbkes during the first two days of the
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second trial. Individual dominance scores, althobgéed on slightly different methods,
were consistent across the two trials (Spearman's correlation, rho = 0.84, n = 3b<
0.0001) and were thus averaged to quantify théiveldominance (hereafter ‘dominance
rank’) of each fish. Maternal dominance valuespesented on a decreasing scale (e.qg.
the most dominant fish was given rank 1 and thetsuisordinate fish given rank 7, see
Table S1Supplementary Materidbr further details). Ovulation status was deterali by
netting and lightly squeezing the sides of eachalerrat the time of transfer between
experimental and holding tanks during the serialaeal procedure, to detect the presence
of loose eggs within the body cavity. A total ofr8ut died during the ranking period, so
that my sample size of ranked fish was 26 (7 fisbach of 3 tanks, 5 fish in 1 tank). The
12 clutches used in the experiment were selected 18 females that were ready to spawn
on the 4th November of 2010, and were chosen t@sept as wide a spectrum of
dominance ranks as possible. Thus, 4 females veéreted from each of the 3 tanks (
range 360 — 463 mm; mass range 533.1 — 1042.5a@gureaments made after removal of

eggs; see Table S$upplementary Materidbr further details).

A possible criticism is that my dominance rankingthod of adult females might have
measured a preference for shelter or ‘shynesséosslty because | did not quantify the
frequency and intensity of aggressive interactam®ng mothers. However, overt displays
of aggression are not necessarily a requiremerh&establishment and maintenance of a
social hierarchy (Sapolsky 2005). Moreover, thedknish actively sought out the
shelters in each tank, and were frequently obsetryaty to enter shelters that were
already occupied. In several cases, 3 — 4 fish wlestered around the outside of an
occupied shelter and shelters were always re-oedupy a new fish after the ‘resident’
fish had been removed as part of the serial renyanesiess. Hence, it would seem
counterintuitive that the most ‘shy’ individual ddwut-compete the others and gain
access to the shelter.

For each selected fish, separate batches of eggsob&ained from the front, middle
and rear third of the egg mass (by dissection)dd this, an incision was made along the
mid-ventral line from the anus to the pectoral lgirand the egg mass in the abdominal
cavity divided by eye along its length into rougklyual thirds; each third was removed,
weighed to obtain total egg mass, and then fextlissing milt from a single male across

all batches. The spatial configuration of eggs inithe ovaries is likely maintained from
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vitellogenesis (the main period of egg growth, vehitre developing eggs are bound within
a cellular sheath known as the follicle layer) tighb to ovulation (after the follicle layer of
each ovary has ruptured and eggs are releasethenedbdominal cavity). With the
exception of one fish, subsamples of eggs werentaken each female and preserved in
buffered formalin for later counting to determimelividual egg mass. Unfortunately | did

not collect egg mass measurements from each regithe egg mass.

Offspring rearing conditions

The fertilised eggs were transferred to the Unieisf Glasgow, where they were
reared at 5°C in egg baskets that retained theaepavary position and family group
identities. After hatching, the water temperatuss\slowly increased so that it reached
~10°C when the juveniles were ready to begin inddpat feeding (after consumption of
the maternal yolk sac). Once they reached thefeesding stage (55-59 days after
hatching), groups of 50 sibling juveniles from eaelary position per family were
transferred to round 5 litre plastic containerdd€siand floor replaced with stainless steel
mesh) that were suspended in one of five re-citingal nf tanks (average temperature,
9.45 °C = s.e. 0.02). The top of each container lediscovered with black plastic to
provide overhead shelter. Containers holding syslitom the 3 different egg mass
positions were grouped together in triplicates antdted haphazardly within each tank
once per week, so that all juveniles experiencenilasi developmental conditions. Juvenile
mortality among the different regions of the eggsduring the rearing period was low
(mean percentage mortality + s.e.; front of egganést 1%, middle of egg mass; 5 + 1%,
rear of egg mass, 6 + 2%, n = 12 families).

Approximately 20% of the water in each tank washgjeal every 2 - 3 days during
routine cleaning, and juveniles were fed ad libitamounts of chopped bloodworm and
powdered food daily (Micro Harmony, EWOS, West liath Scotland). A minimum of 4
hours before being placed in respirometry chamtzenieasurement of SMR (see below),
the juveniles were anaesthetised and marked aogptoliegg mass position with different
colour Visible Implant Elastomer tags (VIE, Norttst&larine Technology, Washington,
USA); each fish was given a single mark betweerdtiveal fin and lateral line and the
colour code was alternated so that subsequent lmeinalvobservations were conducted
blind with respect to egg mass position. | belithat use of the term SMR is justified
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(over the closely related term RMR) because juesniere left to acclimate in the
chambers overnight and measurements of oxygen ogign did not commence untill7 -
20 h later.

Offspring phenotype

Representative egg mass values (referred to hereaftegg sizes’) were estimated by
counting the number of eggs in a weighed subsa(mhge 3.9 — 11.8 g) from each
female. To test whether position within the egg snafluenced subsequent offspring body
size, 10 juveniles from each egg mass positiorfigreily were sacrificed and preserved in
5 % buffered formalin (Fleming & Ng 1987) at thesehof independent feeding, but
before they were given exogenous food. The predguxeniles were subsequently
weighed (to 0.0001 g).

Open flow respirometry was employed to investigeitether position within the egg
mass influenced offspring SMR. The protocol follahat of Burton et al. (2011a) with
minor modifications. Randomly chosen juveniles \{imxn the ages of 18-49 days after the
first feeding stage) were placed in cylindricalygobpylene respirometry chambers (vol.
20 ml) through which @saturated and UV-sterilised water was pumpedcanatant rate
by a peristaltic pump from a header tank. A rackl@mbers arranged in parallel allowed
the oxygen consumption rates of 18 juveniles (chaseh that there was one fish from
each egg mass position from each of six familied)et measured on the same day. The
juveniles were left to acclimate in the chambersroight and measurements commenced
17 - 20 h later, by which time they had settled enalcuated their guts. Previous studies of
juvenile salmonid fry have demonstrated a stablgger consumption rate after this period
of acclimation (Metcalfe et al. 1995). To minimes&tivity, juveniles were kept in semi-
darkness by placing a black cloth over the respatoyrchambers, while low flow rates
(average 0.18 I'h+ s.e. 0.001) removed the need for active swimurfithgw rates were
calculated by collecting the water outflow from ledcbe in a beaker over a measured time
period (minimum 2 min) and then weighing it (to @Qy) and water temperature averaged
10.9 £s.e. 0.02° C.

The reduction in water oxygen concentration du@venile respiration was measured

with a Fibox 3 temperature compensated oxygen nfetdigo Systems, Tjele, Denmark).
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A flow-through fiber-optic cell with integrated plar oxygen sensor (PSt3 oxygen
sensitive coating, Presens, Regensburg, Germarsyfovanected temporarily to the
outflow of each respirometry chamber. The flow tigio cell was calibrated with a two-
point calibration of oxygen free water and oxygatugated water. Oxygen free water was
prepared by dissolving ca. 1 g sodium sulphite@@) in ca. 100 ml of water. Oxygen

saturated water was prepared by simultaneoushnsfiand aerating ca. 100 ml of header

tank water. Metabolic rate%@a ml O, hY) of individual fish were calculated according

to the equation:

VO, =V, [AC,, [ 5O,

WhereVW is the flow rate (I h-1) of water through the resmetry chamber,AQN is

the percentage difference in oxygen concentrateawden water in-flow and out-flow and

PO: is the capacitance of oxygen in the water. Thegeryconcentration of water flowing
into each chamber was determined in referencestavitier exiting an empty (fish-less)
control chamber. Measurements of the control chamvkee made at the beginning and
conclusion of each day. Two measurements of thee@achamber were made to confirm
that the @ saturation of the inflow water, and the perforneantthe Q sensor, were

stable throughout the day. Measurements of outfl@ater oxygen concentration and
temperature were logged (software Oxyview PST3vB0@sens, Regensburg, Germany)
every 10 s for each fish over a 5 min period (mumm or until the oxygen concentration
had stabilised (to account for fluctuations causgdensor movement between chambers).
Three replicate measurements of metabolic rate mee for each juvenile between
08:00 and 15:00 h (with a minimum interval of 9Ghrbetween measurements). SMR was
calculated as the average of these measuremensoawodounts for any diurnal variation
in metabolism equally for all fish. During each ree@ment of metabolic rate, the activity
rate (time in seconds not spent in an inactiveytteach juvenile was monitored over a 3
min period using an angled mirror positioned betbe/respirometry chambers because
they could not be observed from above. These data wollected to enable any potential
among-individual variation in activity levels to becounted for in subsequent statistical
analyses. The juvenile were anaesthetised and ai@hb 0.001 g) after measurements of
metabolic rate. SMR data were obtained for 8 ~v@iles from each egg mass position

for each of 12 families (n = 301 juveniles in tptal

66



Chapter 4

After being screened for metabolic rate the juvawere allocated into family triads
containing one sibling from each egg mass posit@th triad was then placed in a
compartment of a stream tank through which wates sgecirculated with flow rate of 1.3
cm s! as described in Burton et al. (2011a). The are¢heasfe compartments (0.025)m
approximated the predicted territory size (0.02% ofi a first feeding juvenile brown trout
(30 mmLg) (Grant & Kramer 1990), thereby increasing thelitkood that the three fish
would compete. The juveniles were then allowedctimate for 2 days prior to a 2-day
period of behavioural observations. During the iatation period, the juveniles were fed
ad libitum amounts of bloodworm that were pippejtest beneath the water surface at the
upstream end of each compartment. Behaviourastwake conducted in a temperature-
controlled room (average water temperature 10.6 8@. 0.02). The relationship between
position within the egg mass and subsequent offggyehaviour was assessed according
to the protocols described in (Burton et al. 201Baiefly, | assessed the relative social
status of the three individuals in each tank by imooimg their ability to compete for food
and territory space, together with the outcomengf@vert aggressive interactions. These
three indicators of social status are referredstoanpetitive ability, territory quality and
aggression hereafter. Each triad was only tested.d@ehavioural data were obtained for 8
juveniles from each egg mass position for each2diinilies (n = 288 total). Due to
practical constraints it was only possible to measurelatively small number of fish at a
time. Thus, it was unavoidable that fish of differages were used throughout the course

of the experiment.

Data analysis

To analyse relationships between egg mass positidrsubsequent offspring
phenotypes, | fitted linear mixed effect (LME) mtgjevith family as a random factor and
egg mass position (front, middle or rear) as adigategorical variable. Details of specific
models are outlined below. The relationship betwaeanile body mass at the first
feeding stage of development and egg mass posviasranalysed with egg size and
maternal dominance rank as additional explanatariabsles (including all two way
interactions). This analysis omitted data from ohthe families because the preserved egg

samples were missing.
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Correlations among the first, second and third messof SMR for each fish were
calculated using Kendall's coefficient of concordanThe relationship between SMR of
the juveniles and position within the egg mass masdelled with water temperature,
individual activity level, age (days since theffiilseding stage of development) and
maternal dominance rank as additional continuousibies (including the two way
interactions between age, dominance rank and egg pusition). Activity level was
included here to account for potential inflationSWIR with increased activity, and age
was included to account for potential changes irRSMring early development.
Respirometry batch (i.e. date of SMR measuremeas)included as an additional random
variable to account for potential among-batch défees in measured metabolic rates.
Prior to analysis, rates of standard metabolisnewerrected for differences in body mass
by calculating the residuals from a regressionMRSon body mass (both values log
transformed).

The territory quality and competitive ability protus yielded data with a different
range of possible values compared to the aggrepsatacol. To account for this, the raw
values for each of these protocols were normaligddn each triplicate by subtracting the
triplicate mean from each individual score anddiiwg this by the standard deviation of
the triplicate. Associations between the normalssates of the three behavioural
protocols were described using Kendall’s coeffiti@iconcordance and then summarised
with principal component analysis (PCA), omittingta for the few trials where no
aggression was observed (n = 18 from 96 trialsis fésulted in a single principal
component (PC1) summarising all three behavioues@general index of juvenile social
status. Individual PC scores were then analysaa ibME model comparing egg mass
positions (fixed categorical variable) with famédg a random variable and juvenile body
mass, age (days since first feeding), residual SiMdRmaternal dominance rank as
continuous variables (including all two way intdrans). Fry age was included into this
model to account for potential changes in behauvilbming ontogeny. Body mass and
mass-corrected SMR were included as covariatesibedhey are known correlates of
behaviour in salmonid fishes (see Introduction)sTdnalysis omitted data for the eighteen

trials where aggression was not observed.

Model selection and validation was performed adogytb protocols outlined in Zuur

et al. (2009). Likelihood ratio tests were usedaquentially compare the log-likelihoods
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(an indicator of model goodness-of-fit) of nesteddels that were parameterised using
maximum likelihood (ML) criteria. More parsimoniousodels were retained if an increase
in the log-likelihood ratio statistic was statistily significant p < 0.05). Final LME

models were then re-fitted with restricted maximlikelihood (REML). Prior to model
selection, | calculated variance inflation factQr$F) for all candidate explanatory
variables. A threshold value of 3 — 5 can be use@inove collinear variables (Zuur et al.
2009). VIF's were less than 2 in all cases, indingathat my results are not sensitive to
collinearity. All statistical analyses were condectin R version 2.13.1 (R Development
Core Team 2011).

RESULTS

Egg size, maternal dominance rank and positionimvitie egg mass all influenced the
size of juveniles at the first feeding stage @féer they had absorbed their yolk reserves
and begun feeding on exogenous food). Overall segghad a positive effect on juvenile
body size (Table 4.1, Fig. 4.1a). However, thergjtie of this effect was contingent upon
the location within the mother’s egg mass from \atite egg had originated (hereafter
referred to as ‘egg mass position’). In females$ gnaduced small eggs, egg mass position
had little effect on juvenile body size. Howeves eqg size increased, juveniles from the
middle part of the egg mass were larger than tfrose the front and the rear of the egg

mass (egg size x egg mass position interactiongah, Fig. 4.1a).
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Table 4.1. Summary of the final linear mixed effect model kaxping variation in the mass of juvenile trout
at the first feeding stage of development. Theyamsicontrolled for the effects of egg size (mealus per
family), maternal dominance rank and the positidgthiw the egg mass from which the fish originatéadrit,
middle and rear). Parameter estimates are givaneaiment contrasts with juveniles originating froime
front of the egg mass set as the intercept. Famdyg included as a random variable. Treatment cststra
between juveniles from the middle and rear pathefegg mass (when the rear part is set as theeépt are
given in bold.

estimate + SE  t-statistic p-value
intercept (front of egg mass) 55.88 + 14.03 3.981 <0.001
egg size 0.62 +0.18 3.500 <0.001
maternal dominance 0.54+081 0.660 0.510
middle of egg mass -38.69 £ 13.47 -2.871 <0.01
rear of egg mass 1.99 + 13.47 0.148 0.883
maternal dominance x middle of egg mass -1.82+0.78 -2.325 <0.05
maternal dominance x rear of egg mass 0.24 +0.78 0.307 0.759
egg size x middle of egg mass 0.57 +0.17 3.332 <0.01
egg size x rear of egg mass -0.06 £0.17  -0.332 0.740
middle vs. rear of egg mass -40.68 £ 13.47  -3.019 <0.01
maternal dominance x middle vs. rear of egg mass -2.06 +0.78  -2.632 <0.01
egg size x middle vs. rear of egg mass 0.62 £0.17 3.664 <0.001
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Figure 4.1. (a) Relationship between juvenile body mass afiitsefeeding stage of development and egg mass(nvalue per family). (b) Relationship betweendiesd juvenile
body mass and maternal dominance. In both casesijavmass depends on the position within the eggsnifront, middle or rear) from which the juvesitwiginated. In (a) the lines
are the predicted values for each egg mass podition the final LME model (see Table 4.1 for st analysis). Clear circles/black dashed linérent of egg mass, grey
circles/grey line = middle of egg mass, black @s¢olid black line = rear of egg mass. The predivglues are based on a female of average domeifarés). Juvenile mass data are
mean family values (n = 10 per egg mass position{b) data are plotted as mean residual valuesg} averaged by egg mass position across fematiferent dominance status:
clear circles - front of egg mass, grey circlesiddte of egg mass, black circles - rear of egg mbetigh dominance; mothers ranked between 1.0 addr2= 4), Intermediate
dominance; mothers ranked between 2.5 and 3.04(n Eow dominance; mothers ranked between 4.0 aldrb= 3). The residuals were derived from a LM&del of juvenile body
mass with family as a random factor. Mean familg egass, egg mass position and their interactiore warluded as explanatory variables because thenjlevmass - egg mass
relationship differed among sections of the eggar{ase Table 4.1). Although maternal dominanceestéd as a continuous variable in the analysibléT4 1), effects have been

plotted categorically to aid visual interpretation.
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Maternal dominance rank also influenced juvenildybsize, independently of egg size,
although the strength and direction of this effeas dependent on egg mass position.
Thus, as maternal dominance decreased, the masgeafles from the middle part of the
egg mass decreased relative to that of juveniten the front and rear of the egg mass
(Table 4.1, Fig. 4.1b). In the full sample of femapawners, maternal dominance ranks
were not associated with body size (general lingadel: i »3= 1.62,p = 0.22), nor were
the size of eggs produced by individual femaleateel to their body size or dominance
rank (sequential removal of terms in general limaadel: body size, 0= 0.51,p = 0.48:
maternal dominance rank; f1= 1.09,p = 0.31). Together these results indicate that both
dominant females and females that laid large eiggsfpective of their own body size)
produced offspring that differed in body size depeg upon the position within the egg
mass where those individuals developed. Converdedysize of juveniles from
subordinate females or females laying small egfferdd less with respect to their

developmental position within the egg mass.

The three replicate measurements of SMR (when egpdeas total oxygen
consumption per individual) were highly correlateith each other (Kendall's coefficient
of concordance, W = 0.826, 300 dd< 0.0001). The mean of these three SMR values
was log-linearly related (Fig. 4.2a) to the indivédis body mass according to the equation
log SMR = 0.847 (log body mass mg) — 1.366<0.44, n = 301p <0.0001). After
correction for the effect of body mass, both matkdominance rank and egg mass
position influenced the standard metabolism of jules. Juvenile offspring of dominant
mothers had relatively higher metabolic ratesdiytbriginated from the front and middle
parts of the egg mass (Table 4.2, Fig. 4.2b). Haneas maternal social status decreased,
this trend reversed: juveniles from the rear seabibthe egg mass of subordinate mothers
had higher SMR’s than those from the front and theidd the egg mass (maternal

dominance x egg mass position interaction, TaldieHg. 4.2b).
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Table 4.2. Summary of the final linear mixed effect model kaxping variation in the residual standard
metabolic rate (SMR) of juvenile trout. The anatysontrolled for the effects of maternal dominarmek

and the position within the egg mass from which fisd originated (front, middle and rear). Paramete
estimates are given as treatment contrasts wienjles originating from the front of the egg mastas the
intercept. Family and respirometry batch were idelli as crossed random variables. Treatment cantrast
between juveniles from the middle and rear of thg mass (when the rear part is set as the intgreept

given in bold.

estimate + SE  t-statistic p-value
intercept (front of egg mass) 0.04 +0.03 1.302 0.194
maternal dominance -0.01£0.01 -1.221 0.223
middle of egg mass -0.004 £0.03  -0.140 0.889
rear of egg mass -0.07£0.03  -2.550 <0.05
maternal dominance x middle of egg mass -0.002£0.01  -0.279 0.780
maternal dominance x rear of egg mass 0.02+0.01 2.465 <0.05
middle of egg mass vs. rear of egg mass 0.07 £0.03 2.406 <0.05
maternal dom. x middle of egg mass vs. rear ofegg ~ mass -0.02+0.01 -2.724 <0.01

Figure 4.2. (a) Relationship between log standard metaboti (8MR) and log body mass of juvenile trout.
Line represents the predicted values from the LMiglehdescribing the relationship between SMR araiy/bo
mass. (b) Relationship between SMR (residual vatoeected for the effect of body mass) of juvemiGat
and maternal dominance depends on the positiorinmitie egg mass from which the juveniles originated
Lines are the predicted values for each egg masgigo from the final LME model (see Table 4.2 for
statistical analysis). Clear circles/black dasliee ¥ front of egg mass, grey circles/grey line idatfe of egg

mass, black circles/solid black line = rear of eugss.
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Observations of juvenile social status based onpaditive ability, territory quality and
aggression behaviour revealed that a clear doménliecarchy quickly formed between
siblings from different positions in the egg mdsst example, overt displays of aggression
were observed in more than 81 % of triads. Colmlanalyses indicated that the three
behaviours assessed here were significantly aseddidendall's coefficient of
concordance, W = 0.650, 233 dd.< 0.0001). Thus juveniles that were good competito
tended to have better quality territories and tésaled to instigate and win a greater
number of aggressive encounters. PCA demonstriagédhte first PC summarised 68% of
the variation in behaviour, with high PC1 scoretigating offspring of high overall social

status (good competitors that behaved aggressiwelyoccupied high-quality territories).

To assess whether the observed variation in ssi@tls of juveniles was related to the
position within the egg mass from which they oragad and/or to their SMR, | analysed
the variation in PC1 scores using LME (as abovehtfary to my findings for juvenile
body size and SMR, maternal dominance rank didimettly influence juvenile social
status (Table 4.3, this term was removed from themal model). Similarly, neither
mass-corrected SMR nor juvenile size affected jugesocial status (Table 4.3). However,
social status was significantly influenced by tlesipon in the egg mass from which
juveniles originated, but the direction of thiseeff changed as juveniles grew older (Table
4.3). The first and last measurements of SMR ohicagp batches of fish covered a time
span of 32 days, so that the age (since the stakogenous feeding) of the fish in each
triad ranged from 18 to 49 days. During the earpesiod of fry feeding (age = 18 — 20
days) juveniles from the middle of the egg massthiglder social status than those from
the front and rear sections. This relationship stdlsevident among fry of intermediate
ages (age = 34 — 36 days), but by 7 weeks of agendmce in offspring increased from
front to middle to rear positions in the egg masgge(x egg mass position interaction,
Table 4.3, Fig. 4.3).
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Table 4.3. Summary of the final linear mixed effect model kiping variation in the social status of
juvenile trout. The analysis controlled for theeets of age and the position within the egg mas® fivhich

the fish originated (front, middle and rear). Paggan estimates are given as treatment contrasts wit
juveniles originating from the front of the ovargtsas the intercept. Family was included as random
variable. Treatment contrasts between juvenilem fiite middle and rear ovary (when the rear ovasgetsas

the intercept) are given in bold.

estimate + SE  t-statistic p-value

intercept (front of egg mass) -0.26 £0.46  -0.567 0.571
Age 0.01+£0.01 0.616 0.539
middle of egg mass 1.54 +0.66 2.343 <0.05
rear of egg mass -0.75+£0.66 -1.141 0.255
age x middle of egg mass -0.04£0.02 -2.223 <0.05
age x rear of egg mass 0.02+£0.02 0.916 0.361
middle of egg mass vs. rear of egg mass 2.29+0.66 3.484 <0.001
age x middle of egg mass vs. rear of egg mass -0.06 £0.02  -3.139 <0.01

Figure 4.3. Relationship between social status of juvenilattiand position within the egg mass from which
the juveniles originated is dependent on their dtgly; juveniles aged between 18 — 20 days (n = 12
juveniles per egg mass position), Intermediateeiifes aged between 34 — 36 days (n = 12 juvepdeggg
mass position), Late; juveniles aged between 4B days (n = 10 juveniles per egg mass positiorgacl
circles - front of egg mass, grey circles — midafl@gg mass, black circles — rear of egg mass. &atanean

(x s.e.) principal component scores (PC1), derifirech a PCA of the aggression, competitive abilihda
territory quality measures of behaviour averagedsxall 12 families for each egg mass positioth@lgh
age is treated as a continuous covariate in thiysewm(Table 4.3), effects have been plotted atrelis time
periods to aid visual interpretation. Behaviouratad were obtained for the same juveniles that were
measured for SMR (see Table 3 for statistical aes)
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DISCUSSION

This study provides the first evidence for systeodifferences in the phenotypes of
offspring within a clutch in a highly fecund spexidy study also shows that within
clutches, maternal influences may be expressedfasdces in offspring size, behaviour
and physiology. Within-clutch heterogeneity in thaly size, energy metabolism and
social status of siblings was partly attributaloléite location within the egg mass in which
they developed as eggs. However, when considanranjle size and SMR, the strength
and direction of the effect of egg mass positios vedated to the dominance rank of the
mother, suggesting that ecological factors, suatnagonmental conditions or competitor
densities, can also influence how position witthie tleveloping egg mass affects offspring
phenotypes. My results also show that the relatignisetween egg size and subsequent
juvenile size is modulated by egg mass positiod,that the effects of position within the

egg mass on subsequent offspring social statushaarge with juvenile age.

Steroid hormones are likely mediators of offspnhasticity within clutches because
maternal hormone levels are under environmenthlente, are transferred to eggs and
have affect many offspring traits including growtiicCormick 1999; Eising et al. 2001),
physiology (Tobleet al.2007; Sloman 2010) and behaviour (Uller & Olss60&, Muller
et al.2009). Preliminary evidence indicates that coreioins of maternally-derived
cortisol are higher among eggs from the anterior gfathe ovary in trout (Suter 2002).
Thus, female fish could theoretically produce ttwege of phenotypes reported here within
clutches via the differential transfer of hormobtegggs, dependent on position within the
egg mass. However, it is unlikely that the curmesults can be attributed solely to
hormonal effects. For example, the largest diffeesnn juvenile size with respect to
position within the egg mass were observed in femtiat produced the largest eggs.
Although egg hormones can have strong effects wenjle growth, systematic differences
in egg size among regions of the egg mass is a ptausible explanation in this study
because egg size explains more than 70% of thatiariin the size of juvenile fishes
(Chambers & Leggett 1996). Within-clutch variatioregg size is generally low in
salmonids: less than 3 % of the variation in egg 8 due to differences within clutches
(Jonsson & Jonsson 2011). However, within-clutctiadi@n in egg size may be increased

in some situations (e.g. captive rearing, Einumlé&nking 1999). This suggests that certain
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environments may result in a systematic comporeetitd provisioning of individual eggs
(in terms of composition or size) among female$ pnaduce large eggs or differ in

dominance status.

My results also indicate that ontogenetic changgsvenile behaviour are related to
their developmental position within the ovary, €rhe relative social status of juveniles
from the front, middle and rear parts of the ovelmgnged with age. If siblings are
provisioned differentially according to their pasit within the ovary, it is not
inconceivable that variation in their social ran&ynbe expressed at different stages of
ontogeny. It is worth noting that in this study guve age also represents the period of
time spent by juveniles in their rearing contain@isr to measurement of SMR and social
status. Thus, aggressive interactions among jueemlthe rearing environment may have
decreased with age (e.g. due to reduced densitedary the sequential removal of
individuals for measurements) and in the experiadearena, affecting the development of
social hierarchies among siblings among the oldergroups. Nevertheless, | did not
observe any age-related change in aggression leithis triads, and the mechanism
underlying the age-related changes in the relabagal status of juveniles from the front,
middle and rear parts of the egg mass requiresduresearch.

The results of this study suggest that optimaltagjias for investment across the clutch
vary among mothers of different social rank. Thasmahant mothers may accrue fitness
benefits by producing heterogeneity in offspringttis more pronounced among regions of
the egg mass. Conversely, maternal fitness in slitete mothers may be maximised by
spreading differences in offspring phenotypes numiormly across the egg mass.
Alternatively, it has been suggested that withuntah variation may be a constraint
resulting from an inability of mothers to alloca&sources evenly among siblings (e.qg.
Einum & Fleming 2004). If dominant mothers are rieegito expend more energy in
maintaining their social rank they might have lessrgy available for reproduction and be
constrained to invest more variably across thereggs. Evidence from birds shows that
mothers can be constrained in their investmentdividual offspring because the last-laid
egg is often smaller, more poorly provisioned ar@resulting chicks have a lower
probability of survival (Groothuis et al. 2006). Wetheless, | do not believe that the
dominant mothers in my experiment were in poorgmspilogical condition than

subordinates and thus constrained in their investmneoffspring because of the likely
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metabolic benefit conferred through their accesshedter (Millidineet al. 2006). Indeed,
it would seem more plausible that subordinate nrsthreght be in poorer physiological
condition because they were often observed to taeehcswimming in their attempts to

dislodge a fish resting in the shelter.

With the current data set | cannot determine whiethaot the observed relationships
between maternal dominance, egg mass positionfésmtiag phenotype serve an adaptive
function. Nevertheless, it is possible that theartlutch variation in the distribution of
offspring phenotypes in relation to egg mass pmsithay be ecologically important.
Brown trout are known to be very cautious and ogadhcover (e.g. submerged logs,
undercut banks) is a critical habitat requirementlfieir spawning. For example, it has
been reported that over 80% of nests are locat#dnni.5 m of cover (Witzel &
MacCrimmon 1983). It is likely, therefore, that doant females acquire preferential
access to spawning areas with close proximity tiaisie cover. Given that female trout
can spawn multiple nests (Jonsson & Jonsson 2@fd3ter heterogeneity in egg traits
among regions of the egg mass may equate to higiniation in offspring phenotypes
among nests. Hence, it is possible that dominarihens are better able to determine
where (and when) they spawn their nests and petvepefit from greater differences in
egg/offspring traits between nests. Indeed, reeetirical evidence shows that enhanced
diversity in phenotypes (and genotypes) within pafons may increase the number of
juveniles that survive and the amount of biomasslpeced (Griffiths & Armstrong 2001,
Ellers et al. 2011). This has led to suggestioasdhsimilar principle may apply within-
clutches as a bet-hedging mechanism against emve@otal uncertainty and to match

variation in offspring to spatial variation in thenvironment (Armstrongt al. 2011).

In summary, | show the first evidence of a systé&rr@imponent to the distribution of
within-clutch heterogeneity in offspring size, betoair and physiology in a highly fecund
species. Furthermore | show that these differenaageflect maternal dominance rank
and egg size. Variation in the composition of e@@gg. egg hormone concentrations,
relative lipid content, presence of antioxidanterf different regions of the ovary
warrants further investigation as a mechanistidangtion for the results present here.
Overall, my study suggests that optimal stratefpegmvestment in offspring may vary
among mothers of different social rank, and thatrésults of different investment

strategies might change with ontogeny during gaxignile development. More broadly,
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my results are consistent with the hypothesisri@hers can enhance their fitness by

programming the phenotypes of their offspring dgiegg development.

SUPPLEMENTARY MATERIAL

Table S.1. Body size, dominance rank and egg size data #rlth female Brown trout selected for the

measurement of sibling size, metabolic rate andhbstatus in relation to their position within thgg mass.

tank female dominance rank final length (cm) final weight (g) egg weight (mg)

1 792C 55 43.7 1042.5 90.2
1 B4F8 1.0 43.0 1004.5 85.6
1 51C8 4.0 42.7 853.3 83.3
2 9758 3.0 46.3 534.8 82.0
2 BO6B 2.0 39.5 832.2 88.0
2 3ECA 1.0 36.0 533.1 76.6
3 AOBS 3.0 415 768.2 73.2
3 45F8 25 43.0 936.6 76.6
3 4193 55 44.5 995.4 90.6
4 OE4E 6.3 415 706.5 sample missing
4  8DOA 2.0 41.0 826.3 79.1
4 4ETA 3.0 40.5 937.9 96.0
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CHAPTER 5. MATERNAL INFLUENCES VIA MULTIPLE
PATHWAYS: LINKS BETWEEN PARENTAL LIFE HISTORY
TRAITS AND OFFSPRING PERFORMANCE IN WILD ATLANTIC
SALMON

SUMMARY

Both the juvenile and adult environments experidripga mother can affect her
investment in offspring. However, the implicatiasfshese maternal legacies, both
juvenile and adult, for offspring fitness in natupapulations are unclear. | investigated
whether the juvenile growth rate and adult reprasadraits (length, body condition and
reproductive investment at spawning) of female wttntic salmon were related to the
growth and survival of their offspring. Adult salmoaptured on their upstream migration
were used to create experimental full-sib clutatfesygs, which were mixed and then
placed in artificial nests in a natural stream thaeked salmon due to a migration barrier.
Four months later | re-sampled the stream to olftamly-level estimates of offspring size
and survival. Mothers that had grown slowly as jules but had invested heavily in
reproduction and were in relatively poor body cdiodi at spawning produced the largest
eggs. Larger eggs resulted in larger juvenileshagider juvenile survival. However, after
controlling for egg size, offspring growth was gogly related to maternal juvenile
growth rate and reproductive investment. The ptedscof offspring survival and biomass
(i.e. reproductive success) varied with the juvegilowth rate of the mother: if females
grew slowly as juveniles, their reproductive susosas positively related to their body
size. In contrast, the reproductive success of liesrithat grew quickly as juveniles was
unrelated to their body size and was instead i@ladsitively to the size of egg they
produced and to a lesser extent their own bodyitiondMy results show that maternal
influences on offspring in the wild can be comphekh reproductive success related to

the early life performance of the mother as weheasstate at the time of breeding.

INTRODUCTION

In addition to their genetic contribution, mothees adjust the phenotypic development

of their offspring in response to prevailing enwvinoental circumstances. Such maternal
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influences (the combined effect of maternal phep@@nd maternal genotype, Venturelli
et al.2010) can have pronounced effects on both matétnass and offspring
performance (for recent reviews see Green 2008siMdlet al. 2008; Uller 2008) and
influence population ecology (Benton, St Clair &Btow 2008; Venturelket al. 2010).
Remarkably, however, factors experienced by femduesmg early development can also
affect the phenotypes and fitness of their offgpras shown in laboratory experiments on
hamsterdMesocricetus auratygHucket al. 1986), cichlid fish $imochromis pleurospilyus
Taborsky 2006) anBrosophila(Vijendravarmeet al. 2010). However, there is little
evidence that similar long-term effects are foumevild populations.

Here | report results from a field experiment intigeging maternal influences on
offspring arising from variation in both the eaggowth rate and the adult condition of
mothers. Atlantic salmorS@lmo salay are an ideal species in which to investigate such
effects, due to the contrast in early and latedifgironments experienced in their
lifecycle. They spawn in rivers and streams, wheveniles live until smolting (the
physiological and morphological preparation for maidife). On becoming smolts, the fish
then migrate to sea, where most of their growthucccAfter one or more winters at sea,
they return to spawn in fresh water (Klemetséal.2003). The body condition (hereatter,
‘somatic condition’) of adult salmon returning frahe sea is a strong indicator of lipid
reserves and can vary substantially among indivejuaost probably due to conditions
experienced at sea (Toeétlal.2008). Variation in the somatic condition of feemhs they
enter fresh water is likely to influence their puation of eggs (Todét al. 2008) and also
their somatic condition as they prepare to spavon{fa few weeks to many months later),
because the relative lipid content of somatic gsdeclines rapidly during the fresh water

migration to the spawning grounds (Jonsson, Jon&ddansen 1997).

Maternal somatic condition at spawning has beemwshno other fish species to
influence the number, size, energy content andglref offspring (Reznick & Yang
1993; Gagliano & McCormick 2006; Donelsenal.2009). However, the relevance of
somatic condition at spawning time is not necebselear, because it might reflect both
the state of the fish returning to fresh water dredextent to which soma is converted to
gonad (Roff 1992). Reproductive investment is lkefluenced by present environmental
conditions, but also those experienced by the adiuiting early development. The

transformation into smolts and seaward migratioly oncurs during spring; fish that fail
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to smolt remain in fresh water for at least anoffearr (Metcalfe 1998). Thus, the fastest
growing fish will smolt a year or more ahead ofgbdhat grow at a slower rate. This
period of juvenile growth results in a phenotyplig@lastic response in reproductive
investment by adults: fish that grow relativelywglp as juveniles (i.e. smolt at older ages)
produce larger eggs at maturity, even after colmgpfor body size at the time of

spawning (Thorpet al. 1984; Jonssoat al. 1996). However, these earlier studies did not
examine the consequences for offspring of thesemmalttraits. Using wild Atlantic

salmon in their natural environment, | investigaéee the consequences of variation in the
somatic condition, reproductive investment andyegbwth of mothers for the growth and

survival of their offspring.

MATERIALS AND METHODS

Selection of maternal fish and crosses

Atlantic salmon undertaking their spawning migratiere captured at a fish trap on
the River Blackwater, Ross Shire, northern Scotlangndomly selected 83 ripe females
that had spent a single winter at sea before retyito fresh water to spawn (one sea
winter or 1SW fish), using body size distributidngdistinguish 1SW from multi-sea
winter (MSW) fish. A sample of scales was colledtenin each female (for subsequent
determination of age at smolting), and their faRkdth (¢, to 0.5 cm) and body mass (to
0.1 g) recorded prior to the stripping of theirtchuof eggs, which was then drained of

ovarian fluid and then weighed (to 0.1 g; refen@thereafter as ‘clutch mass’).

Clutch mass was subtracted from body mass to ggedmatic mass of each female,
which was then used as the measure of female malss subsequent calculation of
somatic condition because it is not confoundedepyaductive mass. | defined somatic
condition as somatic mass relative to body lendgitermined by calculating the residuals
of a linear regression (both variables log-transied) of somatic mass against fork length
for all 83 female fish. Similarly reproductive irstenent was defined as the residuals of
clutch mass regressed on fork length (both varslolg-transformed). Since | was
interested in the relative importance of somatieditton and reproductive investment on
offspring performance, the subset of 36 clutcheslus the field experiment were selected

to maximise variation in these traits. | thus egeld ‘average’ condition individuals (i.e.
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those located closest to the regression linesmftioc mass and clutch mass against fork
length) to create four distinct groups of matefiisdd (each represented by 9 females, size
rangeLr 53.5 — 62.5 cm, somatic mass 1079.2 — 1835.9%ag differed in their
reproductive investment and somatic conditionfigh) in relatively good somatic
condition with high reproductive investment, (ZHiin relatively poor somatic condition
with low reproductive investment, (3) fish in gosaimatic condition with low

reproductive investment and (4) fish in poor somatindition with high reproductive

investment.

A sub-sample of approximately 10 g of eggs fromheafche 36 selected clutches was
weighed (to 0.01 g) and preserved with 5% bufféoechalin (Fleming & Ng 1987).
Fecundity was determined by calculating the nunotbeggs in each weighed sub-sample
and extrapolating this value to the total clutclsmaf each female. Individual eggs from
these sub-samples were later weighed (to 0.000%dL0 per clutch) to calculate the mean
mass of individual eggs (hereafter egg mass) peali® The remaining eggs from each
female were fertiliseth vitro with sperm from one of 36 wild anadromous malesréate
36 full sibling families. Adipose fin clips weremmved from the parental fish to enable
offspring parentage assignment. The fertilised egg® transferred to the Scottish and
Southern Electricity hatchery at Contin, where tiveye reared as separate family groups
under ambient water temperatures until the eyegestagg mortality was recorded until
egg stocking (sekield Experiment When the eggs reached the eyed stage of
development, sub-samples of approximately 100 &ggs each family were transferred to
the Marine Scotland freshwater hatchery at Alimon#éb&erthshire, Scotland. These sub-
samples were reared as separate family groups antgent water temperatures until the
onset of independent feeding (when juveniles switaim being largely quiescent in the
gravel, provisioned with maternal yolk, to actieedging in open water), when 10 per
family were preserved in 5% buffered formalin aatbt weighed (to 0.0001 g) to provide

data on juvenile size at emergence.

Scale readings subsequently confirmed that aléhected female spawners had spent
one year at sea (LSW), but varied in their rateaofy growth (the number of years they
had spent as juveniles in fresh water before tgrmto smolts and migrating to sea).
Those that had grown faster (= Fast Early Growthl;EG, females) had reached the size

threshold necessary for seaward migration (Metdfdorpe 1990) earlier, and had
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become smolts as 2-year-olds, whereas slower ggofemales had taken 3 years to reach
the smolt stage (= Slow Early Growth or SEG femjaldsnce, early growth affects total
age at spawning and may correlate with other viesaduch as size at smolting. Scale
reading is commonly used in fisheries managemedétermine the age and growth
patterns of individual fish. The process is compbr&o counting the rings on a tree as
specific marks appear on scales that indicate dimidual’'s age and growth (e.g.
McCarthy, Friedland & Hansen 2008).

Field experiment

The growth and survival of offspring from these tdes was assessed in a small
tributary (Gleann Méinich) of the River Conon. Thigd-altitude stream (240 m.a.s.l.)
provides suitable habitat for salmon juvenilesimtural spawning is prevented by dams
further downstream which act as barriers to upstreagration of adult fish. Both older
juvenile salmon that had been stocked as eggsiiqus years and a natural population of
resident brown trout (all age classes) were prasehis stream, which is also open to
mammalian and avian predators of juvenile salmbes€ conditions provide an ideal
setting for investigating maternal effects on ofiisg that are subject to natural selection
pressures. On 22 March 2010, the stream was seettedyed-stage eggs from each of
the 36 selected females (n = 1250 per family, 500 total). All eggs were first pooled
and thoroughly mixed, and then dispersed througapn@60 m length of stream in 43
artificial gravel nests that were spaced at intisredapproximately 20 m (suitable
spawning habitat permitting). This corresponded sbocking density of approximately
1050 eggs per nest, and created natural spawnirgities for this species (Fleming 1996).

No other salmon eggs were stocked in this streatmisnyear.

During the period 12—-14 July 2010 (approximateim@nths after juveniles were
estimated to have emerged from the gravel nestbeguih independent feeding, hereafter
‘emergence’), four hundred metres of the streamelasrofished to obtain data on the
density and sizes of surviving experimental juvesiBeginning at the lowest nest site, the
stream was divided into 2 m-long sections that vgarapled with a single electrofishing
pass. On each day of electrofishing for juvenilesiducted multiple electrofishing passes
in a 10 m-long test section of stream (riffle hab)ito estimate my capture efficiency.
Electrofishing efficiency estimated by the Zippirtmod (Bohlinet al. 1989) indicated
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that the first pass caught on average 53 % ofxperenental juveniles present and that
temporal variation in electrofishing efficiency waatively low (mean = 0.53, standard
deviation = 0.09, n = 3).

All fish (i.e. experimental and older juvenile samand brown trout) caught within a
section were anaesthetised with MS 222. A disyriaiimodal distribution of lengths was
used to separate experimental salmon fry (n = 1#88;length () range 28 — 46 mm)
from non-experimental conspecifics belonging taeoldge classes (n = 419 range 63 —
124 mm) and brown trout (n = 103; range, 31 — 212 mm). Conspecifics from older age
classes and brown trout were allowed to recoven fanaesthesia in enclosures placed
within the stream before being released. Giveraige number of experimental fish
captured, it was not practical to measure themrately in the field and so they were
given a lethal dose of anaesthetic before beinggoved in 100% ethanol for subsequent
measurement of body size and tissue sampling.ddsign enabled the capture location of
all fish to be recorded at a 2 m scale, so thaetfext of local density on growth could be

estimated (sePata Analysi.

All preserved experimental fish were subsequentigived (0.001 g) and fin-clipped
for microsatellite analysis of parentage. To actdonshrinkage in body mass caused by
preservation in ethanol, | weighed a sub-sampjawaniles (n = 167) immediately after
terminal anaesthesia and again after 3 days adgegan 100 % ethanol. Shrinkage in body
mass was analysed using a regressigas{E 12786 ,p<0.0001,r* = 0.98) between fresh
(Mg1 range, 0.305 — 1.241 g) and preserved body masssvfg, range, 0.181 — 0.778
g). The relationship betweds; andMg; is described by the equatidvig; = 1.5Mg; +
70.69, which was used to convert measurements/ehjles preserved in ethanol to

estimates of fresh mass prior to statistical amalys

Genotyping and parentage analysis

Genotyping was provided by commercial suppliersiflcatch Natural Selection Ltd,
Alloa, Scotland) using a panel of markers that thag customized for their internal use.
DNA was extracted from the fin clips of all pardrftsh and recaptured offspring using a
Biosprint DNA Tissue kit (Qiagen, Crawley, UK) folving the manufacturer’s protocol.

Genotyping was performed using a single multiplargd of 10 informative microsatellites
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scattered across the genome. A Mastercycler gratiiermal cycler (Eppendorf,
Hamburg, Germany) was used for optimization anatygng of the markers, and ABI
377 sequencer (Applied Biosystems, USA) used fefltiorescent detection of the allelic
profiles. Analysis for parentage assignment byu@sioh was carried with the programme
Vitassign 8.3 (Vandeputte, Mauger & Dupont-Nive08D Allowing a maximum of two
allele mismatches, 1,283 juveniles (>99%) were weligassigned to a single set of
parents, and only four not assigned, mostly dueftlure of PCR amplification. Twenty
three juveniles could not be assigned to any coatinn of parents because they had
unusual microsatellite fingerprints. These indiattuwere most probably juvenile brown

trout that had been misidentified as salmon duiielg work.

Data analysis

I measured the following characteristics of juvesiand their performance: egg size,
size at emergence, size at recapture (2 monthsfaftemergence from the gravel), and
family-level survival rate of juveniles (i.e. totalmber recaptured per family). Juvenile
fitness in Atlantic salmon can be reliably assedsedhonitoring growth and survival soon
after emergence from the nest because dispensalited and almost invariably there is
intense competition and high mortality at this ti(B@humet al.in press). Not all juveniles
were recaptured hence my measure of survivaletadive estimate of this trait (hereafter

termed ‘relative juvenile survival’).

To analyse maternal effects on egg size, juveiike & emergence and juvenile size
when re-captured | fitted linear mixed effect (LMfapdels that incorporated the following
maternal traits as a general fixed structure: matdork length (hereafter ‘maternal body
size’), reproductive investment, somatic conditiate of early growth (i.e. FEG or SEG)
and (where appropriate) the family’s mean valueefyy size (hereafter ‘family egg size’),
plus all two way interactions between these vaesbDetails of specific models that
contained (or omitted) additional explanatory viales are specified below. Previous
research in this catchment has demonstrated thexije body size is strongly influenced
by the density of conspecifics from the same agssclithin an upstream distance of 11 m
(Einumet al.2011). | was unable to estimate upstream dengities1 m scale, so |
calculated the numbers of experimental juvenilensal within 10 m upstream of a focal
individual. Using the same spatial scale, | aldouwated upstream densities of older
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conspecifics and of brown trout because they caffiett the growth of juvenile salmon.
These densities were included as additional expdayp&ariables in the analysis of

juvenile size at recapture.

In each LME model, maternal identity was includechaandom variable to control for
non-independence of siblings. In the analysis wéile size at re-capture, the capture
location of each individual was included as an &oldal random factor to control for
spatial and temporal correlations among fish thiadbited the same sections of stream and
were re-captured on the same day. In the analygivenile size at re-capture,
measurements of juvenile size and family egg sitees were In transformed to meet

assumptions of normality.

| used generalised linear models (GLM’s) with aateg binomial error distribution to
analyse variation in maternal fecundity and relajiwenile survival (i.e. as count data).
Both GLM'’s incorporated the explanatory variableshe fixed structure described
previously. The link functions for the negative duial generalised linear models
(GLM’s) analysing variation in maternal fecunditydaoffspring survival rate were
selected by comparing the AIC values that resul@a each full model when fitted with a

Gaussian-, log- or square root- link function.

| also calculated the theoretical contribution atle mother to the biomass of the
experimental salmon population, had the numbeggéelaced in the stream reflected the
fecundity of each female (rather than been madaldquall females regardless of their
fecundity). For each family, the juvenile biomags pgg stocked (sum of the recaptured
juvenile body mass values for each family, divitgchumber of eggs stocked per family)
was thus multiplied by the mother’s fecundity. Thadue was then used as a response
variable in a generalised least squares (GLS) maitlelall the explanatory variables in
the general fixed structure (including all two wateractions). In this model, I included a
fixed variance structure (VarFixed) that allowed fesidual variance to increase with

family egg size.

Model selection and validation was performed adogytb protocols outlined in Zuur
et al. (2009). Prior to statistical analysis, | calcutht@riance inflation factors (VIF) for all

candidate explanatory variables used in each stalisnodel. In all cases, VIF's were less
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than 4, indicating that collinearity among explamatvariables was unlikely to have
affected my analyses (Zuat al. 2009). For model selection, likelihood ratio testse
used to sequentially compare the log-likelihoodsdet fit) of nested models (using
maximum likelihood, ML) More parsimonious models were retained if an irezea the
log-likelihood ratio statistic was statisticallygsificant © < 0.05) Final GLS and LME
models were then re-fitted with REML. All statisti@analyses were conducted in R

version 2.13.1 (R Development Core Team 2011).

RESULTS

Offspring size and number

Individual egg mass varied more than two-fold amfamgilies and was positively
related to maternal body size and reproductivestnaent, whereas it was negatively
related to somatic condition (Table 5.1). The latgmgs were thus produced by large
females that (for their body length) had the pobbesly condition but had heavy ovaries.
Egg size was also influenced by a female’s agenattsrg (and hence presumed rate of
early growth; Table 5.1), with SEG females prodgdarger eggs than FEG females
despite the two types of female not differing irdpaize by the time of spawningg
mean = s.e. FEG =57.94 £ 0.63cm; SEG = 57.86 2dix5 t-test, 4, = 0.10,p = 0.92).

However, the strength of this effect of a femakssly growth on egg size was dependent

on her body size at the time of spawning, as indatay a significant early growth rate x

maternal body size interaction (Table 5.1). Thudewarly growth rate was unrelated to

egg size if the females were small by the timepafining, large SEG spawners produced

significantly larger eggs than large FEG spawngig. 5.1).
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Table 5.1. Summary of the optimal linear mixed effect modgbplaining variation in mean egg size among
female salmon. The analysis initially controlled fbe following maternal traits: body size, reprotive
investment, somatic condition and rate of earlywgho(SEG versus FEG; see text for definitions aathits
of the analysis). Parameter estimates are givdareasment contrasts with fast early growth (FEGhdées

represented by the intercept. Family was included emndom variable.

estimate + SE  tgtatistic  p-value

intercept (FEG) 7.16 +53.23  0.14 0.893
maternal body size 1.59 £ 0.92 1.73 0.084
reproductive investment 83.33+17.58 4.74 <0.0001
somatic condition -237.84 +82.04 -2.90 <0.01
SEG -186.81 £ 85.22 -2.19 <0.05
maternal body size x SEG 3.50 +1.50 2.38 <0.05

Figure 5.1. The relationship between a female’s body sizethadnmean size (mass) of her eggs for females
with fast and slow rates of early growth (FEG —ropicles, SEG — filled circles, respectively. Tiredicted
values from the optimal LME model for FEG and SEGéles are represented by the dashed and sold line
respectively. See Table 5.1 for analysis Supplementary Materidbr details of the data used to plot the
predicted values.
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Fecundity was lower in SEG than FEG females (meauarfdity + s.e.; FEG 2406.87 +
118.45; SEG 1993.63 + 115.31, parameter estimat8lE& females in comparison to FEG
females + s.e.; -0.22 + 0.06yalue = 3.66p < 0.001) and was positively related to

reproductive investment (parameter estimate + 5.6 + 0.28z-value = 3.81p < 0.001)
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but unrelated to maternal body size. Family egg bexd a strong positive effect on the
mass of newly-emerged juveniles and was the onijaatory variable retained in the
model describing variation in the size of offspraighis stage of development (parameter
estimate £ s.e.; 1.28 + 0.10value = 12.54p < 0.0001, Fig. 5.2); thus the early growth
rate of females did not affect the initial sizetlodir offspring apart from indirectly through

its link with egg size.

Figure 5.2. The relationship between mean egg mass and mess ohguveniles at the time of emergence.
The predicted values from the optimal LME model apresented by the solid line. Data are mean jamil
values, and are shown separately for females wghdnd slow rates of early growth (FEG — openasic
SEG - filled circles, respectively), although matdrearly growth did not influence this relationshBee

text for analysis.
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Offspring performance in natural conditions

The mean body size of 2 month old juveniles vanete than 200 % among families,
ranging from 389.5 + 14.8 (s.e.) to 838.3 + 41.1(mg 36 families, 10 — 63 recaptured
individuals per family). Size at 2 months of ageswasitively related to family egg size,
maternal body size and maternal reproductive imvest (Table 5.2). Local densities of
salmon from the same year class and older yeasaddsad positive and negative effects
on juvenile size, respectively, whereas trout dgngas not significant (Table 5.2). Even
after controlling for other maternal traits anddbpopulation densities, there was a link
with early maternal growth rate: for a given egresiSEG mothers produced slower-
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growing offspring than did FEG mothers (Table %, 5.3a). Furthermore, early growth
rate was influenced by significant interactionsiestn family egg size and both maternal
body size and reproductive investment (Table T.B)us, as maternal reproductive
investment increased, the difference in subsemiratoetween juveniles that hatched
from large and small eggs diminished (Fig. 5.3liRelvise, the discrepancy in size among

juveniles from large and small eggs lessened ispofig from larger females (Fig. 5.3c).

Table 5.2. Summary of the optimal linear mixed effect modgplaining variation in mass of juvenile
salmon (In transformed) recaptured 2 months aftezrgence. The analysis initially controlled for gsme
variables listed in Table 5.1 but included the &feof egg size (mean value per family, In transfed) and
upstream densities of salmon of the same age, giterclass salmon, and trout (see text for dédimitand
details of the analysis). Parameter estimatesiasn@s in Table 5.1. Family and stream capturation of

each individual (recorded at a 2 m scale) weraigetl as crossed random variables.

estimate + SE -
t-statistic  p-value

intercept (FEG) -12.36 £ 7.28 -1.698 0.090
maternal body size 0.26 +0.12 2.058 <0.05
reproductive investment 10.81 +2.83 3.819 <0.001
In egg size 413 £1.56 2.657 <0.01
SEG -0.07 £0.02 -2.884 <0.01
same-age salmon density 1.82E-03 + 3.55E-04 5.114 <0.0001
older salmon density -2.54E-03 + 9.42E-04 -2.692 <0.01
reproductive investment x In egg size -2.36 £ 0.61 -3.842  <0.001
maternal body size x In egg size -0.06 £ 0.03 -2.133 <0.05
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Figure 5.3. (a) The relationship between the mean mass of ggseach family and the mean mass of the regujtimenile salmon (recaptured 2 months after emmergeFEG —
open circles, SEG - filled circles). The predictadlies from the optimal LME model for FEG and SE®&éles are represented by the dashed and sol&dréspectively. Both axes
are on a logarithmic scale. Panels (b) and (c) shtevactions between maternal reproductive investrand maternal body size with egg size respdytifée solid and dashed lines
are the predicted values and 95 % confidence iakerfvom the optimal LME model (see text for anaysBlack and grey lines refer to predictions farge (mass = 138 mg) and
small (72 mg) eggs respectively. Data points arétedhin (b) and (c) to aid visual interpretati®@ee Table 5.2 for analysis aBdpplementary Materidbr details of the data used to
plot the predicted values.
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Relative juvenile survival (recapture rate) washhygrariable, differing more than six-
fold among families despite each female contriluéin equal number of eggs to the
stream (Fig. 5.4). This result was unlikely to beiged by egg and juvenile mortality prior
to emergence, as combined egg and hatchling megrtalihe subsamples of experimental
eggs that were retained in the hatchery after stgokas uniformly low, averaging (mean
ts.e.) 1.14 + 0.25 % across the 36 families. oélie terms, relative juvenile survival
was higher for offspring of SEG versus FEG feméhesan + SE; FEG 32.94 + 2.52; SEG
38.33 * 3.45). However, the factors contributingtispring survival differed between
FEG and SEG females. For offspring of FEG femalaesyival was positively related to
family egg size and maternal somatic condition (& &h3, Fig, 5.4a,c). In contrast, early
juvenile survival of offspring from SEG females wassitively related to maternal body
size, with larger SEG females giving rise to marevving juveniles (Table 5.3, Fig.
5.4b).

Table 5.3. Summary of the optimal generalised linear modebétive binomial distribution with gaussian-
link function) explaining variation in relative suval rates of juvenile salmon from different motheThe
analysis initially controlled for the same variablésted in Table 5.1 but included the effects gf esize

(mean value per family). See text for details &f #imalysis. Parameter estimates are given as ie bah

estimate = SE L
z-statistic  p-value

intercept (FEG) -31.78 £ 41.69 -0.762 0.446
maternal body size 0.05+0.80 0.067 0.947
somatic condition 173.55 +90.50 1.918 0.055
egg size 0.63+0.14 4.564 <0.0001
SEG -168.38 +77.70  -2.167 <0.05
egg size x SEG -0.75+£0.21 -3.508 <0.001
maternal body size x SEG 4.30+1.50 2.861 <0.01
somatic condition x SEG ~ -303.20 £123.39  -2.457 <0.05
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Figure 5.4. Relationships between the relative survival rdtpieeniles (i.e. number recaptured) and (a) thamsize (mass) of eggs from which they hatched,(Bjthe body size
and (c) somatic condition of their mothers. FEG déam are represented by open circles and SEG ferbglélled circles. The predicted values from timal generalised linear
model for FEG and SEG females are representedebgldbhed and solid lines respectively. See TaBléo%.analysis an&upplementary Materidbr details of the data used to plot

the predicted values.
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The contribution, in terms of predicted offsprinigrbass, of each mother to the
experimental population would have varied subsédlgtamong families if the numbers of
eggs per family stocked in the stream had reflestatkrnal fecundity, rather than being
made equal for all families and assuming similanpetitive conditions to those
experienced in my experiment (Fig 5.5). Overakkdicted offspring biomass two months
after emergence (g) was similar among FEG and SBthers (mean + SE; FEG 40.61 +
4.02; SEG 40.82 + 4.13) and was related positit@heproductive investment (Table 5.4,
Fig. 5.5a). However, when investment in reprodurcitoaccounted for there are further
effects of maternal body size, egg size and remg@isomatic condition, each of which
depend on early growth rate. Overall the relatigmbletween maternal body size and
offspring biomass production was stronger among &#aales (Table 5.4, Fig. 5.5d).
Increases in egg size and somatic condition wéagekpositively to offspring biomass
among FEG mothers, but these relationships werativegn SEG mothers (Table 5.4,
Fig. 5.5b,c).

Table 5.4. Summary of the optimal generalised least squamdeimexplaining variation in the theoretical
contribution of each mother to the biomass of thgeemental salmon population. The contributioreath
mother was determined by calculating the amounbftdpring biomass produced per egg stocked and
multiplying this value by her fecundity. The anasymitially controlled for the same variables didtin Table

5.1 and included the effects of egg size (meanevger family). See text for details of the analysis

Parameter estimates are given as in Table 5.1.

estimate = SE L
z-statistic  p-value

intercept (FEG) -57.05 + 63.36 -0.900 0.376
maternal body size 1.18+1.20 0.989 0.331
somatic condition 145.27 + 147.41 0.985 0.333
reproductive investment 72.99 +29.33 2.489 <0.05
SEG -263.93+120.43  -2.191 <0.05
egg size 0.32+0.29 1.091 0.285
maternal body size x SEG 5.72+2.34 2.442 <0.05

somatic condition x SEG -406.24 +181.76 -2.235 <0.05

egg size x SEG -0.65+0.36 -1.818 0.080
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Figure 5.5. The theoretical contribution of each mother to thiemass of the experimental salmon
population depends on (a) their investment in répetion, (b) the mean size (mass) of eggs theyymead
(c) their somatic condition and (d) their body sidde contribution of each mother was calculated by
multiplying the biomass of sibling juveniles pro@dcper egg stocked in the stream with maternainigity
FEG females are represented by open circles and f8B@les by filled circles. In (a) the solid line the
predicted values for all females (i.e. FEG and S&E@) the optimal generalised least squares mad€b)

to (d), the dashed and solid lines are the predliictdues plotted separately for FEG (dashed line]) 3EG
(solid line) females respectively. See Table 5doalysis andsupplementary Materidir details of the

data used to plot the predicted values.

[« -
[e0)
S %@ . (b) .
S 8-
5
Qo
R
(&)
[)]
(]
S o |
E V]
e ° °
m o© &
o = -
| 1 I | I | I I
02 01 00 0.1 80 100 120 140
Reproductive investment Egg mass (mg)
o
©

60
|

20

Biomass contribution (g)
40

(] - -
-0.04 -0.02 0.00 0.02 0.04 54 56 58 60 62
Somatic condition Maternal body size (cm)
DISCUSSION

Differences in somatic condition, reproductive istveent and rate of early growth

among mothers exerted a large influence on theafieggs and therefore, newly-emerged
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juveniles. When the surviving juveniles were recagd after c. 2 months in a natural
stream environment, substantial variation was pmitess@ong families in both juvenile

body size and relative rates of survival. This omed despite stocking equal numbers of
eggs from each family in the same sections of strédoreover, much of the variation in
these traits could be explained by maternal chariatits such as somatic condition,
reproductive investment or rate of early growtlllependently of egg size (and in the case
of juvenile body size, important ecological factsteh as local densities of conspecifics).
My results also show that maternal influences dspoing size and survival in a natural
setting can be complex, as indicated by the infteesf interaction terms between various
maternal characteristics on each offspring trait thias measured. Overall, this experiment
provides direct evidence from a natural systemahabther’s reproductive success is
linked to both her early growth conditions and fiaetors that constitute her ‘current
reproductive state’ (i.e. reproductive investmamd aomatic condition).

Size is of critical importance for early life pemfioance (Kestrel & Munch 2010), with
large juveniles being especially favoured undereasky conditions (e.g. Einum & Fleming
1999; Dziminski & Roberts 2006; Segers & TaborsR{ Pa). Accordingly, differences
among families in egg size had significant impiimas because larger eggs resulted in
larger juveniles, both at emergence and after @gh@f c. 2 months in natural conditions.
Juveniles from larger eggs also had a higher rfagemwival than juveniles from small
eggs. However, juvenile performance was not detexthsolely by egg size. Increases in
maternal reproductive investment tended to reautaster juvenile growth for a given egg
size. Furthermore, juveniles hatching from smafjssgere more able to match the body
size of fry from much larger eggs if their motheasaeither large at the time of spawning
or had invested disproportionately in reproductissue (see Fig. 5.3b,c). Indeed, recent
research shows that hatching from a relatively begg) does not necessarily prevent an
individual fish from reaching a body size equajueeniles from larger eggs: expression
levels of the growth hormone recept@HR) gene can be higher in juveniles that hatch
from small eggs, resulting in a faster rate of gfoand similar final body size, when

compared to juveniles from large eggs (SegerssBeiti & Taborsky 2011).

In terms of the maternal phenotype at spawningafesithat invested relatively little in
reproduction produced smaller eggs, had a redwemahility, and for a given egg size had

slow growing offspring and a low total juvenile biass. Larger eggs were associated with
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poor maternal somatic condition, apparently in @sttto some previous studies (e.g.
Donelsoret al. 2009), but this result may be because the pooagsomondition was a
consequence of the investment in eggs. HowevegdHg-life maternal phenotype was
also important. Mothers who grew slowly when yo8§G females) tended to produce
larger eggs at maturity, as found previously (Tleatal. 1984; Jonssoat al. 1996;
Taborsky 2006). These offspring had a high surghir, but the average relative
contribution of SEG and FEG mothers to the popaoiain terms of predicted offspring
biomass was equal, presumably because FEG mottoelsge more, albeit smaller, eggs.
Interestingly though, the relationships between ®gg and the survival and biomass of
offspring differed among FEG and SEG females. He6GFemales these measures of were
positively related to egg size, whereas negatilaiomships were evident among SEG
mothers. Although the mechanisms underlying thssilteare unclear, it is possible that
FEG females, who by definition grew fast as juvesiimay be of higher than average
quality and so are able to produce higher quatitysarrespective of their body size at the
time of spawning. Thus, a stronger correlation leetwegg size and egg ‘quality’ may be
present among such females, as indicated by thgwvedly fast growth and better rates of
survival of their offspring compared to those hatghfrom the same size of egg produced
by SEG females. Offspring survival and biomass petidn were more closely related to
maternal body size in SEG than in FEG mothers. $hggests that small SEG females
may be producing lower quality eggs, even if tlegigs tend to be relatively large. Thus,
maternal body size at the time of spawning may beerrmportant for females that had
experienced slow rates of juvenile growth. It soalvorth noting that | recorded a positive
relationship between the upstream density of caip® from the same age class and the
body size of surviving juveniles, when the inveo$éhis relationship is generally observed
(Einumet al.2011). Presumably, the pattern in my study rediécpatial variation in
habitat structure and quality such that areassingported high densities also allowed fast
growth.

My results collectively suggest that different ksnaf offspring (as well as offspring of
different size) may be produced by mothers thay watheir current reproductive state and
their rate of growth as a juvenile. If this is tese, do such maternal influences constitute
an adaptation or a constraint (Marshall & Uller 2P0Currently, little empirical or
theoretical evidence exists with which to evalubhgse possibilities in relation to maternal

somatic condition and reproductive investment. kibktween parental ontogeny and
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offspring phenotype might enable parents to ‘prograffspring phenotypes to match the
conditions that offspring are likely to encounteegarly life (e.g. Batesoet al.2004). If
juvenile and adult ecologies differ, as is the cagk Atlantic salmon, cues from
conditions experienced by adults in the run ugosing may be poor predictors of the
environment offspring are likely to encounter, @odmaternal investment in offspring may

be better determined by a mother’s own experiesa@ejavenile (Taborsky 2006).

Fast Early Growth and Slow Early Growth female salmppear to produce different
types of offspring, but these might be suited féedent ecological conditions. For
example, growth rate in juvenile salmon declinethwhe altitude of the stream they
inhabit. Even within a relatively small altitudinange; the mean size of 1 year old fish
can decline by over 33 % with an increase in agtof only 270 m (Egglishaw &
Shackley 1985; Bauret al.2004). High-altitude tributaries are known to proe a higher
proportion of SEG fish (Shearer 1992), presumablanse a minimum size threshold
must be reached before juveniles migrate to théMetcalfe & Thorpe 1990). Thus, it is
possible that FEG females are more likely to oatgrfrom lower altitude, more food-rich
tributaries, while SEG females are more likely ¢one from higher altitude streams with
poorer growth opportunities. Given such differenicesarly growth performance, it is
possible that FEG and SEG females are producing/ef§gpring that are suited to these
different niches. Alternatively, mothers that deyed slowly as juveniles may be low
quality individuals, that then produce lower quabtfspring (Monaghan 2008). It is not
possible to separate these hypotheses with thertiexperiment as it was conducted in a
relatively homogeneous environment — all eggs wtreked at a uniform density into a
single section of a mid-altitude stream. Furtheeesch is needed where the effects of
maternal reproductive investment, somatic condiéind juvenile growth rate are
disentangled experimentally and the growth andigalef offspring then evaluated under

a range of environmental conditions.
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SUPPLEMENTARY MATERIAL

Figure 5.1. The predicted values from the optinfdB_model for FEG and SEG
females (dashed and solid lines respectively) asedb on a female of average somatic
condition (-0.002) and reproductive investmentQeg).

Figure 5.3. In (a) to (b) the predicted valueskaeed on average upstream densities of
46.3 same-age salmon and 12.4 older juvenile sataspectively. Additionally in (a) they
are based on a female of average body size (fadthe= 57.9 cm) and reproductive
investment (-0.009), in (b) they are based on aaferaf average body size (fork length =
57.9 cm) and (c) they are based on a female ohgeareproductive investment (-0.009).

Figure 5.4. In (a) the predicted values are baseal female of average body size (fork
length = 57.9 cm) and somatic condition (-0.002)k) a female of average somatic
condition who produced eggs of average mass (10§)%and in (c) a female of average
body size who produced eggs of average mass.

Figure 5.5. In (a) the predicted values are baseal female of average body size (fork
length = 57.9 cm) and somatic condition (-0.002pwhoduced eggs of average mass
(105.9 mg). In (b) to (d) the predicted valueslzsed on a female of average reproductive
investment (-0.009). Additionally in (b) the preigid values are based on a female of
average body size and somatic condition, in (&naafle of average body size who
produced eggs of average mass and in (d) a ferhakeecage somatic condition who

produced eggs of average mass.
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CHAPTER 6. GENERAL DISCUSSION

In nature, individual animals of the same spe@gs, and sex can differ remarkably in
their size, physiology and behaviour. Understandigcauses and consequences of this
variation is an emerging field in ecology and evioln (Bolnick et al.2003; Sihet al.

2004; Williams 2008). The research presented irilragis explores a key component of
this phenomenon: maternal influences (Green 20@8f\elliet al.2010). Maternal
influences describe how phenotypic or genotypicati@n among mothers in one
generation can affect the phenotypic developmedtp@nformance of their progeny in the

subsequent generation

In my review of the published literature (Chaptgrizoncluded that RMR is an
important phenotypic trait with consequences falividual fitness. Implicit in much of the
literature is an assumption that either a higloar fate of RMR should be favoured by
phenotypic selection. Instead, | offered an altevegroposal, the ‘context-dependence’
hypothesis, summarising evidence that high ratemefgy metabolism are linked with
high rates of growth and survival when conditioress ‘good’, (e.g. abundant and
predictable food) and vice versa in ‘poor’ condigoConsequently, | proposed that large
variation in energy metabolism might persist withopulations because environmental
conditions frequently change from ‘good’ to ‘poowrer time. This agrees with current
theory on patterns of phenotypic selection in ra{&iepielski, DiBattista & Carlson
2009). Furthermore, using evidence from a rangapeties, | demonstrated that diverse
factors, such as genotypes, early developmentaittoms and maternal influences (e.g.
through the transfer of maternal hormones to tlgp egn contribute to within-species

variation in RMR.

In light of the relationships between egg hormofeeg. testosterone and cortisol) and
offspring RMR that have been reported in a rangeediebrates (see Chapter 2), |
employed brown trouSalmo truttaL.), as a study species in Chapter 3 to address th
hypothesis that offspring energy metabolism wiliifiuenced by levels of egg cortisol
and/or testosterone. Stream-dwelling salmonid §isheh as trout are ideal species in
which to investigate questions regarding hormondiated effects on the development of
variation in phenotypic traits such as energy matam. Firstly, their eggs contain
substantial concentrations of steroid hormoneschvban vary both within and among
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clutches (Strathokt al. 1997; Suter 2002; Sloman 2010) and secondly, SMRvary 2 —
3 fold, even among siblings (Metcakéeal. 1995; McCarthy 2001). The results of the
testosterone manipulation were difficult to int@fpdue to it resulting in unnaturally high
levels of hormone. Contrary to predictions, maragioh of egg cortisol levels had no
influence on offspring RMR.

However, the relationships between levels of egtjsm and the growth and social
status of juvenile brown trout (Chapter 3) wereikinto the general trends observed in
avian species. This occurred despite the absengareftal care and hatching asynchrony
that have been identified as causes of egg horwanation in birds (Groothuist al.

2005; Loveet al.2008). In birds, egg hormone levels (testostermtecortisol, for

example) commonly increase or decrease with lagrdgr across the clutch. This has been
interpreted as a maternal mechanism for the fatisnior neglect of certain offspring
(Groothuiset al. 2005; Loveet al. 2008) because females are able to influence tsie po
hatching development of their offspring by provgliparental care. In contrast, female
salmonids, like most fishes, produce relativelgéaclutches of small eggs that are
spawned almost simultaneously. Egg developmerdlmanids typically occurs over a
protracted period (e.g. > 5 months, Elliott 1994J gparental care ceases after egg-laying
(apart from a brief period of nest guarding in s@pecies). This reduces the ability of
females to influence and/or predict the conditithesr offspring will experience after they

emerge from their gravel nests.

My findings thus suggest a general link betweerenmatlly derived cortisol and
offspring phenotype among vertebrates, but inditeethe mechanisms underpinning the
evolution of these systems may vary according poaguctive mode. In highly fecund
mothers such as salmonid fishes, | propose thaheggones may favour the production
of variation in offspring phenotypes, either amangwithin-clutches. Why? Juvenile
salmonids inhabit environments with high spatial s&amporal heterogeneity, conditions
under which variation in sibling phenotypes maympote maternal fitness (Crean &
Marshall 2009). Additionally, juveniles typicallyreerge from the nest into high densities
and accordingly competition is intense. This hasttesuggestions that heterogeneity in
offspring, either within- or among- clutches, magden their utilisation of different
ecological niches, increasing the prospects opaofig survival and therefore the maternal
contribution to the population (Griffiths & Armsing 2001; Armstrongt al. 2011).
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Empirical evidence, presented in Chapter 4, is stupe of this possibility. | demonstrated
that within a single clutch, female brown trout ganduce substantial differences in
offspring size, social status and energy metabolMporeover, in mothers that were
dominant or produced large eggs, the distributiovaoiation in sibling phenotypes (size
and energy metabolism) was linked systematicallypéir position within the clutch prior
to spawning. This suggests that environmental ¢mmdi prior to spawning or intrinsic
differences among individuals (e.g. dominant veosdinate) can affect how highly

fecund mothers, such as fishes, allocate resowiteis a clutch.

In chapter 5, | demonstrated, using wild femaletic salmonSalmo salai(L.), that
variation in offspring investment strategies amamgthers that adopt different life history
strategies can affect the growth and survival efrtbffspring in natural conditions.
Female salmon that had grown slowly as juvenilashlad invested heavily in
reproduction and were in relatively poor body cdinedi at spawning, produced larger eggs
on average. In accordance with previous findinggdr eggs resulted in larger juveniles
and higher juvenile survival (Chambers & Legget®@9Einum & Fleming 2000b).
However, for eggs of a given size, offspring growtds positively related to the level of
maternal investment in reproduction and remarkabkyjuvenile growth rate of the
mother. Furthermore, reproductive success (offgpsurvival and biomass per female) in
the stream was also related to the juvenile groati of the mother. Among females that
grew slowly as juveniles, reproductive success peaitively related to maternal body size
at spawning. In contrast, the reproductive sucoefmmales that grew quickly as juveniles
was instead related positively to the size of égy fproduced and to a lesser extent
maternal body condition. These findings add tomeegidence of an important
relationship between early developmental conditenms patterns of offspring investment
(Taborsky 2006; Vijendravarnet al. 2010; Segers & Taborsky 2011b).

FUTURE DIRECTIONS

Maternal ‘control’ over variation in offspring ingement, either among-females or
within-clutches is not necessarily a prerequisitesfffects on maternal fitness (Marshall &
Uller 2007). Differences in offspring provisioningither among- clutches or within them,
may passively reflect the maternal state priop@aning. For example, in female brown

trout, levels of plasma cortisol increase markediyspawning nears (from 10.3 to 44.1 ng
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ml™, between November and late December) and themasig-female variation in this
pattern (Pickering & Christie 1981). A similar patt in cortisol levels have been reported
in chum salmon@ncoryhnchus kejaas they migrate from the coast to their freshwate
spawning grounds (approximate values - coast; 20@I, midway; 200 ng nmt,

spawning grounds; 600 ng MIOnumaet al 2003). There are no published descriptions of
the pattern of pre-spawning levels of plasma téstose in female brown trout or Atlantic
salmon. However, in chum salmon plasma testostdenus to increase after the fish have
entered freshwater but then decrease as the fgloagh the spawning grounds
(approximate values - coast; 200 ng'mhidway; 400 ng mt, spawning grounds; 150 ng
ml™, Onumaet al 2003). Thus, it is possible that egg hormonelemay simply

correlate with those of the maternal plasma. Funtloee, in experiments that manipulate
the egg hormone content of fish, the definitiomgbhysiologically relevant’ increase is
vague. Some authors have compared whether the heroamtent of manipulated eggs
falls to the level observed in control eggs a faydafter treatment (Suter 2002; Sloman
2010). Whereas other authors compare the hormanterdoof manipulated eggs
immediately after treatment to the distributiorvafues observed within the source
population of that species (McCormick 1999). Ulttetg, more baseline data from wild
fish populations that documents variability in éggmone content and the factors that
influence it may help elucidate both the degremafternal control over egg hormone
content and also define more clearly the physichalg relevant limit of egg hormone

manipulations.

Analysing the hormone content of eggs from différegions of the egg mass is a
logical starting point to investigate the mechargamderlying the distribution of offspring
phenotypes within a clutch that were presentedhapter 4. In fishes, relationships
between egg hormone levels and the growth andwalmf resulting juveniles have only
been examined in laboratory conditions. Given thatoutcome of maternal influences
often depends on the environment (Rossiter 1998).eally need data from natural or
semi-natural conditions that relate egg hormonelteto the fitness of larval fishes and
hence their mothers. Ideally, this evaluation ef filness consequences should be
extended to older life stages. For example, tha piegsented in Chapter 3 suggest that
hatching from an egg containing a relatively highel of cortisol is likely to result in a
smaller body size and inferior social status affthastage. However, whether this is

maintained over subsequent life history stagesohdividual is not known. Salmonids
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are ideal organisms in which to investigate thasestions. Naturally occurring
populations are often excluded from habitable stiey migration barriers to spawning
adults (e.g. as used in Chapter 5). This meanstitdt streams could be stocked with
groups of hormone manipulated eggs/juveniles dédifg parentage. Over time, the
relative performance of individuals from treatmant control groups could be compared
by determining the parentage of re-captured sursiuging molecular markers. If females
generate adaptive variation in offspring phenotypes via cortisol transfer to the egg (as
hypothesised in Chapter 3), then one would prédgiter juvenile survivorship or biomass
production in sections of stream stocked with egfglies of heterogeneous (but within the

natural physiological range), rather than homogsroautisol content.

In chapter 5, | showed that, when controlling fggeize, offspring growth in field
conditions was positively related to the juvenitewth rate of the mother. | proposed that
females who experienced either relatively fastawgrowth as juveniles may produce
offspring that are suited to their own developmeobaditions: SEG (slow early growth)
females are more likely to come from high altitsti®ams with poorer opportunities for
growth, whereas FEG (fast early growth) femalesvawee likely to originate from low
altitude, more food-rich tributaries. If this issthase, what offspring traits might FEG and
SEG mothers benefit by influencing? Juvenile salindmgh altitude streams grow more
slowly, even within a relatively small altitudinange, because higher altitude streams are
colder and less productive, with a shorter groveegson (Egglishaw & Shackley 1985;
Baumet al.2004). Given their likely poorer opportunities fgmowth, the offspring of SEG
females would benefit from having a large nutriesterve during the critical phase after
emergence from the nest. Indeed, SEG mothers temabtiuce larger eggs (Thorpeal.
1984; Jonssoat al. 1996) and the size of salmon eggs is a strongqioedf their

nutritional composition (Bergt al.2001).

However, growth in juvenile salmon is also depemndenboth access to food and the
ability to convert food into new tissue. Acces$dod depends not only on the availability
of food in the environment, but also the competifphenotype of the individual. When
juvenile salmonids emerge from their nests, theratense competition for feeding
territories, resulting in density-dependent surivarad growth (Einunet al.2008). The
particular phenotypes that are favoured in thigica early period’ for survival (Elliott

1994) depend on the environment. Larger eggs ggeeto larger juveniles, which have a
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survival advantage under poor growth conditionst¢Hungs 1991; Einum & Fleming
1999). Moreover, competitive ability can be morated to SMR than body size
(McCarthy 2000) and juveniles with higher SMR’s @so process food faster (Millidine
et al.2009). In productive environments this means jinagniles with a relatively high
SMR are more likely to be dominant, gain productesitories and grow faster (Metcalfe
et al. 1995; McCarthy 2000). However, this more competiphenotype is not necessarily
suited to poor environments. When food is eithaiting or unpredictable, a high SMR
may be of no advantage because gains in food irtakanable to offset the higher
‘running costs’ of this phenotype, leading to niatienship between dominance and
growth (Reidet al. 2011; Reid, Armstrong & Metcalfe 2012). Similarayhigh SMR is of
little advantage if ambient temperatures are lomgesfish (irrespective of their social

status or access to food) cannot grow fast atteoigperatures (Forse#t al.2001).

It would thus seem plausible that females who gglawly as juveniles and took longer
to reach the smolting stage might produce offspifirag in comparison with faster early
growing females: (a) are provisioned better, (b)eha lower SMR, (c) are less aggressive,
and (d) are favoured, in terms of growth and suatyiv low food/high altitude
environments but are likely outcompeted in highditmwv altitude environments. This may
result from maternal effects (as found for offsgrBMR, Chapter 2) or local adaptation,
arising from the fact that salmon tend to spawtheir natal environment (Garcia de
Leanizet al.2007). If maternal effects are the underlying eansothers who experience
different growth trajectories as juveniles mayuefhce the growth and survival of their
offspring by altering levels of important substasmsach as carotenoids, hormones and
hormone receptors (Tyndad¢ al.2008; Bazyar Lakebt al.2010; Segerst al.2011).

PRACTICAL APPLICATIONS

Maternal influences are often incorporated intbdises management programmes
which aim to protect older, larger females on actai their higher fecundity and the
larger, higher quality young they produce. Whetheroffspring of particular parents are
‘programmed’ for particular environmental conditsocurrently attracts great interest from
disciplines ranging from medical epidemiology t@knionary biology (Batesoat al.
2004). However, this concept is largely absent fommservation and population

supplementation programmes which would presumadatefit from prior knowledge that
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offspring from specific parents would perform bettesome environments than in others.
Virtually all wild Atlantic salmon stocks are subjeo management interventions, often in
the form of stocking hatchery-reared eggs or juesrtio supplement wild stocks (Waples,
Ford & Schmitt 2007; Naisht al.2008). Management programmes for salmonid fishes
currently do not take into account variation in lifes history of the parental brood stock
when deciding where to release eggs or juvenilesiyWsalmonid populations are
maintained or enhanced by stocking eggs or frygiobtl from wild females, into areas of
apparently suitable juvenile habitat which canr®tabcessed by wild fish, e.g. due to
natural or man-made barriers such as hydroelgotieer dams that prevent the upstream
migration of spawning adults (Waplesal.2007; Naistet al. 2008). Normally, eggs from
different females are fertilised artificially, mid@nd then planted out (either as eggs or
fry) without considering whether offspring from peular females are likely to be more
suited to certain habitats. Invariably there igdievaluation of the success rate of the
stocking policy adopted (Waples al. 2007; Naistet al. 2008). This may not be the most
effective way of managing such supplemented pojomst Therefore, if the differences in
offspring phenotype among FEG and SEG mothersrtegan Chapter 5, are adaptive,
then the success rate of stocking programmes @eusiignificantly increased if the
distribution of eggs among stocking sites is natlam but accounts for both the size of
eggs and the phenotype of the female who prodhess,tso as to match types of egg to

particular environments within a catchment.

Maternal influences may have other inadvertent eguences for fish conservation and
aquaculture. In fisheries supplementation prograsnamel aquaculture, brood stock
females (of either wild or hatchery origin) tendo® held in stressful conditions prior to
spawning. The fish are generally maintained at g densities and exposed to routine
hatchery practices such as transportation, confeménmandling and cleaning. Stressors in
the hatchery environment may thus affect offsppagormance by influencing female
body condition, which correlates with juvenile sual (Chapter 5) or by affecting egg
hormone content. For example, a confinement streggaied to maturing female brown
trout, elevated their plasma cortisol levels abivese observed in control fish (stressed
individuals; 6.9 + 1.2 ng i1} control individuals; 2.6 + 0.8 ng i)l (Campbell, Pottinger
& Sumpter 1994). In the same study, plasma testmstdevels of the stressed females
were significantly reduced in comparison to corgi@tressed individuals; 38.7 + 5.6 ng

ml™, control individuals; 57.3 + 6.1 ng M)l (Campbellet al. 1994). If egg hormone levels
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reflect those of the mother, hatchery stressoitsalter maternal hormone levels outside of
the natural changes that occur before spawning Pécgering & Christie 1981) might be
transmitted to eggs with effects on offspring grownhd social status (Chapter 3). Indeed,
it seems likely that the hormone content of salrda@ggs reflects maternal plasma levels
during late oogenesis. A physical stressor appbeatiult female coho salmon
(Oncorhynchus kisutghduring late oogenesis elevated plasma cortesals (227.5 +

61.5 ng mt') above those observed in control fish (141.0 # 42y mi%). After the fish had
ovulated, egg cortisol content (25.3 + 0.77 iy was significantly higher in the disturbed
than in the undisturbed females (9.90 + 0.94 fiy(§tratholtet al. 1997). Other studies on
rainbow trout and brown trout suggest that expostigaults to stress may cause a
reduction in egg size, juvenile size and survieaés of progeny (Campbell, Pottinger &
Sumpter 1992; Campbadt al. 1994; Contreras-Sancheral.1998). Thus, if egg hormone
levels are changed from naturally occurring lewsistressors imposed upon mature
females in the hatchery environment, juvenile penéince during early development in

supplemented populations or aquaculture may betatfe

CONCLUSION

In my thesis | have demonstrated that maternalemites are a substantial source of
individual variation in offspring phenotypes. | leashown that the relationship between a
mother and her progeny can encompass variatioffspring size, behaviour and
physiology, both among clutches and within them.glgearch also adds to evidence from
a range of taxonomic groups that egg hormones asiclortisol are important agents in
mediating maternal influences on offspring. Funthere, my research underscores the
remarkable complexity of maternal influences wtan stem from conditions experienced
by mothers, both as adults and during their owretiggment as juveniles and have
pervasive consequences for offspring ecology inmaapopulations.
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