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GENERAL ABSTRACT

The main aim of this thesis was to investigatedtfiects of environmental conditions,
particularly unpredictable or potentially negatorges, on the maternal transmission of
the primary avian stress hormone, corticosterandeteloping embryos. We currently
lack information on the extent to which conditionghe maternal environment are
transmitted to the offspring in birds via egg comsitional changes. It is possible that
maternally derived hormonal signals communicatermftion about the external
environment to developing embryos and directlyuefice the fitness of their offspring
in a negative or positive way. | found, using captzebra finches, that the experimental
stressor of unpredictable food availability (assthbirds are used & libitumfood)
experienced by mothers can elevate yolk CORT cdret@ms, but only when
combined with the additional demand of laying daepment clutch (potentially a
buffering system to prevent mild stressors impactin CORT transmission to the
embryo). | then looked at yolk CORT concentrationsvo populations of gulls
(herring and lesser black-backed gulls) in whiah plopulation trajectories differed
depending on environmental conditions (potentialhgflection of different exposures
to stressful stimuli). The results however did sipport this hypothesis, as there were
no differences according to habitat type or betwsgmaties (where they coexist). This
would suggest that the different environmentalwimstances (harsher for the herring
gull) experienced by these two species are nactftl in differences in their eggs (at
least in terms of CORT). This could be the restithe eggs being buffered from the
maternal CORT environment or it may be that théalift environmental conditions are

not occurring during the breeding season. We alentified that experimental human



disturbance during the laying period does not apjfzealevate yolk CORT
concentrations, although there was a trend for eatnations to be higher following the
loss of the first clutch in the herring gull (agsen the zebra finches). | also measured
yolk CORT concentrations in Common Eider eggs aoétéd for differences according
to the degree of nest shelter. | found no relahgnbetween shelter and yolk CORT,
but birds that laid in more sheltered sites hadawerage, smaller eggs. This may
indicate lesser quality birds are nesting in thatehed sites and that yolk CORT is not
affected by maternal condition. Finally, | lookedaaother mechanism through which
information relating to the maternal environmentilddbe transferred to the embryo. |
investigated whether there were any links betweatemally derived immunity and
CORT by comparing the anti-microbial lysozyme ar@RT concentrations in the
albumen. | found no correlation between CORT asdyme, suggesting that CORT
may not affect lysozyme production. It may be ththier factors such as colony density
and ‘cleanliness’ are more important in determirtimg concentrations of lysozyme
deposited in the egg or that lysozyme productiamissufficiently costly to be
influenced by the maternal stress state. The dvéehe of my findings is that CORT
concentrations in eggs do not appear to vary mutthmaternal environments. | will
discuss these findings in their broader ecological evolutionary context and discuss if
stress hormones are indeed being used as adaigtinadssfor preparing the embryo for

its postnatal environment.



CHAPTER 1

GENERAL INTRODUCTION



1.1 THE STRESS RESPONSE

Homeostasis has been termed as ‘the stability gdiplogical systems that maintain
life...and (these systems) are maintained withimgeahat is optimal for the current
life history stage’ (McEwen & Wingfield, 2003). Tée systems, which require constant
regulation, include body temperature, sugar andiepEls in the blood, water balance
and waste disposal. Allostasis is the adaptivege®cequired to maintain stability in
the face of change (Sterling & Eyer, 1988) and swgports homeostasis. In
vertebrates, the principal mediators of allostasder stressful conditions are the
hormones released by the Hypothalamic-Pituitaryefdt (HPA) axis. The HPA axis
forms a major part of the neuro-endocrine systeahrmcts not only to stress, but also
regulates various processes in the body througtogbrticoid (GC) secretion,

including digestion and energy usage (Chester-Jetingls 1972; Silverin, 1986;
Fujiwaraet al, 1996) and the immune system (Murtlal, 1984). Activation of the
HPA axis (through a change that has the potemtidisrupt the homeostatic systems)
results in the release of GCs into the vertebrimtedstream within a few minutes of

exposure to a stressor (‘the stress response’).
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Fig.1.1. Structure and position of the avian braidapted from www.dkimages.com
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Fig.1.2. Location and structure of the avian adrgteand (and the reproductive organs) in males
during the breeding and non-breeding season. Addpim
http://people.eku.edu/ritchisong/avianreproductitml



Corticosterone (CORT) is the primary GC in non-maatiam tetrapods and
cortisol is typically the main GC in mammals (Id1&872). The avian HPA axis
(Figures 1.1 & 1.2) has a similar morphology andhynaef the same feedback controls
as in mammals (including humans — Fig.1.3, 1.4® {Carsia, 1990; Norris, 1997)
and, although there may be differences compareth&r vertebrates, the overall
function and responses to aversive stimuli woulgeap to be almost identical across
vertebrate taxa (Wingfield & Ramenofsky, 1999). &@ase is controlled by
adrenocorticotrophic hormone (ACTH), a hormone thaeleased by the anterior
pituitary gland. ACTH is in turn controlled by thgpothalamic hormones
corticotrophin-releasing factor (CRF) and argimiasotocin (AVT) (or its mammalian
homolog arginine vasopressin AVP). CRF and AVP/A¢Tease are ultimately under
the control of higher brain centers that detedtratdus. These brain centers must
decide if this stimulus is potentially harmful asehd the necessary neuronal signals to
the CRF and AVP/AVT cell bodies in the hypothalariM&ninger & Majzoub, 2001;
Romero & Reed, 2005). Catecholamines (which inchmwi@drenalin and dopamine)
and cytokines are compounds also synthesizedsrHRA axis and are mediators of the
stress response. Although these (and other hornammtesompounds) play a role in the
stress response, GCs (of which CORT and cortisolres primary ones, depending on
the species) are the main focus of attention fbakm®ural endocrinologists. This is
partly because there is already vast knowledgdabatatory protocols in place to
measure GCs and because measurements of GCs leanejum advantage over
measurements of CRF, ACTH, catecholamines and AVP/AGCs reach their
maximum concentration in the bloodstream within ubés of exposure to a stressor and

can remain elevated for more than one hour, allgw&searchers to be confident that



these elevated concentrations are the maximumdélag of 3 minutes before CORT
concentrations begin to elevate also allows rebeasdo measure baseline
concentrations to compare to elevated concentafi@omero & Reed, 2005). The time
taken for CRF, ACTH, catecholamines and AVT/AVRtosynthesized is earlier than
GCs (as they are part of the cascade resultingdrel@vation) (Sapolsket al, 2000)

and their concentrations are influenced by the tngéeedback loop of GCs (Fig. 1.4),
making it more difficult to assess the physiologj&tate of the individual being
sampled. In addition, taking measurements of AChHl @RF, for example, would
require the dissection of the tissues where thesgounds are synthesised, meaning

animals would need to be euthanised.

n:f)_;...q.,__‘;‘r N - Hypothalamus

y o

Pituitary gland <

Adrenal gland

Kidney

T

Fig.1.3. Location and structure of the HPA axifiiimans.
Adapted fromAdinoff et al (1998).
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Fig.1.4. Human HPA axis.



HYPOTHALAMUS

ADRENAL GLAND

Fig.1.5. Avian HPA axis showing negative feedbamipl of CORT (CRF =orticotrophin
releasing factorAVT = arginine vasotocinACTH = adrenocorticotrophic hormone

1.2RESPONDING TO UNPREDICTABLE EVENTS

Characterisation of CORT concentrations in birdeerent years has lead to an
increased interest in this endocrine mediator. &kl concentrations of CORT have

been shown to result in behavioural changes, ssichowing away from a potential



stressor (Astheimest al,, 1992), altering foraging behaviour (Wingfiedtal,, 1990;
Astheimeret al, 1992), clutch abandonment (Clutton-Brock, 198ilyerin, 1986) and
altered reproductive effort (Silverin, 1986). Tredure of the behavioural change is
dependent on the form and severity of the stressindlitions experienced. Short-term
(minutes to hours) increases in the concentratbssress hormones, including CORT,
have been proposed to lead to adaptive changealkhatan individual to remain
within its unpredictable environment (Wingfield, 90 Wingfieldet al, 1998).
However, chronically (days to weeks) elevated catra¢ions of stress hormones,
including CORT, have the potential to shut dowrredpction and cause disease
(Sapolsky, 2002). The signals or ‘stressors’ tmatrote activation of the HPA axis
include physical and psychological events suctoad shortages, inclement weather
and perceived predation risk, but it is importamtresearchers to be aware that the
amounts and patterns of CORT released in resportbede different stressors may be
different and that CORT also exhibits naturallyrdal and seasonal fluctuations (which
are often species-specific) (Romero, 2002). Thectgfof ‘unpredictable
events/stressors’ on the HPA axis and the CORTorespin birds have been relatively
well documented in several situations, and sonteefnost important are described

below.

1.2.1 Stress during breeding

When individuals are confronted with an increasenargy expenditure and/or reduced
food availability, breeding individuals will oftehlorgo energy demanding events such

as reproduction (at any of the stages from copuiatirough to parental care) until

10



conditions improve (Sapolsky, 2002). Under suchd@mmns, concentrations of CORT
within the bloodstream have been found to be eégljaind this physiological state has
been shown to be incompatible with breeding and o&pffspring in various
vertebratesRirds — Silverin, 1986;Wingfield & Silverin, 1986; Winigid, 1994;
Wingfield et al, 1995.Mammals — Sapolsky, 1987; Hand#d al, 1994). However, it is
necessary that the individual prevents abandonofdieeding behaviours when the
benefits do not outweigh the costs and it is likbigt this is reflected in the
physiological stress responses seen. For examptgarison of pre-parental (before
young are present) and parental (while feedingdings) plasma CORT concentrations
in Savannah sparrowBdsserculus sandwichengidimerican tree sparrowSgizella
arboreg and white-crowned sparrowddnotrichia leucophrys gambélidemonstrated
that CORT was elevated to a greater extent in nthleag the pre-parental phase
(when male sparrows expend less energy on repriodutian females) (Holberton &
Wingfield, 2003). However, during the parental staghen both parents feed their
young, CORT decreased in male tree and white-crdwparrows to a concentration
similar to that in the females, whose responsesimeed the same in both pre-parental
and parental stages (due to equally high investsritanbugh egg laying, incubation and

feeding).

1.2.2 Weathering the storm

Unpredictable events, such as severe changes thevemnditions, can dramatically
affect the environment an animal finds itself i dhe health of that animal is strongly

linked to its ability to see out such an event, egpond when conditions return to
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normal. Inclement weather has the potential to thegjgt affect foraging success
(through inaccessible feeding areas), body comd{tiorough the reduction in food
availability and/or by imposing increased energmdeds) and reproduction (through
nest abandonment) via stimulation of the stregsorese and the subsequent increase in
circulating CORT (Breuner & Hahn, 2003). In timegls as winter, some birds living
in unpredictable environments have been shownve bkevated baseline CORT
concentrations relative to summering conspecifiosl it has been hypothesised that
this is in an attempt to combat more frequent gisve events (Rogest al., 1993;
Wingfield et al, 1983; Holberton & Able, 2000). Brief periodsin€lement weather,
such as storms, have also been shown to resuévat®ns in the concentrations of
CORT in wintering dark-eyed juncodunco hyemalis hyemaliRpgerset al, 1993);
male, but not female, song sparrowke({ospiza melodigduring the breeding season
(Wingfield 1985a & b); Lapland longspur€dlcarius lapponicusincubating their eggs
(Astheimeret al, 1995); storm petrel$*€lecanoides urinatrixwhen outside of their
breeding season (Smigh al,, 1994); Lapland longspurs, snow buntingg¢trophenax
nivalis); both adult and juvenile redpoll€&rduelis flammegaduring moult, but not
during the breeding season (Rometal, 2000); and white-crowned sparrows who

were feeding their offspring (Wingfieket al., 1983).

1.2.4 Nutrition and foraging success

Reduced food availability has been shown to eleplatema CORT concentrations in
adult Adelie penguindXygoscelis adeliggVleck et al, 2000), black-legged kittiwakes

(Rissa tridactyla (Kitayskyet al, 1999; Buclet al, 2007), broilers (Knowlest al;
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1995; De Jongt al,, 2003), emperor penguin&gtenodytes forster{Robinet al,
1998), Japanese quatt@turnix japonica (Scottet al, 1983), white-crowned sparrows
(Zonotrichia leucophrys(Breuner & Hahn, 2003) and White storkddonia ciconig
(Corbelet al, 2008). These changes in CORT concentrationthataght to help
individuals cope with environmental stressors &y thduce foraging behaviours, as
seen in Japanese quail (Bray, 1993) and white-cedveparrows (Astheimet al,

1992; Lynnet al, 2003), and increase locomotor activity, as seeitricial White

stork nestlings preparing to fledge (as parents fgeding their young in preparation

for them leaving the nest) (Corbetlal, 2003).

1.2.5 Friend versus foe — the implications of sodiateractions

Aggression and stressors go hand in hand. Congpekidllenges and attacks are
commonplace in almost all environments, particylarthere individuals live within
social groups. These interactions are particulamjyortant where there is intense
competition for dominant positions within the hiefay that might lead to increased
opportunities for feeding and mating. However, whiie benefits of winning may be
obvious, these interactions can be perceived asssirs and result in physiological
change. Individuals involved in defensive behawsoagainst conspecific challenges, for
example, guarding productive territories (malaldigcatchers - Lundberet al, 1981;
Alataloet al, 1985; Lundberg & Alatalo, 1992; Silverin, 1998j),access to a mate
(greylag geeséinser anser- Hirschenhauseat al, 2000 Kotrschaét al, 1998) exhibit

elevated concentrations of plasma CORT (and testost).
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1.2.6 Predation

Predation threat is another important stimulusciivating the stress response. It has
been shown that stonecha&akicola torquatafaced with either common fiscals
(Lanius collaris- Scheuerleiret al, 2001) or tawny owlsStrix aluco- Canoineet al.,
2002) (both predators of stonechats) showed eldydssma CORT concentrations,
although females threatened with common fiscalsveldano such elevation. Free-living
great tits Parus majoy have failed to exhibit elevated plasma CORT catred¢ions in
the presence of a stuffed, slow moving Tengham’s(éegolius funereysbut captive
great tits did (Cockrem & Silverin, 2002). It is stdikely that this effect is a result of
the direct threat assessed by an individual, vabtige great tits housed within a few
feet of the predator and with no means of escapall¥, it has been shown in song
sparrows felospiza melodicathat reductions in food in a high predator lozati
elevated plasma CORT concentrations to a greatenethan when individuals were

faced with one of the stressors in the absendeeobther (Clinchet al., 2004).

1.2.7 Human interactions

Interaction with humans and human products is adtqf the natural life cycle for

most birds and mammals and, as such, is oftenigectas a threat and thus a stressor.
In a recent review of human disturbance, 64 studeg cited in which the
investigators themsleves, visitors or aircraft feveraft had effects on colonial nesting

waterbirds (Carney & Sydeman, 1999). The main estto birds following human
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contact is thought to be due to the perceived pi@daisk (Walther, 1969, Frid & Dill,
2002). The response of an animal to human expoksavegver, may be complex and
related to the proximity, the number of interacti@md patterns of visitations of
humans (Beale & Monaghan, 2@&)4In addition, it is likely that human contact thg
development can change the responsiveness ofrss sixis. For example, in a study
on the differences between undisturbed and touissted colonies of Magellanic
penguin chicks§pheniscus magellanigu&Valkeret al. (2005) found that newly
hatched chicks in the visited areas had elevatedssinduced CORT responses, but
similar baseline concentrations compared to uredsidividuals. By fledgling age (40-
50 days), however, chicks from both locations stibalenost identical CORT stress
responses when captured, but ‘undisturbed’ chiekksffom the nest when humans
were a greater distance away than ‘visited’ chiéidult Magellanic penguins are
known to have less-sensitive stress responseptareaand restraint than found in
chicks (Walkeret al,, 2006), which is likely to be a consequence ofisdorm of
continued habituation (which has been shown abowtarrt as early as the fledgling

stage of life), in conjunction with other factorgch as time spent fasting.

1.3 MATERNAL EFFECTS

In addition to the effects of hormones producecdhylts and chicks on their own
physiology and behaviour, it has been shown thdaherse have the ability to pass
hormonally mediated ‘information’ onto their offépg during development. Changes
in hormone concentrations can shape an embryoslaj@went in preparation for the

environment in which they may be born (Batesoal, 2004). This is often referred to
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as a ‘maternal effect’. Thus, we can define malezffacts as ‘effects on the phenotypic
development of the offspring that arise from thhax@ours and physiological state of
the mother’. Such maternal effects are not limttedingle-generation inheritance, with
the potential for changes to occur for several gaians even if the initial
environmental factor has changed or is no longesent (Mousseau & Fox, 1998).
Examples of known maternal alteration in egg canteoth passive and active, that
result from environmental changes (in birds, butanious taxa also) include changes in
nutrients / carotenoids(Wilson, 1997; Berthoulgt al, 2008; O'Brien & Dawson,
2008),hormones(Verbovernet al, 2003; Loveet al, 2005; Sockmast al,, 2008) and
immunoglobulins / antibodies(Hargitaiet al, 2006; Pihlajat al, 2006; Gaspariret

al., 2007; Kilpimaeet al, 2007).

Although other animals can be used, birds and #wgs provide an ideal
system to study such maternal effects. We alreadyka considerable amount about
the life histories, physiology, behaviour and depehent of many avian species and
egg sampling allows the hormones of maternal ottigine more easily isolated from
any produced or used by the developing embryo (flapbin studying maternal
effects) when collected within a suitable periogtafaying (dependant on the species).
Hormones are laid down in the yolk over the cowfsgpproximately one week
(depending on the species) and in the last 24 hotoshe albumen (Conrad & Scott,
1935; Warren & Scott, 1935). Therefore, yolk measwnts can give us an idea of the
physiological state of the mother over a relativelyg timeframe, where as albumen is
limited to a much smaller series in time. Birddiave the advantage that effects

arising from the pre-laying/laying environment danmore easily isolated from those

16



of the rearing environment via cross-fostering expents. Eggs allow for a non-
invasive sampling method (important when dealinthwhe stress response) and allow

for sampling of maternal blood (invasive) and fae@®n-invasive) if needed.

Since Schwabl (1993) identified that testosteroas deposited in egg yolk,
work to date relating to maternal effects has prilpéocused on the effects of sex
steroids, such as testosterone and oestradiol. Wfolkack-headed gull§érus
ridibundug has also shown that the increased concentratiiiiese androgens within
the eggs result in phenotypic changes that inchadtker hatching (Eisingt al, 2001);
enhanced begging behaviour and alertness (Eisi@ga%thuis, 2003); enhanced
growth (Eisinget al, 2001; Groothuis et al., 2086 suppressed immune function
(Groothuiset al, 200%), and lower mortality (Eising & Groothuis, 2003rddthuiset
al., 200%). Further, it has been shown that alterationfi¢omaternal environment, for
example by increasing nest densities (GroothuicBwabl, 2002; Groothuiest al,

2004) and food availability (Verbovet al, 2003) can result in effects on yolk steroid
concentrations and subsequent chick performanpai(l& Ketterson, 2000; Schwabl &
Lipar, 2002; Strasser & Schwabl, 2006; Eising et2006; Groothuis & Schwabl,

2008).

Sex steroids are mainly produced in the cell lapétbe females’ ovaries
(Porteret al, 1989; Katcet al, 1995; Gomeet al, 1998) with small concentrations
produced in the adrenal glands — Schlingieal, 1999), hence there is the potential for
direct transfer of steroids into the egg durindatsnation. CORT, however, is

produced outside the ovaries by the adrenal glandgherefore can only enter the yolk
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and albumen from the maternal bloodstream. Evidé&oce Hayward & Wingfield
(2004), Haywarcet al. (2005) and Lovet al (2005) has shown that elevated maternal
plasma concentrations of CORT in birds correlatd wievated deposition of CORT in
egg yolk. However, it is not possible to say frdrade studies if the transfer occurs via
diffusion or active transport. It is therefore innfamt to assess the effects of different
environmental conditions on maternal CORT concéinira and when/whether
maternal CORT is transferred to the egg to try stmpe chick growth and

development, and the adult phenotype (Batetai, 2004).

CORT exposure during development has been showsortelate with slowed
growth and increased HPA activity under acute (o&tstress during later life, in
captive Japanese quatdturnix japonica (Hayward & Wingfield, 2004). Although
major changes to the well-evolved stages of embcydevelopment are typically
unwanted, maternal information received by an emblyring this critical (but
phenotypically plastic) phase may be adaptive anckase fitness after hatching
(Monaghan, 2008). During unpredictable conditiang.(food shortages), reduced
growth can theoretically reduce the burden on gateare and especially during food
shortages, reduce the metabolic requirements adldpwg chicks (Frigeriet al,

2001; Haywarcet al, 2005). Reduced growth rates in turn have alen tieked with
altered personalities (Jones, 1996; Jaied, 1997), whereby chicks that grow slower
also show increased ‘fearfulness’/anxiety, a padigptadaptive strategy when faced
with an unpredictable environment outside the netagafety of the nest. It has also
been reported that there are additional benefdspatential adaptive consequences of

elevated CORT in nestlings. For example, elevate®T concentrations just after
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hatching have been found in greylag geese (Friggrah, 2001) and it has been shown
that this initial high steroid dose may help soaigrinting. Maternal CORT during the
first few hours after hatching may also aid youirgupon exposure to unique
environmental conditions before their stress respa@ystem is fully developed and
active (Sims & Holberton, 2000) and remain elevdtedhe first few days when
precocial offspring need to imprint on their pasgriéed themselves and face sibling
competition to establish their rank order (Kale&7{4; Nakamurat al, 1978; Lorenz,
1988). In addition, early experiences in life (on@unction with genetic make-up) may
determine the effectiveness of the stress resparesdulthood (de Kloegt al,, 1998;
Meaney, 2001; Workedt al, 2001; de Kloeet al, 2002), with poor ‘performance’ in
the nest affecting later fitness levels. Rubadinal (2005) found that the eggs of
yellow-legged gullsl{(arus michahelliswith experimentally elevated concentrations of
CORT show a range of effects on the offspring ideig delayed hatching (without
affecting hatching success), increased mass logsgdaucubation (except the last-laid
eggs), reduced rate and volume of late embryorgaligations, reduced begging
displays and reduced T-cell mediated immunity (amune response which does not

involve antibodies and is most effective in remgwiirus-infected cells).

In summary, we already know a great deal abouphtysiology, behaviour and
development of birds and much of this knowledgethagotential to be used in
comparisons with other vertebrates. CORT is an niapbd hormone with many effects,
one of those being as a response to changing emvéwtal conditions and possibly

communicating information to developing offsprirtgpat these environments.
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1.4THESIS CONTENT

The main aim of this study was to develop techrscaued sampling methods to be used
to identify whether there might be differencesha hormonal environment in which
avian chicks develop that could be related to emvirental factors experienced by the
mothers. Subsequently, this work has focused armgusiian eggs as a non-invasive

means of investigating these maternal effects.

The development and validation of assays to meaS@RT in yolk and
albumen in avian eggs are addressedhiapter 2. Chapter 3 investigates the effects
of unpredictable food availability on yolk CORT aamtrations (in the zebra finch) and
Chapter 4 aims to investigate if yolk CORT concentrationsyia relation to
population trends in two species of closely relaellis. We investigate if human
disturbance can alter the deposition of CORT it yn the same gullsGhapter 5),
as well as presenting work on the effects of shaltel predation risk on yolk CORT
concentrations in the common eid8o(nateria mollissimaChapter 6). The final
experimental chapteChapter 7) investigates if alboumen CORT concentrations are
related to lysozyme concentrations (a measure wiunity) in the gulls used
previously. Finally, the findings of the thesis discussed in a general context

(Chapter 8).
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CHAPTER 2

ASSAY VALIDATION AND DEVELOPMENT
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2.1 ABSTRACT

The increasing popularity of endocrine measuremtentelp explain ecological and
behavioural observations in captive and free-livamgmals has provided some
fascinating results in recent years. However, liese measurements to provide
meaningful results it is of critical importance thiae techniques are validated for each
species and sample type. This thesis will analyseobrticosterone concentrations in
blood samples and eggs from zebra fincAee(iopygia guttateand eggs from two
species of closely related gulls, the lesser blaked (arus fuscusand herring
(Larus argentatusgull, as well as the common eider duSonateria mollissima
While the corticosterone assay has already beédatedl for use in zebra finch blood
and egg Yyolk, validation studies have not been gotadl for the other species and
media, thus we present details of our extractiothods and radioimmunoassay for

measuring corticosterone in the yolk and albumen.
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2.2INTRODUCTION

The increasing popularity of endocrine measuremtentelp explain ecological and
behavioural observations in captive and free-livamgmals has provided some
fascinating results in recent years. However, liese measurements to provide
meaningful results it is critically important thae techniques undergo the proper
validation studies for the species and samplegtested (Buchanan & Goldsmith,
2004). Failure to do so will lead to misinformatjdmoth with regard to scientific
findings and for other investigators who wish tpeat the published methodologies. As
noted in the commentary by Buchanan & Goldsmitlo@0publication of validations
is no longer a requirement in most journals, palaidy as the marriage of
endocrinology, ecology and animal behaviour hasedpd the range of journals in
which such results might be published. This haatedeproblems for researchers keen
to crossover into this field, but who lack a fullderstanding of these issues. One
solution that exists for ecologists (and other aesers) is to form collaborations with

expert endocrinologists.

This PhD has involved collaboration between tweagsh groups. The group
led by Prof. Monaghan has interests in the long tesnsequences of early life
conditions, working on wild and captive populati@isirds (but also other taxonomic
groups), while Prof. Evans’ group has interestheability of mothers to influence
offspring development by manipulation of endogenstesoid conditions during

development. Subsequently, my research has foarsathternally derived hormones
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in avian eggs and their impact on offspring develept, as well as using the
measurement of these egg hormones as a non-invasames to assess the
physiological state of these mothers. Key to meament of any hormones is the proper
validation of extraction techniques and radioimmassay (RIA). Here, | present details
of these validations for measurement of the prinaaign stress hormone, CORT, in the
yolks of the common eider duckdmateria mollissimjaand in the yolks and albumen

of two closely related gulls, the lesser black-teatk arus fuscusand herringl(arus
argentatu3 gull. In addition, | address some issues founthédevelopment and

validation of the assay, as well as including tleRIA protocols.

2.3METHODOLOGY

The basic theory of an RIA is that the hormone (GQRthis case) in the
samples/standards will compete with a known amofitritiated (radioactive) CORT to
bind to a known amount of a specific CORT antiboiyus the percentage tritiated
CORT bound to the antibody will decrease as theeotnation of unlabelled (non-
radioactive) CORT within the sample/standard insesaThus, the amount of tritiated

CORT measured in samples can be quantified by cosgpeto known standards.

2.3.1 Yolk Extraction

The first stage of the radioimmunoassay involveddhktraction and purification of the

desired hormone from the sample substrate i.e.vahod any substances (such as
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lipids and proteins) that can interfere with théRRRashet al, 1980). CORT was
extracted from yolk samples following modificatiohthe method described by
Verbovenet al. (2005). In detail, eggs were thawed and the shallsimen and yolk
separated. 1g of yolk was mixed with an equal arhotideionised water in an
Eppendorf tube and homogenised with glass beatibddabeen cleaned with 70%
ethanol prior to being added to the tubes. For saafiple, approximately 500mg of the
homogenised yolk/water mix (1:1) was weighed aaddferred to a 12x75mm glass
borosilicate tube. To each tube, 100u! of tritiaB@RT ([1,2,6,7°H] Corticosterone,
TRK406, Amersham Biosciences, UK) at approximat&€l@0-6000 counts per minute
(cpm) was added, to allow assessment of recovéicyegicy. Triplicates of the tritiated
CORT (100ul) solution added to the samples werpiated into plastic assay tubes
(Sarstedt, Leicester, UK), 1ml of scintillant adq&doscint A, National Diagnostics,
Hull, UK) and the tubes counted on a Packard TrisQaquid Scintillation Counter
(PerkinElmer Life And Analytical Sciences, Conneuatj USA) for a measure of the
total number of counts added (a measure of 100%veey efficiency). Comparison of
the number of counts remaining in the samples #feetwo main stages of extraction
(the methanol stage and the column stage) to tteaécounts’ allowed assessment of
extraction efficiency for each sample. The sample$ were vortexed briefly following
tritiated CORT addition and placed at 4°C. Aftert®rs incubation, samples were
mixed with 2.5ml of 100% methanol (MeOH) (HPLC Geddethanol, Rathburn
Chemicals, Walkerburn, UK) and the tubes vortexadhe hour, before being
centrifuged for 10minutes at 4000rpm. The resulsaipiernatant was poured off into
new 12x75mm glass tubes and the used tubes dedoatanhin diluted Decon 90

(Decon Laboratories, UK). From each sample, 508gupernatant was transferred to a
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plastic assay tube, scintillant added (as above @& tubes counted on the scintillation
counter to obtain the MeOH recovery estimate bymanson with the total counts
tubes. A further 1500ul of each sample was mixetl W8500u | of water, to give a 10%
methanol solution before the samples were furtfemed by being passed through a
C18 column (200mg, 3ml C18-220-0020-B, Isoluteeinational Sorbent Technology,
UK). Prior to application of the sample, the coluwere washed with 3ml of 100%
MeOH (to clean), followed by 3ml of 10% MeOH (tonzhtion). Following application
of the samples, the columns were washed with 3mlatér and the CORT eluted from
the column with 3ml of 80% MeOH. 500ul of this attigvas transferred to a plastic
assay tube, scintillant added and the tubes countede scintillation counter, as
before, to allow calculation of the column recovesgimate for each sample. A further
15001 of each sample was added to a new 12x75mss glibe and dried down on a
heat block (60°C) under a stream of air using apd@amwoncentrator (Teche, Cambridge,
UK). Dried samples were resuspended in 330ul afyabaffer (Phosphate Buffered
Saline with 0.25% BSA), and triplicates of 100ansferred to plastic assay tubes ready

for assay.

2.3.2 Albumen Extraction

For each egg to be analysed, 5 grams of albumempleasd in a 16x100mm
borosilicate glass tube, which was then spiked @@@p | of tritiated CORT containing
approximately 4000-6000 cpm, to allow later assesgrof recovery efficiency.

Triplicates of the tritiated CORT (300ul) were adde plastic assay tubes, scintillant
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added and the tubes counted on the scintillatiomtew for a measure of the ‘total
counts’. Sample tubes were vortexed briefly follogviritiated CORT addition and
placed at 4°C. After 24 hours incubation, samplesawnixed with 5ml of 100% MeOH
and the tubes vortexed for one hour before beingribeged for 10minutes at 4000rpm.
The resultant supernatant was poured off into 18x#5lass tubes and the used tubes
decontaminated in diluted Decon 90. Samples wexne dhied down on a heat block
(60°C) under a stream of air using a sample conatmt Dried down samples were
resuspended with 3ml of 80% MeOH and vortexed far loour. Following mixing,
samples were centrifuged at 4000rpm for 10minutelstbe supernatant poured off into
new 12x75mm glass tubes. 500ul of this eluent veassterred to a scintillation vial,
scintillant added and tubes counted on the satibh counter, as before, to allow
calculation of the extraction efficiency. A furth2t00ul of each sample was added to
new 12x75mm glass tubes and dried down on a heek 60°C) under a stream of air
using a sample concentrator. Dried down samples vesuspended with 330ul of assay
buffer (Phosphate Buffered Saline with 0.25% BSad triplicates of 100l

transferred to plastic assay tubes ready for assay.

2.3.3 Radioimmunoassay

To measure CORT concentrations, samples were ramouble antibody RIA along
with a standard curve of known amounts of the haren@0ng/ml — 0.038ng/ml), using

a modification of the methods described by Wingffietl al. (1991).
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For the CORT assay used in this thesis, threeiplassay tubes were set up
which contained 1Q0 of tritiated CORT (4000-6000 cpm) in PBS bufféotals);
three tubes contained 2d®f normal rabbit serum (NRS) diluted (1:400) iBF buffer
and 10l of tritiated CORT Non-specific Binding or NSB; and three tubes contained
10Qul of buffer, 10Qul of anti-corticosterone antibody (B3-163, Esotdrig., Calabasas
Hills, California, USA) diluted 1:175 with PBS beffwith NRS (1:400) and 1Q0of
tritiated CORT Maximum Binding or B ). Tubes containing either samples (L)®@r
standards (1Q0) also received 1Q0 of anti-corticosterone antibody (at 1:175 with
NRS-mixed buffer as before), followed by 100f tritiated CORT. The tubes were
then vortexed and incubated at 4°C for 24hourdo®woig this, 10@l of a second
antibody (Goat anti-rabbit IgG; Sigma-Aldrich, DetsUK), diluted 1:50 in PBS
buffer, was added to all tubes except the Totalsthe tubes vortexed before being
incubated at 4°C for a further 24 hours. Followtinig, 40Qul of microcellulose
(Sigmacell Cellulose, Type 20, Sigma-Aldrich, Day4éK) diluted in assay buffer
(0.1g/100ml) was added to all tubes except thel3.otdne tubes were spun for
50minutes at 2000rpm and the supernatant aspiratedremaining pellets were
reconstituted with 5@ of 0.1M sodium hydroxide, vortexed for 1minutedalml of

scintillation fluid added before counting on a s$idli@tion counter as before.

Counts obtained for the standards and unknown ssmgre analysed and

converted to concentrations in the unknown samysesy the universal assay calculator

Assay Zap (vers.2.69, Biosoft, Cambridge, UK).
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2.4ASSAY VALIDATION

In order to validate and assess the accuracy dRAIl assessed the vital
components highlighted by von Engelhardt & GroatH@005), addressing each in

turn.

2.4.1 Accuracy (variation from the true value)

In order to assess the accuracy of the assay,varkamount of hormone contained
within the sample medium (a pool of several samplgmols’) must be run through the
complete assay procedure (including extractionpl$?can be tested by one of three
methods. Firstly, pools can either be strippednafogenous hormones using a charcoal
solution before the addition of a known amount ibelled (non-radioactive) steroid
(Schwabl, 1993). Charcoal stripping involves adding of charcoal solution (10mg/ml
in PBS) to the sample, vortexing for 30 minutes eadtrifugation at 4000rpm for 10
minutes at 4°C. The remaining eluent is separated the charcoal pellet simply by
pouring off and is then stored for use in the as¥é&y have not used this technique with
the yolk samples as it has been found to altectimsistency of the yolk and therefore
may not act in a similar fashion to an unalteredga. As an alternative to charcoal
stripping, pooled samples can be spiked with thiging concentrations of unlabelled
hormone (Williamset al.,2005). This technique assumes that the hormone
concentration in the pools which were not spikethwormone (the ‘zeros’) will be

similar (if not identical) across replicates ani talue must be subtracted from the
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pools which were spiked with CORT to achieve the tvalue measured using the
assay. We used this method for validating our apsagedure for CORT in the yolk of
eider duck and herring and lesser black backed.gbpecifically, we added 100ul of
unlabelled CORT (50, 25, 12.5 or 6.25ng/ml) tolicgtes of 500mg eider or gull yolk
samples, as well as 100pul of buffer to the zerg/@h (again in triplicate). We
calculated that the expected final concentrationarfnone to be approximately 4 (50),
2 (25), 1 (12.5) and 0.5 (6.25) ng/ml (minus the}after taking into account the
volumes used through the extraction procedure @tocthe assay. This calculation is
achieved as the concentrations measured in thg adtae 12.5 times lower than the
initial cold CORT added to the samples, as eaclpkais diluted through the extraction
procedure and full volumes of extracts are notthmaugh the assay. The CORT results
obtained from the assay of these samples usingsgotiples from lesser black-backed
and herring gulls and the common eider are shoviigares 2.1, 2.2 and 2.3
respectively. These figures show that there doeamear to be any other substances
interfering with the assay and we can be confidentire measuring our compound of
choice. The difference between observed and exghectecentrations for all three
species are summarised in Table 2.1. In additidhé@bove, to ensure there is no
affect of sample media in the validation of an gss&reasing amounts of a sample
should be run through extraction and assay. Thssasaducted for the albumen of eggs
from the two gull species. Specifically, we exteat®, 4 and 6g of sample from a single

pool. The results of the assayed samples are shokigure 2.4.
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Fig.2.1. Mean yolk CORT concentrations (ng/mly.error folesser black-backed gull
samples spiked with cold CORT (50-0 ng/ml).
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Fig.2.2. Mean yolk CORT concentrations (ng/m§.error forherring gull samples spiked
with cold CORT (50-0 ng/ml).
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Fig.2.3. Mean yolk CORT concentrations (ng/miy.error foreider duck samples spiked with
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Table 2.1. Observed and expected mean yolk CORT coentrations (ng/ml) for
lesser black-backed and herring gull and eider duclsamples spiked with cold

CORT (50-0 ng/ml).
Cold CORT Lesser b-b gull Herring gull Eider duck
(ng/ml) Observed Expected Observed Expected Obseryed Expe
50 4.40 4.49 4.94 4.62 5.28 5.5
25 2.50 2.49 2.72 2.62 3.69 3.5
12.5 1.51 1.49 1.59 1.62 2.4 2.5
6.25 0.71 0.99 0.75 1.12 1.83 2.Q
0 0.49 0.62 1.5(
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Fig.2.4. Mean albumen CORT concentrations (ng/nd)etror for increasing amounts of
albumen samples extracted (2g, 49 and 69) foretsel black-backed and herring gulls.
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2.4.2 Extraction efficiency

Recovery efficiency of each sample is the measitieecaccuracy of the extraction
procedure, with known amounts of radioactive-ladmlhormone added to samples
before extraction and then recounted after extradqeesections 2.3.1 & 2.3.for
details). We have evaluated our extraction efficjeto average roughly 80% for yolk
and 90% for albumen, but this varied between sasmube it is important to note that
some samples had very poor extraction efficiencyrageded to be re-extracted. It is
becoming more common for this measure of extraaftiniency to be included in
published work, but some studies use average éxitnaefficiencies (for example, from
their Quality Controls / QCs, see Section 2.4.4)erage extraction efficiencies do not
take into account individual variation within sampland extraction runs (see Late

al, 2005), which will add to errors in the data.

2.4.3 Specificity (cross-reactivity with other subsnces)

The antibody selected for an assay must be revignedto running the RIA using the
data sheet provided by the manufacturer. It is i@mb to know if the antibody will
detect the compounds of interest and if it crosstewith other compounds (giving
false results). If such a sheet is not availaldsearchers will need to test their antibody
for its cross-reactivity with other steroids. Far @antibody (B3-163, Esoterix Inc.,
Calabasas Hills, California, USA), this data si{satnmarised in Table 2.2) is available

on request from the manufacturer. Table 2.2 shbatsdur antibody has low cross-
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reactivity with other hormones and hormone-metaésjimeaning we can be confident
any binding in the assay is due to CORT being prtesg¢her than any other substances.

Table 2.2. Steroid cross-reaction with Esoterix
corticosterone antibody, code B3-163.

COMPOUND % CROSS-REACTION
Aldosterone 0.02
Cortisol 0.4
Cortisone 0.2
Desoxycorticosterone 4
Desoxycortisol 0.p
Dexamethasone 0.p5
DHEA 0.03
Estradiol 0.01
Estriol 0.01
Estrone 0.03
17-hyrdoxy Pregenolone 0./01
17a-Hyrdoxy Progesterone D.2
20a-Hydroxy Progesterone D.2
20b-Hydroxy Progesterone D.2
Prednisone 0.04
Prednisolone 0.01
5a-Pregnanedione 1
5b-Pregnanedione 1
Pregnanetriol 0.2
Pregnenolone 0.04
Progesterone 0.6
Testosterone 011
Tetra Hydro Cortisol 0.01
Tetra Hydro Cortisone 0.02

2.4.4 Precision (intra- and inter-assay variation)

The variation within triplicates (intra-assay véioa) is an important aspect of the assay
that should be reported when publishing resultsiandually given as the intra-assay
coefficient of variation (COV) (von Engelhardt & @thuis, 2005). COV is calculated
as the percentage variation across triplicatespsesiand averaged for the total number

of samples. When measuring yolk and albumen samples-assay variation was seen
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to be higher when compared to plasma assays. @hib& due to the effects of
extraction and as a mathematical artefact duegtdotlver concentrations of hormone
seen in these media relative to plasma sampleseridiapg on the assay, this variation
has been recorded at 10-21% in this thesis. Intiaddinter-assay variation must also
be included if more than one assay is requireddasure your samples. Quality
controls (QCs) run through these assays is thelatdrmeasure used to calculate this.
QCs are samples with known amounts of unlabelle®Tat are run through all
assays. Each triplicate of these samples contéhrex € 00ul of 10ng/ml (low
concentration QC) or 50ng/ml (high concentration)@unlabelled CORT, as the
dilution factor of the extraction and assay meames should appear on the reliable
area of the bound/unbound standard curve. The-as®ay variation is defined as the
percentage difference between the concentratidme\ad for the low and high QCs
between assays (i.e. low QCs from each assay arpazed with each other and the
same is done for the high QCs). This is calculatethe standard deviation of the
means of the QC triplicates divided by the grané&umef the QC triplicates, multiplied
by 100. Depending on the assay, this variationbdeas recorded at 6-8%. There is no
universal scale for acceptable intra-assay variabat we have set an arbitrary value of

a 10% maximum.

2.4.5 Sensitivity (minimum hormone concentrations masurable)

Considerable time has been spent during the dewelopof this assay on the
development of an efficient and reliable methodexitraction and assay. In all cases for

a usable assay, the concentration of hormone isahmple has to be matched to the
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concentration of hormone present in the standancecand must fall on the linear part
of the curve (Fig. 2.5) as to prevent incorrect soeaments of the hormone
concentrations present in a sample. The sensitiityradioimmunoassay can be
increased by decreasing the concentration of pyiraatibody used (in our case from
1:100 for plasma to 1:175 for yolk and albumenyrdasing the maximum binding
(from 20-40% down to 12-15%) and therefore shifting curve to measure accurately
at lower concentrations. If this is not possibidéeasible, especially as CORT is
assayed following extraction and resuspensionait bre possible to modify the
‘amount’ of hormone being assayed in each samplthgr sample dilution or
concentration. Greater quantities of yolk and albaroan be used, but this can make
the process more time consuming and many specié®dtwill not provide yolk or
albumen samples large enough to justify redevelopwithe assay procedure.
Calculating the sensitivity is an important stepl ahould be recorded in any published
works. Sensitivity is commonly defined as “two bree standard deviations (sd) above
the blank value (B” (von Engelhardt & Groothuis 2005) and providegtue of the
minimum hormone that can be reliably measured.oboassay, we have calculated this
figure as two standard deviations below the maxinbimding (B) raw counts (i.e. the
radioactive counts per minute / cpm), as this ésrttaximum antibody binding in the
absence of any sample (which should give Ong/nol).dar yolk and albumen assays,

this has ranged from 0.11 to 0.2ng/ml respectively.

36



ng/ml

Fig.2.5. An example of a standard curve, includheglinear area of the curve (highlighted)
used as the reliable area of the curve for meag@@RT concentrations. Y axis (B/Bo)
represents the bound to unbound ratio of antibadithe X axis (ng/ml) represents the
concentration of hormone present according to tieevk standards.

2.5COMPARISONS WITH PREVIOUS STUDIES

As mentioned already, published work using CORTsueaments in yolk and albumen
have varied in their reporting of recovery effiaes, assay sensitivities and inter- and
intra-assay variation. Table 2.3 summarises thakees, where available, and shows
that our recovery efficiencies and inter-assayatams are similar to those already
reported, while intra-assay variation is similattive et al (2005) & Ruboliniet al
(2005), but typically higher than the other pap#vsile it is unknown why our intra-
assay variation is high, the results for theseietushow that varation exists across
studies using the same methodology and specie® (&d¥illiams, 2008, Loveet al.,

2005, 2008). It is interesting that the only sedistiudy (on yellow-legged gulls —
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Ruboliniet al, 2005) shows similar intra-assay variation to guit and eider assays.

All these species have typically high fat, hightpno diets (from eating fish and, at least
in the gulls, human discards). It may be that thgseof wild birds, especially seabirds,
contain compounds that are not completely remondla extraction procedure and

possibly interfere with the assay to a greater@egjnan seen in the other species.

We have attempted to present evidence and advitieeatevelopment and
validation of a CORT assay for gulls and eider$,adso hope that this will provide a
guide for researchers trying to develop their ossegs for measuring yolk and
albumen CORT in these species (as well as beirfglidse other species, sample types
and hormones). It is important for all researcmeesasuring hormones that although
time consuming, proper validation and assay devedoyt is simply another part of

good scientific practice.
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Table 2.3. Summary of assay details and results feevious studies investigating avian CORT corregions in yolk and albumen.

Study Species Sample medium Assay type Recovery efficiency \ssay sen sitivity Intra-assay variation Inter-assay variat
Schwabl, 1993 Zebra Finch (Taeniopygia guttata) Yolk Esoterix Antibody 44% 8pg / tube n/a
Hayward et al., 2005 Japanese Quail (Coturnix japonica ) Yolk Esoterix Antibody 60-61% n/al 6-9%
Love et al., 2005 European Starling  (Sturnus vulgaris) Yolk Assay Designs EIA Kit 83-85% 32pg / well 14.30%
Rubolini et al., 2005 Yellow-legged Gull  (Larus michahellis) Yolk ICN Biomedicals 1125 Kit n/a n/a 14%
Saino et al., 2005 Barn Swallow (Hirundo rustica) Albumen ICN Biomedicals 1125 Kit 89.4-91% n/a 4%
Hayward et al., 2006 Japanese Quail (Coturnix japonica) Yolk Esoterix Antibody 92% n/al 6%
Navara et al., 2006 Eastern Bluebirds (Sialia sialis) Yolk Esoterix Antibody 66% n/a| 7.40%
Love et al. 2008 European Starling  (Sturnus vulgaris) Yolk Assay Designs EIA Kit 94.60% 32pg / well 7.60%
This study, Chapters 4 & 5 LBB & Herring Gull  (Larus fuscus & L.argentatus) |Yolk Esoterix Antibody 81.3 - 87.6% 0.13 - 0.18ng/ml 14.4-21.1% 5.95
This study, Chapter 7 LBB & Herring Gull ~ (Larus fuscus & L.argentatus)  |Albumen Esoterix Antibody 90.40% 0.19 - 0.23ng/ml 16.5 - 17.5%
This study, Chapter 6 Common Eider (Somateria mollissima)) Yolk Esoterix Antibody 85% 0.27 ng/ml 18%
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CHAPTER 3

UNPREDICTABLE FEEDING CONDITIONS AND THE

MATERNAL TRANSMISSION OF CORTICOSTERONE
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3.1.ABSTRACT

Experimentally restricted food availability in treoratory, or changes in prey
dynamics in the wild, can activate the stress nesp@nd elevate plasma corticosterone
(CORT) concentrations in many species. In breeténtale birds, these
environmentally induced changes in CORT concetnathave been shown to correlate
with concentrations of CORT in egg yolk. In additigpoor environmental conditions
have the potential to negatively impact on reprdigtamutput. In this study, we
investigated whether unpredictable food availapiticreased yolk CORT
concentrations in first and replacement clutchesraaternal plasma CORT
concentrations. We also examined the effect of estiptable food availability on clutch
sizes and how this related to changes in CORT cdrateons in the zebra finch
(Taeniopygia guttafa We found that unpredictable feeding conditiolevated yolk
CORT concentrations in the replacement clutchpotiin the first clutch. We propose
that there is a cumulative effect of laying a secolutch and unpredictable feeding
conditions, resulting in high CORT concentratiomshe yolk. In addition, females
reduced their clutch size under unpredictable feggdonditions, possibly as a means of

maximising their reproductive success under theggliag conditions.
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3.2INTRODUCTION

As already described @hapter 1, the unpredictable occurrence of poor environmenta
conditions can disadvantage an individual and teésydhysiological change from a
normal hormonal state to what is often referreds@ stressed state. One result of this
change, which has been reported in various spesigsglevate concentrations above
baseline levels of a class of steroid hormonesnexido as glucocorticoids (CORT in
birds and cortisol in mammals). Experimentally nestd food availability in the
laboratory or changes in prey dynamics in the wéd activate this change. As
described irBection 1.2.4previous work has shown that reduced food avitithab
elevates plasma CORT concentrations in severalespetbird. These changes in
CORT concentrations are thought to help individealse with environmental stressors
as they induce foraging behaviours (Astheietesl, 1992; Bray, 1993; Lynat al,

2003) and increase locomotor activity, as seettirctial White stork nestlings
preparing to fledge (as parents stop feeding gfaing in preparation for them leaving

the nest) (Corbedt al, 2003).

Food availability outside a laboratory environmisngéxtremely difficult to
control, and can be confounded by other environalemiriables. This makes it difficult
to assess the extent to which unpredictably of fmad poor body condition are
involved. The less complex captive environmentsaf@bve & Anderson, 1989;

Buchanan-Smith, 1997) make it possible to teasgethpart. Food availability is an

42



easy feature to manipulate in captive birds, aseedividuals are normally exposed to
ad libitumfood. Therefore, any restrictions in food availigpicould be perceived as
stressful and elevate plasma CORT concentratiotieiabsence of any change in body
condition. Indeed, this protocol has been showelégate CORT concentrations in
captive red knotsGalidris canutu} (Reneerkenst al.,, 2002). Here we investigate
whether unpredictable food availability can actvtte stress response in breeding,

captive zebra finchT@@aeniopygia guttafafemales.

As described ifChapter 1, Hayward & Wingfield (2004) have shown that
Japanese quail mothers, in which circulating COBfAcentrations were experimentally
elevated (using slow-releasing CORT pellets plageder the skin), deposited greater
amounts of CORT in their egg yolks. We, therefatsp wished to investigate whether
any increase in maternal plasma CORT concentratioresponse to unpredictable food
availability also result in increased depositiorC&RT into eggs. Bernardo (1996)
postulated that there is a trade-off between diiocaf resources to offspring and the
need to meet your own energy demands. Therefoderyoor environmental
conditions (for example, low food availability, loa@mperatures or inclement weather),
individuals might be physiologically stressed aralymeduce the number of offspring
produced (Perrins, 1970). Results obtained by @& al. (2007) support this
hypothesis, as zebra finches breeding under lombient temperatures lay smaller
clutches. However, the physiological mechanismdifgpto such clutch size reduction
are not known. It could be hypothesised that uddereased temperatures, CORT
concentrations could be elevated and that thigas® in CORT could lead to reduced

reproductive output. The same group, however, ppasreiously shown that CORT
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implants alone have no effect on clutch size (Satv& Williams, 2003). This suggests
that poor environmental conditions promote chamgessource allocation and egg
production, but that the physiological mechanisinite this change may be
independent of a direct effect of CORT or a prokmhgteady increment in CORT as
would be produced by the CORT implants. Therefloreddition to determining if
CORT concentrations are elevated in the yolk odgml by mothers experiencing
unpredictable food availability, we wished to skthis environmental stressor was

accompanied by a change in clutch size.

The experiment was conducted using captive-brethZeirhes that were
normally provided withad libitumfood. We exposed breeding pairs to unpredictable,
short-term food removal and blood samples wereectdtl from mothers (basal plasma
concentrations). Clutch size and CORT concentratioregg yolk were also measured.

This protocol enabled us to address the followipgotheses:

1. Unpredictable food availability increases CORT arications in both maternal
plasma and in egg yolk.

2. Maternal plasma CORT concentrations are correlatfdthe concentration of
CORT deposited into the yolk of their eggs.

3. Females will reduce their clutch size when faceith wihpredictable food

availability.
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Fig.3.1 Schematic representation of experimentatiogol

Rest Period : :
N Bleeding Egg Collection
(4-5 days) (mother) Control (whole clutch)

Egg Collection
(whole clutch)

a Egg Collection Rest Period Bleeding Egg Collection
Control (whole clutch) > (4-5 days) (mother) (whole clutch)
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3.3MATERIALS AND METHODS

3.3.1 Experimental protocol

The experimental design is summarised in FigureTh pairs of captive adult zebra
finches were used in this experiment (October 200@)sed and tested under Home
Office licence. During the experiment, one malaldeaving a sample size of nine
pairs. Each pair was allowed to breed twice — ammker unpredictable food
availability, the other with accessad libitumfood (control). Unpredictable food
availability was created by removal of food frone ttage for three hours a day, on a
random schedule, between the hours of 7am and Sgran days a week (i.e. for 25%
of the daylight hours). Food availability treatnmgebegan two days into nest building
for the first clutch (allowing 2-4 days of experintal unpredictable food availability
before laying began) and continued until the clwtels complete (between 2-6 eggs).
Eggs were collected on the day of lay and replagdddummy eggs (made from
‘Fimo’; Staedtler, Pontyclun, UK), which warm uporcubation to promote normal
incubation behaviour. The (dummy) clutches wereawsd within 24 hours of clutch
completion and birds were allowed a 4-5 day resbdewvith ad libitumfood, but
without being allowed to enter the nest box tomafterelaying. Midway through this
rest period, females were captured, mass was reda@nad a blood sample obtained by
brachial venipuncture (within sixty seconds of ca} for determination of basal
plasma CORT concentrations. Measurement of mat@@& T was not possible at the

time of egg laying under the two feeding conditiasshe handling involved would
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have added an additional stress to the birds. Wéeditl not measure stress-induced
plasma CORT concentrations in order to minimise effgcts of prolonged handling
stress on the second breeding attempt. Once thpaesd was complete, pairs were
transferred to their next treatment, with the orttiely experienced control or

unpredictable food being randomly selected.

3.3.2. Study species

The zebra finch is a small (12-15g), sexually dipiic, colonial passerine, native to
Australia and the Lesser Sunda Islands (Birkheddefcher, 1995; Zann, 1996)eHdra
finches are known as ‘opportunistic breeders’ mwhld as they will breed following
sufficient rainfall and grass seed growth (whick ased for feeding young). This
willingness to breed at any time of the year gisaitable conditions has promoted their
widespread use in laboratory studies, includingstigations of avian physiology and
behavioural ecology (Williamsoet al, 2008).Eggs are typically laid at a rate of one
per day and incubation starts after the last edgjds A typical clutch is between two
and five eggs, although they can lay up to 8. Hmedle does the majority of the
incubation (although the male does contribute aisogint amount) and the eggs will
begin to hatch (asynchronously) after approximatt@iyeen days. Eggs mass has been
found to increase with egg order in captive-brdaradinches (Williams 2001;
Rutkowska & Cichon, 2002; Roykt al., 2003), possibly counteracting the disparities

between early- and late-laid eggs (Rutkowska & @;t2005).
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3.3.3 Radioimmunoassay

CORT was extracted from yolk and plasma samplesvaabkured by
radioimmunoassay using the protocols describ&krtions 2.3.1 & 2.3.3CORT was
measured in all samples in one assay. Extractitriezfcy averaged 85.3 + 8% (sd); the

intra-assay coefficient of variation was 10.9% asday sensitivity averaged 0.11ng/ml.

3.3.4 Statistical analysis

A repeated measures linear mixed model (SPSS vé&HSS Inc., lllinois, USA) was
used for the analysis of yolk CORT concentratiohfeanales were exposed to both
control and unpredictable food availability, wigmfiale identify included in the model
as a random factor and egg order and clutch nutdBer 2') as repeated variables.
Egg order, treatment (food availability), clutchesand clutch number were also
included in the model, and female plasma CORT canagon was used as a covariate.
A repeated measures GLM was also used to analgsefféct of unpredictable food
availability on clutch size in each female, witbatment order (control followed by
unpredictable food and vice versa) included astad®n subjects comparison and
female plasma CORT concentration included as ar@ieaAnalysis of effects of
unpredictable food availability on plasma mate@@RT concentrations was done by
GLM, with female mass and order the birds were bietlided (to account for any

handling differences as blood samples were takeopeariates.
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3.4RESULTS

Eggs collected from clutches laid by birds mairgdininder unpredictable feeding
conditions were found to have significantly highencentrations of CORT in their
yolks compared to eggs taken from clutches laiios maintained oad libitumfood
(Fig.3.2, Fi1,29)= 16.49, p < 0.001). There was a significant olefféect of clutch
number on yolk CORT concentrations (independefbvad availability), with eggs
from 2" laid clutches showing higher CORT concentratidfsa) = 7.921, p = 0.008).
There was also a significant interaction betweeicbl number and food availability on
yolk CORT concentrations (Fig.3.3g ko) = 9.569, p = 0.004), with the effects of
unpredictable food availability being much greatien this occurred as birds were
laying the second clutch. Statistical analysisaatid that yolk CORT concentrations
were significantly correlated with basal matern@RT concentrations (used as a
covariate) taken during the rest periogd g = 23.942, p < 0.001). This result was
confirmed by Linear Regression to be a positivatr@hship between maternal plasma
and yolk CORT concentrations (Fig.3.4u.d7)= 9.138, p = 0.0042= 0.122). There
was no effect of laying order (egg number) on YOBRT concentrations (fzs) =

1.808, p = 0.187) and this term was removed froarfitial model.
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unpredictable food availabilityn(= 36) conditions (** = p<0.01)
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Fig.3.3. Mean yolk CORT concentrations (ng/mly.error for control and unpredictable food
availability conditions split according to clutchmber. Control First Clutch = 12,
Unpredictable Food First Cluteh= 19, Control Second Cluteh= 20, Unpredictable Food
Second Clutcim = 17. (clutch*treatment, p=0.004).
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Fig.3.4: Linear relationship between maternal p@S©ORT (motherCORT) and yolk CORT
measured using Linear regression. p = 0.004,0.122.

When examining the effect of food availability dotch size it was found that
unpredictable food availability significantly deased the size of clutch produced by a
female (Fig.3.5, fr.7)= 7.658, p = 0.028), and this was relationshipraditivary
according to treatment order{fh = 0.479, p = 0.511). There was no significant
relationship between basal maternal plasma CORTerdrations and clutch size{f

=0.237, p = 0.644), so this term was removed ftioenmodel.
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Fig.3.6. Mean clutch sizelss.error during control and unpredictable food lamlity according
to treatment order, wheres p = 0.511. Unpredictable food followed by contmoH5) and
control followed by unpredictable food € 4).

Basal plasma maternal CORT concentrations, as mezhbetween the two
breeding attempts, did not vary with food availdpitiuring the preceding breeding
attempt (although there is a weak trend towardsdri@ ORT concentrations with

unpredictable food availability) (Fig.3.7afk) = 3.477, p = 0.099). Body mass was also
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not affected by food availability and there wascnorelation between body mass and
CORT concentrations (fy) = 1.355, p = 0.283). Body mass was subsequentipved
from the model. The order the birds were bled sitbmesignificant relationship with
maternal plasma CORT concentrations and this Variabs also removed from the

model (F1,0)= 0.707, p = 0.433).
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Fig.3.7 Mean maternal basal plasma CORT concemtrating/mli}t s.error for controli{ = 4)
and unpredictable food availability € 5) conditionsns p = 0.099.

3.5DISCUSSION

These results demonstrate that unpredictable fgextinditions can raise plasma CORT
concentrations in female zebra finches and thatadigtable feeding conditions are an
important factor in the deposition of CORT into kdbut this relationship is not a
simple one. Although we have shown yolk CORT cotre#ions increase under
unpredictable feeding conditions, this effect walysignificant in the 2 clutch. The
increases in yolk CORT concentrations in tAtcfutch may be the result of the

additive pressure of laying 4%Zlutch and being faced with the potential of lower

53



energy resources (through unpredictable food)getheputting more strain on parents
and possibly activating the stress response teagrextent (and passing this
information on into the yolk). Alternatively, fengs may expect that conditions will
remain stable during the production and layinghef#® clutch. When this is not so, it

may activate the stress response and in turn iserd@ deposition of CORT into yolk.

We were only able to measure maternal plasma CQRfAogimately 4 days
after the completion of clutch one. As such, weaavare that it only provides an index
of the activity of the HPA-axis during the firstdading attempt and assumed that this
correlated with concentrations during laying. Waerfd a weak trend for female plasma
CORT to be elevated after th& dlutch was laid under unpredictable feeding
conditions. Interestingly, this elevation in plas@@RT was not reflected in the egg
yolk concentrations (where there was no differdme®een treatment groups). Previous
work on the relationship between maternal plasm&T@nd egg yolk CORT is not
straightforward as although Hayward & Wingfield Q20 have shown that elevated
concentrations of CORT in maternal plasma (reftectitress-induced levels) in
Japanese quail are reflected by elevated yolk CE@driCentrations in their eggs, the
same group also found plasma baseline concentsadiomot correlate with maternal
deposition of CORT into the egg (Haywatal, 2005). Rather, they are related to the
high or low stress response sensitivity in the racl{i.e. the elevated plasma CORT
concentrations, where high = large elevation alimaseline levels). High response
females had more CORT in their eggs than low stesgsonse females, both without
any stress-induced experimentation, and this diffee was multiplied following stress

exposure. They suggested that this leaves theagpmor for a potential control

54



mechanism in yolk deposition, rather than simplyiemmental influences alone. The
trend of elevated plasma CORT in the current study protracted, since it was evident
in basal CORT after a rest period of 4 daysdribitumfood. It is therefore proposed
that the unpredictable feeding condition used is éxperiment was a strong enough
stressor to activate the stress response, in sualy ghat CORT concentrations
remained elevated for four days with food freelgitable. This response by females
could confer a possible adaptive advantage if ufipt@ble conditions were to return, as
an individual may be ‘primed’ to react quickly, efjuires either prolonged exposure
to these negative conditions and/or other negatatly factors (e.g. having to lay a
second clutch) for females to transmit informatatrout the environment (in the form

of CORT) to the offspring (Jenni-Eiermaanhal, 2008).

Egg production and incubation in birds are knowbéanergetically costly
(Perrins, 1970; Monaghan & Nager, 1997; Vezina &lMfms, 2002, 2005). Therefore,
we propose that the high costs associated witindgiyvo clutches in rapid succession,
as occurred in this experiment, induces femalesdace reproductive effort (Drent &
Daan, 1980; Stearns, 1992). We have confirmeduthiatedictable food availability can
influence reproductive investment by females vauations in clutch size.Under
conditions of unpredictable food availability, wave shown that females lay smaller
clutches compared to those in control conditiosspf@dicted). This effect can be seen
in both the Tand 29 clutches, despite the fact yolk CORT concentratiare only
elevated in those laying &“Zlutch. This finding would support the resultsridtby
Salvante & Williams (2003) and Salvamgeal. (2007), where elevated CORT does not

result in decreased clutch sizes, but a poor envient (low temperature) does,
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suggesting that CORT is not directly involved ie thechanisms of reducing egg
production. However, clutch size reductions maygdesed by females reducing their
clutch under poorer conditions as an initial meafm®minimising the effect of
unpredictable feeding on the offspring and themalaximising reproductive success
(as, for example, 3 chicks are easier to feeddw tbquired level for growth than 4)
during early breeding attempts. Then, as reprodedtivestment increases with tH& 2
clutch and individuals are faced with poor feedtogditions as well, females may limit
their clutch size rather than risk decreasing thedy mass (as seen with the clutch size
reduction in the % clutch), but also deposit greater amounts of C@RJ the yolk.

This deposition of CORT may be unavoidable (as sstggl above) or an attempt to
prepare the chicks for an unpredictable post-hatstironment. A study by Frigeriet

al. (2001) found that greylag geese chicks had eteMplasma CORT concentrations
just after hatching and during this time growth wasted, which would appear
contradictory to the selective pressure to grovekjyiand decrease the time taken to
fledge. However, this may be an evolutionary compse between the need to compete
and survive during the first few hours and daysl, e need to grow and fledge as
quickly as developmentally possible (Arendt, 199his would support the findings of
Hayward & Wingfield (2004), who found that chiclksat hatched from eggs containing
elevated yolk CORT concentrations had increased Bi#&ity and reduced growth. If
food becomes unpredictable, reducing growth (thincelgvated CORT) would reduce
the demands for high food levels to satisfy thénhigetabolic costs of rapid growth
(Gotthard, 2001), thereby giving these chicks aaptide advantage over nestlings not

prepared for an unpredictable environment.
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Although unpredictable feeding conditions havegbtential to increase CORT
deposition in eggs (and possibly in adult plasmaeatrations too), other
environmental conditions, genetic make-up, previmeeding attempts and body
condition (in both partners) all may interact taestenine CORT transmission. It may be
important in future studies to measure both basdlstress-induced CORT
concentrations in not only females but also mates the final egg has been laid to
determine any potential paternal effects (e.g.dingewith a poor quality male may
promote changes in CORT deposition by females nopemsate for paternally-inherited
negative traits). Perhaps a longer rest period é&tvireatments would allow plasma

CORT concentrations in females to return to baselin

In summary, we have shown that unpredictable fepedamditions can alter the
concentrations of CORT found in egg yolks of capiibred zebra finches and that these
conditions may have the potential to elevate catingg CORT concentrations in
breeding females. However, there are significaieces of reproductive effort in a
season (laying two clutches) which can alter thgod#ion of CORT into yolk. What is
unknown is the mechanism of control a female hasimsmitting these signals of
environmental change directly to their developiffggring and if the transmission of
CORT is linked to the genetically-based sensititatgtress. Finally, the role (if any)
that stress and CORT play in reducing clutch sigasll not clear, but it would appear
that poor environmental conditions signal to feradlaat a reduction in clutch size may

be an early and low cost way of maximising repraiecsuccess.
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CHAPTER 4

ENVIRONMENTAL CONDITIONS AND THE MATERNAL

TRANSMISSION OF CORTICOSTERONE
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4.1 ABSTRACT

Herring gulls Larus argentatusand lesser black-backed gullsatus fuscupare

closely related species that breed in overlappaignees. In non-urban environments,
herring gull numbers have declined in Britain areddnd over the last three decades,
while the lesser black-backed gull numbers haveeased. This suggests that the two
species are experiencing differences in environatdratrshness, which might be
reflected in differences in corticosterone (CORdnaentrations. Such differences, if
transferred to the offspring via eggs, could havenmtypic consequences. Yolk CORT
concentrations can be used as an indicator of #termal stress state and elevated yolk
CORT can have detrimental affects on embryonic ldgveent and offspring fitness.
We present results from several locations in Sndtlomparing yolk CORT
concentrations within species between urban aneunoan breeding sites, as well as
comparing between the two species at sites whegedbexist. We have found no
significant differences in yolk CORT concentratidietween the environments or the
species. This could suggest that environmentasirs have little impact on the
transfer of CORT into yolk, possibly an evolutiopadaptation to minimise elevations
in CORT being detrimental to embryonic developmenthat environmental
conditions are not sufficiently stressful to actevéhe stress response during the

breeding season.
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4.2INTRODUCTION

Herring gulls Larus argentatusand lesser black-backed gullsatus fuscupare

closely related species that breed in overlappatgnies, not only in coastal zones, but
also in urban areas. In non-urban environmentsingegull numbers have declined in
Britain and Ireland over the last three decaded farssibly longer) while the lesser
black-backed gull numbers have increased (Fig-Hable 4.1) (Monaghan, 1979;
Cremeet al, 1997; Raven & Coulson, 1997; Mitchetlal, 2004). During this time,
both species have increasingly inhabited the udmaronment where breeding success
can be higher than in the non-urban habitats, plyssue to reduced predator load,
improved thermal environment and abundant foodeesu(Kadlec & Drury, 1968,
Spaans, 1971; Verbeek, 1977; Burger, 1981; Pat@f8; Belant & Dolbeer, 1993;
Wanless et al., 1996; Belant, 1997; Creme et 8871Raven & Coulson, 1997). In
urban habitats in the UK, herring gull colonies @dawreased in size 6-fold in the last
30 years, while lesser black-backed gull numbeve niacreased more than 30-fold,
according to survey data (Fig.4.1; Table 4.1). Aesrise in herring gull numbers in
urban habitats does not equal the decline in nbaruareas, and as gulls are also
known to show high site fidelity during their liv@lsudwig, 1962; Drury & Kadlec,

1974; McNicholl, 1975), it suggests that the popatadynamics in the herring gulls
are not solely due to relocation but in part todkath of individuals, fewer adults
breeding each season and/or reduced breeding suéasesteet al, 2007). The

further contrast in lesser black-backed gull nuraelvenich have increased in both urban

and non-urban environments raises the questiotes\valsat is the cause of the
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difference in population trends seen between thesespecies in the non-urban

environments and why is this difference not alsnsa the urban populations?
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Fig.4.1. The number of adult breeding pairs for-ndman and urban populations of herring and
lesser black-backed gulls, taken from the Seatamrey (1969-70), the Seabird Colony
Research census (1985-88) and the Seabird 2000sc€r#98-2000) (Mitchekt al, 2004)

Table 4.1. The number of breeding adult pairs far-arban and urban populations of herring
and lesser black-backed gulls, taken from the $easarvey (1969-70), the Seabird Colony
Research census (1985-88) and the Seabird 2000sc€r#98-2000) (Mitchell et al., 2004)

Lesser Non- | Herring Non- | Lesser Urban | Herring Urban
Urban Urban
Seafarer (1969- | 50,000 343,000 300 2900
1970)
SCR (1985-1988)| 64,000 177,000 2500 11,000
Seabird 2000 91,000 147,000 10,000 20,000
(1998-2002)
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When considering this question a number of isseesine apparent. As both species
often nest in overlapping colonies with direct catijpon appearing to be limited in
terms of available nesting sites (particularly tméhe declines in herring gull numbers)
and food (Garthet al, 1999, Kim & Monaghan, 2006), negative factorgh@ non-
urban habitats that impact upon the herring giltsud also affect the lesser black-
backed gulls. For example, it has been shown hiaincidence of botulism does not
differ between the species (Mitchetlal, 2004), and hatching success and chick
survival are also comparable between the two spéKien & Monaghan, 2006;
Forresteret al, 2007). Alternatively, if environmental condit®(food, predation,
warmth) are, on a whole, equal for both speciesdifierence in population trends
might arise if one species, in this case the lestsak-backed gulls, are better able to
cope when faced with the negative aspects witteretivironment. One mechanism
used by animals to initially cope with negative amdinpredictable conditions is the
elevation of glucocorticoids in the blood (as désexnt inChapter 1), with elevated
CORT concentrations usually reflecting more strdssiegative and/or unpredictable
conditions. In turn, the difference between bagetind stress-induced CORT
concentrations reflect an individual’s ability thysiologically respond to and ideally
cope under these conditions. So, a relevant questiask if we wish to investigate the
differential population dynamics of the two gullespes in the non urban environments
might be ‘are the herring gulls showing elevatedRT@oncentrations compared to
lesser black-backed gulls in this environment?hi§ were found to be true, we would
then predict that CORT concentrations should besmsomilar in the urban environment
where both populations are increasing in numberspedifically that CORT should be

lower in the urban compared to the non-urban hgminls.
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Table 4.2 Conservation priority criteria for UK té (adapted from ‘The population status of birdh& UK — Birds of conservation
concern: 2002-2007’; RSPB)

DEFINITION SPECIES EXAMPLES
PRIORITY
RED — Globally threatened Aquatic warbler (Acrocephalus paludicola)
— Historical population decline in UK (1800-1995) Bullfinch (Pyrrhula pyrrhula)
— Rapid ( = or > 50%) decline in UK breeding population over last 25 years White-tailed eagle (Haliaeetus albicilla)
— Rapid ( = or > 50%) contraction of UK breeding range over last 25 years Qualil (Coturnix coturnix)
— Historical population decline (1800-1995), but recovering; Dunnock (Prunella modularis)
population size has more than doubled over last 25 years Peregrine (Falco peregrinus)
— Moderate (25-49%) decline in UK breeding population over last 25 years Puffin (Fratercula arctica)
— Moderate (25-49%) contraction of UK breeding range over last 25 years Kingfisher (Alcedo atthis)
— Moderate (25-49%) decline in UK non-breeding population over last 25 years
— Species with unfavourable conservation status in Europe
(SPEC = Species of European Conservation Concern)
— Five-year mean of 1-300 breeding pairs in UK
— =or >50% of UK breeding population in 10 or fewer sites, but not rare breeders
— =or >50% of UK non-breeding population in 10 or fewer sites
— =or > 20% of European breeding population in UK
— =or > 20% of NW European (wildfowl), East Atlantic Flyway (waders)
or European (others) non-breeding populations in UK
GREEN — No identified threat to the population’s status Tawny Owl (Strix aluco)
Sparrow hawk (Accipiter nisus)
Robin (Erithacus rubecula)
Little auk (Alle alle)
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The easiest way in which to test these predictiolSORT concentrations
would be to obtain plasma samples, but blood sagmian in itself be stressful and
negatively affect breeding behaviours (e.g. candedclutch abandonment). It is also
very difficult to obtain baseline blood samplestasbirds need to be trapped on the
nest, distressing them (plus all other birds ikpnity) on approach of the
experimenter. Blood sampling is also difficult terform on such large, colonially
breeding birds and these birds are currently lisiedmber conservation importance by
the Royal Society for the Protection of Birds (R$Pd&ee Table 4.2 for details of
criteria) due to the decline in numbers, makingetessary to find alternate ways to
measure the physiological stress response of the tihile minimising any ‘researcher
effects’. One method that has become of greatasteecently due to its non-invasive
nature is the sampling of eggs and the measureofigntk CORT concentrations.
Hayward & Wingfield (2004) have found that experitedly elevated maternal CORT
concentrations correlate with elevated yolk conegiuns in captive bred Japanese
quail and therefore it is thought that they provédieue reflection of the maternal
physiological condition at the time of laying. ilohypothesis is correct, and non-urban
herring gulls have elevated plasma CORT conceotratiwe would predict that this
would be mirrored in the CORT concentrations inrtkggs. These elevated yolk
CORT concentrations have the potential to alterrgorbc development and could have
long lasting, intergenerational consequences mseaf embryonic development,
growth and the sensitivity of the HPA axis. Thelierations can affect long-term
fitness and survival (Hayward & Wingfield, 2004; itlini et al., 2005), and therefore
population numbers. Although the studies by Haywsakingfield and Rubolini have

helped promote the measurement of yolk CORT conatoiis as a reflection of
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maternal stress-induced condition, most studiess@n manipulating a single,
potential stressor (and therefore introducing aatieg environmental condition) in a
laboratory-based environment. For this study weraegested in investigating how
CORT may be affected by non-manipulated environalemnditions, taking
population-level effects into account as habitagsraade up of complex, interacting
environmental factors that may have positive oratigg impacts under controlled
conditions, but which may not reflect the true eormental conditions faced by an

animal.

There are some considerations when sampling eggeelhas some important
drawbacks (seBection 1.3for details). Briefly, birds generally do not laif the eggs
in their clutch at the same time. Depending ondttiget of incubation, relative to the
time of laying, eggs may or may not hatch synchusho A greater literature exists
with regards yolk androgens (e.g. testosteroneigtwimave been found to increase with
laying order in a number of species (Schwabl, 18#kman & Schwabl, 2000; Royle
etal., 2001; Eisinget al, 2001), but a recent study (Logeal, 2008) is the first to
study within-clutch yolk CORT variation and has folthat there is a significant
difference between first- and last-laid eggs irky@ORT concentrations in the
European starlingSturnus vulgaris(with the last laid egg having significantly hagh
CORT concentrations). Therefore, in considering C@Bncentrations in the eggs of
herring and lesser black-backed gulls, we needd¢ess whether egg CORT

concentrations vary with laying order.

65



The overall aim of this study was to examine thgree of physiological stress
exhibited by herring and lesser black-backed gnllsrban and non-urban populations.
We had the following specific objectives, which dansplit into those required to

validate the approach taken and those requireddceas the overall aim.

We aimed to determine if:

Yolk CORT concentrations vary with laying order.

Yolk CORT concentrations vary within species acoagdo habitat type (urban or
non-urban).

There is a species difference in yolk CORT conegiuins at sites where the two

species coexist

Our predictions were that:

There would be no difference in yolk CORT conceires according to laying
order.

That yolk CORT concentration would vary with habitgpe and follow the patterns
seen by population trajectories, with the non-urbarming gulls having elevated
yolk CORT levels compared to their urban countegdior the lesser black back
gulls, we expected to see no significant differelnesveen urban and non-urban
colonies.

In non-urban conditions, the herring gulls wouldwstelevated yolk CORT

concentrations compared to the lesser black backs.
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4.3MATERIALS AND METHODS

4.3.1 Study sites

Eggs were collected at seven field sites througBaotland (Figure 4.2).

Fig.4.2. Field locations:

St. Serf's Island, Loch Leven, Perth, Kinross (8sbtNatural Heritage National Nature
Reserve)

Inchmarnock Island, Bute, Firth of Clyde (privaséand and farm)

Peterhead, Aberdeenshire (town)

Ailsa Craig, Firth of Clyde (RSPB reserve)

Dunbar, East Lothian (town)

Musselburgh, East Lothian (town)

Isle of May, Firth of Forth (Scottish Natural Haugie National Nature Reserve)
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St. Serf’s,the largest of the seven uninhabited islands omdssi Loch Leven,
is approximately 46 hectares and is situated thueeters of a mile from the south east
side of the loch. It holds a population of lesdack-backed gull nesting pairs (613 -
SNH) and a small population of herring gull pagst{mated at 30 - SNH). It is
important to note that the nest counts on the dskeave not distinguished between
herring and lesser black-backed gulls, but obsemsiof adults have allowed estimates
that approximately 5-10% of the population is coisgnt of herring gulls. Data gathered
by Scottish Natural Heritage (SNH) (Brooks, 1998 &nom more recent surveys dating
to 2007, unpublished) estimate that both populatiooreased from 1997 (after culling
had ended, with an undetermined mixture of apprakehy 600 herring and lesser
black-backed gull pairs) until 2002, with both specshowing stable numbers each year
since. The habitat is predominantly grass, whidyrazed by sheep housed on the island
during spring and summer, and the gulls breed arlapping colonies on the south side
of the island. Visitors are only allowed on theaisd with formal permission from SNH
due to its status as a National Nature Reserve (NNRturbance levels are estimated

to be low.

Inchmarnock (NS 020, 600) is a privately owned island justraXam off the
west coast of the Isle of Bute in the Firth of Glydt measures 267 hectares, with the
current owners having converted the central and paass of the island into grazing
land for the introduction of a herd of 180 highlaradtle. Populations of herring and
lesser black back gulls breed on the westerly antherly coasts of the island, where
the cattle and farmers rarely venture. These ptipakpreviously spread to the north

coast of the island, but for unknown reasons hamest completely disappeared from
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this part of the island over the last 20 yearse fiarring gulls predominately nest on
the rocky cliffs, with the lesser black-backed gulkesting on the grass adjacent.
According to the Seabird 2000 Census, there webdeX3er black-backed gull pairs on
the island, 76% down from the previous SCR Censustq(’'85-'89), but it is not

known if these declines were solely from the narirsde of the island. The Seabird
2000 Census also estimated that there were 158)gfdierring gulls present on the
island, 63% up from the SCR count. Current humatuddance levels are estimated to
be low, but previous disturbances from visitors podchers before the land was

purchased by the current owners have to be takeragtount.

Peterhead(NK 129, 466) is a small, coastal town roughly &0O#&orth of
Aberdeen, on the easternmost point of mainlandi&uwbtwith a population of
approximately 18,000 people. Across the four mawmis in Aberdeenshire (Peterhead,
Fraserburgh, Banff and Macduff) there are approiehgal 1,500 nesting pairs of
herring gulls (Aberdeenshire Council), but no urbesser black-backed populations are
known. In Peterhead, the gulls nest on variousdmgk within the town and are subject
to egg removal and nest destruction by pest cdetsohired by the local council during
the breeding season. Roughly 240 nests and 500haggseen removed between May

and July, 2005-2007. Human disturbance is estimatée high.

Ailsa Craig (NX 019, 997) is an uninhabited island in the ot of the Firth

of Clyde, approximately 16km west of Girvan and sweas 104 hectares. The island

was mainly used as a quarry for its high qualignige until the 1970s and has been an

69



RSPB reserve since 2004. Its steep cliffs make itrgportant site for nesting seabirds,
including kittiwakes, guillemots, razorbills, andrmets. According to the Seabird 2000
Census there were 1,450 herring gull pairs and&€ser black-backed gull pairs on the
island, down 38% and 78% respectively on the SCRs@®('85-'89). In recent years,
the University of Glasgow and SNH have exterminaiedrat population that had
proved a particularly harmful predator to manyhs breeding seabirds. Numbers are
now believed to be stable and are possibly onrttiease (RSPB). Visitors are only
allowed on the island with permission from the RSPBturbances levels are estimated

to be low.

Dunbar (NT 675, 785) is a small coastal town in East larthapproximately
58km east of Edinburgh, with a population of c&06, people. According to the
Seabird 2000 Census and the SCR Census ('85-182k tvere 3,500 herring gulls
nesting in the entire East Lothian area betweer® B8l 2002. While only 23 were
nesting on rooftops in 1995 (Raven & Coulson, 198a@\ncil estimates state that there
are over 50 pairs of herring gulls nesting througttbe town of Dunbar alone, mainly
on the rooftops and chimneys of the buildings @nrtfain street. The council currently
undertake an annual egg oiling and chick removagi@mme in the area between May

and July. Human disturbance is high.

Musselburgh (NT 325, 724) is a town on the River Esk in Easthian,
approximately 9km east of Edinburgh, with an estedgopulation of 22,000 people.
According to the Seabird 2000 Census, lesser diacked gulls in the East Lothian

area numbered 1,470, 30% up on SCR Census ('8&t@®pver 300% up from the
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Seafarer survey ('69-'70). While the last publismedf-top nesting counts recorded
only one pair of lesser black-backed gulls throughgast Lothian in 1995 (Raven &
Coulson, 1997), there is now known to be an extensieeding colony throughout the
town of Musselburgh (typically on residential raxgs and chimneys close to the town
centre). The main colony is situated on the rootibfhe town’s bus station and is
estimated by the local council to exceed severatiled nesting pairs. The council
currently undertake an annual egg oiling and chétkoval programme in the area

between May and July. Human disturbance is high.

Thelsle of May (NT 655, 995) is situated in the north of the oulfieth of
Forth, approximately 8km south east of the fishiiligge of Anstruther and measures
roughly 75 hectares. The island has been desigaatadNational Nature Reserve since
1956 and has been managed by SNH since 1989. Argdaithe Scottish
Ornithologists Club (SOC), over 200,000 seabirdsifil2 species nest on the island
during the breeding season. Herring gull numbenrgwstimated at 2,845 pairs in the
Seabird 2000 Census (1998-2002), 35% up on thequeeount from the SCR census
(‘85-'88). Lesser black-backed gull numbers wertnggted at 1,203 pairs in the
Seabird 2000 Census, 131% up on the previous dssnfram the SCR census.

Disturbance is estimated to be low.
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4.3.2 Study species

Fig.4.3. Herring gull

Fig.4.4. Lesser black-backed gull

Herring gulls (Fig. 4.3) are large seabirds (556 %xith a wing span 0f30-158 cm
with light grey backs and wings (with black and tehving-tips), white under parts,

yellow bill and pink legs. The congeneric lessezksbacked gull (Fig. 4.4) is slightly
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smaller than the herring gull (52-67cm with a wepan of 128-148cm), with dark grey
to black backs and wings, yellow bill and yellowse Both species are sexual size
dimorphic, with males being larger than femalesa(@p & Simmons, 1983). They have
very similar ecologies and life histories, althoulgare are some differences. Herring
gulls are resident all year round, with a genesatiserly migration over small/medium
distances depending on sex and age, whereas Hee l#ack backs are typically a
summer visitor (although this is changing, espéciaith the urban colonies) (Forrester
et al, 2007). Both are colonial breeders, often bregdirthe same sites, particularly in
coastal areas, although the herring gulls’ rangnthis much smaller than that of the
lesser black-backed gulls (accounting for less 1Batof the total herring gull
population (Forresteat al, 2007). Females typically lay three eggs, with tthird-laid

(C) egg often smaller than the earlier laid (A &)dggs (Parsons, 1970) and laying
peaks in mid-May (herring gull) and th¥& @eek of May (lesser black backs). For both
species, incubation lasts roughly 4 weeks and elflekige after 30-40 days. Chicks
hatch asynchronously, meaning the last chick catisaglvantaged compared to its
older siblings (Parsons, 1975). The feeding ecotufgyoth species is still not well
understood, but both are scavengers on marinefidfon agricultural land / refuse tips.
However, the lesser black-backed gulls are beli¢vdrhvel further and are generally

more marine feeders than the herring gull (Forrestal, 2007).
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4.3.3 Egg collections

Each of the seven locations described above wsitedibetween 25April and 24"

May 2006. At the non-urban locations, nests withegione or two eggs present (A and
B eggs of the maximum 3 egg clutch) were markeddoseérved to identify the species
present. By collecting either the A or B egg as ttage allows females to replace the
egg they have lost and improves the likelihood #mt hormone concentrations
measured are of maternal origin and have not bsed up by the developing offspring
and/or the offspring has begun producing its owrmumes. A maximum of 10 eggs
from each species were collected, with one egg vemhper nest. Only nests containing
one or two eggs were selected. During collectitdms humber of eggs present in the
nest and the distance to the nearest neighbouralsveecorded, as was the habitat
surrounding the nest (e.g. on grass or rocks)uHzan populations, nests were located
according to previous records held by the pestroblets and either a hoist (in Dunbar
& Musselburgh) or ladders (in Peterhead) were lgeithe pest controllers to gain
access to the roofs where the nests were locatgdother eggs removed by the pest
controllers were destroyed. All eggs were returteetthe laboratory within a maximum
of 12hours after collection, where they were wedtike length and breadth measured
(allowing for an estimate of volume to be made) trah frozen at -20°C before further

analysis.

The Isle of May site was used to collect complétgcbes from 10 nests of both
herring and lesser black backed gulls. Nests wenaitared from 25 April 2006, with

the species present recorded. The distance toetimest neighbour and details of the
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habitat at the nest site were recorded for eachfrees which eggs were collected.

Eggs were only removed once the complete clutchblead laid (with the final clutch
being completed on 11th May). The study site wascéed for nests early in the season
and fresh nests (with no eggs) were marked withbared canes. Nests were visited
daily, with fresh eggs individually labelled (usiaghon-toxic marker pen) in the order
they were laid (A-C). Eggs were returned to thesit@field station, where they were
weighed, and the length and breadth measuredi@o &r an estimation of volume),

before being frozen at -20°C until further analysis

All collections were carried out under Scottish iNaal Heritage licence and

with the permission of the landowners and reseraaagers as appropriate.

4.3.4 Radioimmunoassay

CORT was extracted from the gull egg yolks usimgeshanol extraction and measured
by radioimmunoassay using the protocol describesertions 2.3.1 and 2.3.3

Extraction efficiency averaged 87.6 + 10% (sd)etrdssay variation averaged 5.95% (2
assays), with an intra-assay coefficient of vasabf 14.4%. Assay sensitivity

averaged 0.13ng/ml.
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4.3.5 Statistical Analysis

Linear mixed models (SPSS ver.15, SPSS Inc., IBindSA) (one for each species)
were used to investigate the differences in yolkRT@oncentrations according to
laying order with female/nest number included asralom factor and egg order as a
repeated variable. General linear models (GLM) (oneach species) were used to
investigate within species differences accordingabitat type (urban / non-urban) and
a separate GLM was used to compare the two spatcike non-urban sites where they
coexisted. In all the models, collection date girg date (if known), egg weight and
nearest neighbour data were included as covamaatgsemoved where non-significant

(see section 4.4 below for details).

4.4RESULTS

We found no effect of egg order on yolk CORT coriions for either the lesser
black-backed (f20)= 0.351; p = 0.708) or herring gulls{fs)= 0.771; p = 0.479) from
the Isle of May (Fig. 4.5.). In addition, we found effect on yolk CORT
concentrations of laying date, egg weight or neareghbour for either the lesser
black-backed (summarised in Table 4.3) or herrimégsdsummarised in Table 4.4).

These terms were subsequently excluded from thesinod
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Fig.4.5. Mean yolk CORT concentrations (ng/ml§.error for lesser black-backadrests =
10) and herringr(nests = 10) gulls according to egg laying order

Table 4.3. Summary of covariate effects on yolk QOmthe lesser black-backed gull egg
order analysis

Numerator Denominator
Source df df F Sig.
Laying date 1 22 0.003 0.9654
Egg weight 1 22 0.167 0.687
Nearest neighbour 1 22 0.399 0.244534

Table 4.4. Summary of covariate effects on yolk JOmRthe herring gull egg order analysis

Numerator Denominator
Source df df F Sig.
Laying date 1 23 0.758 0.395
Egg weight 1 23 0.956 0.338
Nearest neighbour 1 23 0.53 0.474




We also examined the effect of habitat type (urdwanmon-urban) on yolk CORT
concentrations, but found no significant effechabitat type in either the lesser black-
backed (f1,42)= 1.00; p = 0.323) or herring ¢fs3= 0.33; p = 0.568) gull in terms of
yolk CORT concentrations (Fig. 4.6). The effectgalfection date, egg weight and
nearest neighbour distance on yolk CORT conceatratare summarised in Tables 4.5
& 4.6, and where these covariates were non-sigmfi¢all except egg weight in the

lesser black-backed gulls) they were removed frioenmntodel.
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Fig.4.6. Mean yolk CORT concentrations (ng/ml) ersor compared between urban and non-
urban habitats for lesser-black backed (unbar8; non-urbam = 35; wherens p = 0.323) and
herring (urbam = 21; non-urbam = 33; wherens p = 0.568) gulls.

Table 4.5. Summary of covariate effects on yolk G@fm the urban / non-urban comparison
in the lesser black-backed gull

Numerator Denominator
Source df df F Sig.
Collection date 1 42 0.039 0.844
Egg weight 1 42 4.017 0.052
Nearest neighbour 1 42 0.06 0.808
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Table 4.6. Summary of covariate effects on yolk G@fRm the urban / non-urban comparison
in the herring gull

Numerator Denominator
Source df df F Sig.
Collection date 1 42 0.284 0.597
Egg weight 1 42 0.701 0.406
Nearest neighbour 1 42 3.33 0.074

Finally, we investigated whether there was a spgetikerence between these
gulls in their yolk CORT concentrations by compgryolk samples taken from sites
where both species co-exist. These four sites aler®n-urban locations — St. Serf’s,
Inchmarnock, Ailsa Craig and Isle of May. We fouraleffect of collection date, egg
weight or nearest neighbour distance on yolk CO&icentrations (summarised in
Table 4.7) and these terms were subsequently reshfowe the model. We found no
effect of species (Es7)= 2.70; p = 0.106) or site @fs7y= 0.198; p = 0.897), nor any
interaction between species and site, in term®if @ORT concentrations {s7) =
0.32; p = 0.811) (Fig. 4.7). It is noteworthy fraisual inspection of the data (Fig. 4.7)
that there was a similar trend at three of thessite the levels in lesser black backs to
be higher than in the herring gulls. Applying alféiss combined probability test
(Fisher, 1932; Sokal & Rohlf, 1995) to these thsies however showed that this effect

was not significantyf = 6.9,df = 6, p >0.4).
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Fig.4.7. Mean yolk CORT concentrations (ng/ml) ersor for herring it = 33) and lesser black-
backed = 34) gulls from the four sites where they coexist

Table 4.7. Summary of covariate effects on yolk J@fm sites where the two species coexist

Numerator Denominator
Source df df F Sig.
Collection date 1 67 0.752 0.39
Egg weight 1 67 0.055 0.815
Nearest neighbour 1 67 2.379 0.129

4.5 DISCUSSION

This study found that yolk CORT concentrations athbherring and lesser black-
backed gull eggs do not vary according to layindeor This result contrasts with that

seen for other yolk steroids in other species (24w 993; Sockman & Schwabl,
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2000; Royle eal., 2001; Eisinget al, 2001) and CORT in the European starling (Love
et al, 2008), which have all been shown to increask laiging order. It is proposed by
Love et al (2008) that this increase is a mechanism totassisood reduction if
environments become poor after laying, with therkdid chicks showing slower
growth and more likely to be outcompeted by thé&deosiblings. The lack of an effect
of laying order on yolk CORT here possibly indicatieat females are not trying to
compensate for the negative effects on the offgprirbeing the last laid egg or
attempting to promote brood reduction under poat4jpatch conditions. Alternatively,

it may be that the laying order differences in oth@mones such as testosterone, which
we have found to elevate with egg order (Seetion 4.6 Fig. 4.8) in these same eggs,
have a strong enough effect in compensating forgotie last laid egg that elevating

CORT as well would counteract any positive effeftslevated testosterone.

As we do not have maternal plasma CORT samplesowmtlkknow if female
CORT concentrations correlate with the concentnatmeen in the yolks. Although the
evidence provided by Hayward & Wingfield (2004 stsong and suggests a direct
correlation between plasma CORT and yolk CORT, axeetshown irChapter 3 that
this may instead be a correlation between matearadition and yolk CORT. If,
however, the yolk CORT concentrations were to matakernal plasma CORT
concentrations it may be that females have a sappdestress response during the
breeding season, resulting in low concentratiorteénplasma, which are subsequently
transferred to the yolk. Based upon published ftata other birds, as well as
amphibians, mammals and reptiles however, thisaggion appears unlikely as stress

hormone concentrations are normally highest (baeline and stress-induced) during
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the breeding season (Romero, 2002). An alternatipéanation is that plasma and yolk
CORT concentrations may not be correlated, wherales might be able to regulate
the amounts of CORT deposited in their eggs indegetof laying order. This

provides an advantage as it could be used to progeathe embryonic development of
the HPA axis (Hayward & Wingfield, 2004) and, ietadults are under severe stress,
could prevent major alterations in the developnuérthe embryo/chick (Liggins, 1994;
McLusky & Naftolin, 1981; McEwen, 2001; Eriksenadt, 2003). What we can be
certain of from our results is that these two speshow no difference in the patterns of
yolk CORT deposition over the clutch and in thegan yolk CORT concentrations.
These samples were taken from nests on the saamel ishhere both species have been
increasing in numbers over the last 10 years) therewe did not expect to see any
significant difference in yolk CORT between spe@ssa result of different interactions
with the environment. This result suggests thatetimeay not be any inherent species
difference present in terms of yolk CORT, howeVes tvas investigated further using
the remaining clutches and is discussed later. ftaptly as there was no effect of
laying order on yolk CORT, these results validae measurement of CORT in either
1% or 2 laid eggs (where complete clutch collections weefeasible), as both

represent the CORT concentrations that we woul@é&xp the whole clutch.

As the population dynamics of the two gull spediéfered within the two
environments (urban and non-urban), we aimed tdahisdifference to allow us to
ascertain if the changes in population numbers wedated to the ‘environmental stress’
the birds were subject to. We predicted that inhnding gulls we would see elevated

CORT concentrations in those eggs taken from nbarurelative to the urban locations

82



(non-urban numbers are decreasing, urban coloregsereasing). However, we found
that there was no significant difference in yolk RDconcentrations in the herring gull
eggs collected from the two habitat types. This i@ypecause adult birds are not
experiencing any stress or adult herring gulls firaythe non-urban habitat a
challenging and stressful place to live, but dopass this information onto their
developing offspring (to minimise the chances of aagative effects of elevated

CORT concentrations on embryonic development asidsged above). Another possible
explanation is that only certain individuals in fhapulation are sufficiently ‘stressed’

by living in the non-urban habitat, and these fesahoose not to (or cannot) breed
under such negative conditions. Therefore, by deim we will only be sampling eggs
from individuals who are better able to cope with environmental stress at the time of
breeding and hence we do not see a complete pizttine coping ability of these birds
from their eggs alone. Finally, it could be that gtressors occur mainly outwith the
breeding season (and therefore we do not idemté\etfects come breeding — see
below) or it is juvenile birds that are most afstby stressful conditions. Perhaps these
birds, with ‘inexperienced’ stress responses al@deto cope under the current
conditions, subsequently reducing the numbersgifdriquality breeders each year and

in turn the decreasing numbers of herring gulls.

Finally we compared yolk CORT concentrations betwegar two gull species,
but only in sites where they coexist. We found thate was no difference between
species in yolk CORT concentrations in the fougssivhere the birds both breed,
suggesting once again that yolk CORT is not infaireg the species differences seen in

their population trajectories. Unfortunately, th@yosites we were able to perform a
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direct comparison between species were from noarusiies. It is the case that many
of the urban sites in Scotland are restricted @ afrthe two species, but this may be an
indicator of why these two species are coping thifidly. Perhaps there is some
environmental factor not yet studied that is resgltn direct interspecific competition
in sites where the two species nest (not presamtoan habitats or only of importance
where the species coexist) or there may be envienitsthfactors impacting on these
birds differently during non-breeding times. Oveanigring behaviour does vary
between the birds, with herring gulls largely resij while the lesser black-backs tend
to migrate south (although these behaviours maghbaging in the urban breeders,
with lesser black-backed gulls increasingly oventeiing close to their breeding sites)
(Forresteret al, 2007). It could be that food or disease exposgaries during these
times and subsequently results in decreased batitam in the herring gulls,
reducing breeding attempts. This would be expetttedevate plasma CORT
concentrations, but we cannot be certain of thikauit blood sampling. What is certain
is that more detailed studies are needed to irgagstithe differences in movements,
disease occurrence, interactions/conflicts andyfagabehaviours of these two species
outwith the breeding season. Although maternallyvéd CORT in the egg yolks may
not have indicated any differences between theispedirect comparisons of adult
plasma CORT concentrations (baseline and stresgéal) could still reveal inherent
species differences to explain why the lesser biedks are coping better in the non-

urban environments.

In conclusion, our results suggest that herringjlasser black-backed gulls

show no significant differences in their yolk CORdncentrations and the deposition of

84



yolk CORT by mothers of both species does not eapprding to egg order or breeding

circumstances.

4.6 APPENDIX

-o- Lesser black-backed gull

F1s = 7.568, p = 0.005

)
g

)
<

- Herring gull

yolk Testosterone (pg/ml)

54
Fi17y=11.404,p <0.001
0 T . T
e Q @
Egg Order

Fig.4.8. Mean yolk testosterone concentrationsnghg/Llpg = 0.001ng) + s.error for

lesser black-backed and herring gulls accordiregtporder.
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CHAPTER 5

HUMAN DISTURBANCE AND THE MATERNAL TRANSMISSION

OF CORTICOSTERONE
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5.1 ABSTRACT

Although there has been considerable researchwrehwironmental conditions

(natural and anthropogenic) can activate the stesgmonse in free-living animals, only
a handful of studies have investigated how these@rmmental perturbations can
influence the maternal transmission of glucocortisoHere we present results on the
yolk CORT concentrations of two species of closelgted gulls breeding on an island
experiencing disturbance-based management in tydetocate them to allow terns to
return and breed. We have shown that human presencdisturbance does not elevate
yolk CORT in these birds. Smaller herring gull cheés contained significantly higher
yolk CORT concentrations. The removal of the faisitch reduced the average
replacement clutch size and herring gulls showtedrad for elevated yolk CORT
concentrations in their replacement clutches. V8eudis the relevance of these findings

in relation to the recent declines in the UK heagrgull population.
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5.2INTRODUCTION

As described irfChapter 1, environmental perturbations such as food shostage
increasing predator density (but also changesasm@eand reproductive status) can
elevate circulating glucocorticoid concentratiomsnany free-living species. These
changes, however, are not restricted to just fatadas in the animal’s immediate
environment and natural host/prey interactiongjuaean-animal interactions are
becoming more common through increased urbanisdiairitat loss, habitat
fragmentation and real or perceived elevation edption risk. Human activity has been
found to be positively associated with increaseatgtorticoid concentrations in several
bird species [Northern spotted owftiix occidentalis caurina(Wasseet al., 1997),
Carolina chickadee$0ecile carolinesis(Lucaset al, 2006), capercaillieTetrao
urugallug (Thiel et al, 2008), 7-day old Magellanic penguir&pheniscus

magellanicu¥ (Walkeret al, 2005) and 40-day old hoatzin chick3pisthocomus

hoazir) (Mullner et al, 2004)]. The effects of human exposure have ladgm shown to
be dampened or even removed if animals becomeuaddxdt to human contact (Walker
et al, 2005; Partecket al, 2006). It is thought that animals unfamiliartwituman
contact perceive humans as a predation threat aodtsimilar behavioural and
physiological changes to those seen in the presgfrer@mal predators, such as
increased glucocorticoid secretion and movemenydwan breeding, feeding or nest
sites (both temporary and permanent) (Frid & 2002; Beale & Monaghan, 2004

Although there has been considerable researchwrehwironmental conditions
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(natural and anthropogenic) can activate the stesgmonse in free-living animals, only
a few studies have investigated how maternal tresssom of glucocorticoids is affected

by such environmental perturbations.

In birds, it is possible that the mother transnmfsrmation to the embryo/chick
via deposition of hormones or alteration of the position of eggs (Schwabl, 1993;
Arnold, 2002; Hayward & Wingfield, 2004). Recentnkahat has investigated yolk
CORT concentrations in captive birds by Oliver Ldizeve et al, 2005 and Love &
Williams, 2008) and Lisa Hayward (Hayward & Windfle2004; Haywarabt al,
2005) has demonstrated that maternal glucocorsc@®RT in this case) can be
transferred to avian yolk and can potentially iefiae the post-natal stress response,
growth, fitness, and survival. As describedCimapter 1, birds are particularly
appropriate for studies of the maternal transmissichormones as sampling newly laid
eggs allows the hormones of maternal origin to beeneasily isolated from any
produced or used by the developing embryo. We Ingsige that, like naturally
occurring environmental changes, human disturbaaneactivate the stress response in
free-living birds and fluctuations in the materbldod system may be expressed in the
concentrations of CORT found in the yolk of theggs. In order to study this, we
designed an experiment in conjunction with the R&griety for the Protection of
Birds (RSPB) where we collected full clutches of®tpid by two species of closely
related gulls (herring and lesser black-backs) witlwithout an acute human
disturbance, using colonies that breed on the afhitéxd island of Inchmickery, on the
east coast of Scotland. This island was choselneasitds are not routinely exposed to

human contact and the RSPB are currently undegakiprogram to promote tern
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breeding by displacement of gulls from one arethefisland to another area unsuitable
for breeding terns. The island was artificiallyispi two and following collection of
first-laid clutches, birds on one side of the islavere disturbed through regular human
contact, physical barriers and egg removal (detai&ection 5.3.3. Experimental
(human disturbed) birds were allowed to relay mdisturbed area (but all other birds
in this area were prevented from doing so) sodtscond clutch of eggs could be
collected from these birds. In additiori l&id clutches were collected from gulls
breeding in the low disturbance area, so as teftirem to lay a second clutch. This
design allowed us to identify if changes in yolk RDconcentrations were due to

human disturbance or simply related to laying asdalutch.

From previous work on the maternal transmissioBORT to yolk, in lesser
black-backed and herring gulls (S€kapter 4), we have shown that supposedly poor
environmental conditions (non-urban habitats ferhlerring gulls) did not elevate yolk
CORT deposition by mothers. However, results frosearate study also indicated
that laying a second clutch (as these birds wil] ddven combined with an
unpredictable (poor) environment, can result ivaied deposition of CORT in egg
yolk in the zebra finchGhapter 3). When combined with information from previous
studies that have demonstrated that human distcebalevates maternal CORT
concentrations, we predicted that our experimdniadan disturbance would be enough
to significantly elevate plasma CORT concentrationfmale gulls and that this would
be reflected in the CORT concentrations in theg gglks in the second clutches. Our
experiment also gave us the chance to compareotk€&DRT concentrations deposited

into eggs in nests from the two sites prior todisturbance. We also investigated if
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human disturbance had any impact on replacemetuhchizes. As described in
Chapter 3, one of the ways of reducing the costs of breedirig reduce the number of
offspring produced. We found in captive zebra fexkhat laying two clutches in one
‘season’ results in females reducing their cluizle én both predictable and
unpredictable (food availability) conditions. Wetkfore predicted that upon relaying,
lesser black-backed and herring gulls would redheesize of their clutch in both low

and high disturbed areas, with no difference betvwibe areas expected.

5.3MATERIALS AND METHODS

5.3.1 Study site

Inchmickery (NT 207,805) is a small island, roughlgkm north of Edinburgh in the
Firth of Forth (Figs. 5.1 & 5.2). The site was amigjly designated as a Site of Special
Scientific Interest (SSSI) in 1985 and is also &PB reserve. The island is home to
large populations of herring and lesser black-bdakels, as well as a small number of
breeding eider ducks, fulmansuimarus glaciali$ and shagsRhalacrocorax

aristotelig. Currently, the RSPB are implementing a 5 yeatat)y to create an area
suitable for terns breeding on the east side ofsaed by removing all breeding gulls
from this site. The gulls have been cited as thmf@&tor preventing the return of the
roseate ternSterna dougallji to the island, as they occupying all suitable testing

sites.
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Fig.5.2. Inchmickery Island, May 2007

Edinburgh

' RSPB NATURE RESER!

Nesting seabirds (April - July). Authorised landings only
Thank you very much for your co-operation.

For further information please contact: The Warden,
Vane Farm Nature Reserve, By Loch Leven, Kinross
KY139LX. Tel: 01577 862355.

Registered Charity no. 207076
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5.3.2 Study species

SeeSection 4.3.Zor details of the study species.

5.3.3 Egg collections

The island was visited at various times throughday and June 2007, with the
first visits used to identify, mark and map all egymriate nest sites. During these initial
visits, the area identified as the high disturbasitewas marked using spray paint to
separate it from the low disturbance site (FiguBy.3Nests chosen for this study were
marked using numbered bamboo canes to allow eastifidation upon returning to the
island. Nests chosen for the study were thosehthdino eggs present at the first visit.
Dates of lay, the surrounding habitat (for examgplengle, nettle, grass or rocks) and
the species using the nest were recorded for é¢adled nest. During the study period,
the pest control team employed by the RSPB desiraljaon-experimental nests and
eggs in the high disturbance area. Attempts we@ ralade to disturb the birds laying in
this area by prolonged exposure to the disturbsewm®, as well as the erection of
physical barriers in the form of hazard tape aroinedstudy area. First laid clutches
were collected after three eggs had been laidfgtzie clutch) or four days had
elapsed after laying of a second egg. Nest sitesreeed to be monitored during laying
of second clutches, while the disturbance workiooed. Second laid clutches were
collected as before. We attempted to minimise tsiiance to the birds in the low

disturbance area of the island by limiting ourtgisn terms of duration and frequency,
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with only one individual being allowed to enterslarea at a time. In addition, a
maximum of 10 nests per species were selectedutahccollections. All eggs were
returned to the laboratory within 10 hours of cdiilen, where they were weighed, the
length and breadth measured (allowing for an estimaf volume to be made) and

then frozen at -20°C before further analysis.

Fig.5.3. Drawing of Inchmickery Island. Hatchedaeepresent disused buildings and hatched
areas without colours represent unsafe, disuséditgs where disturbance work was not
carried out. Yellow area represents the low distnde area. Green area represents the high
disturbance area. White areas within island outlepgesent areas not accessible.

All collections were carried out under Scottish iNaal Heritage licence and
with the permission of the RSPB who manage the Isitaddition, all disturbance work

(including nest and egg destructions) was carrigdyg a pest controller hired by the

RSPB.
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5.3.3 Radioimmunoassay

CORT was extracted from the gull egg yolk sampEegia methanol extraction and
measured by radioimmunoassay using the protocslyitbed inSections 2.3.1 and
2.3.3 Extraction efficiency averaged 81.25 + 7.8% (soler- and intra-assay
coefficients of variation were 7.89% (2 assays) 2ahd + 1.2% (s.error) respectively.

Assay sensitivity averaged 0.18ng/ml.

5.3.4 Statistical Analysis

A linear mixed model (using SPSS ver.15, SPSS liiagis, USA) was used for the
analysis of yolk CORT concentrations (log transfediio make normally distributed).
Treatment (high/low disturbance), clutch numbétq2'%) and clutch size were
included as fixed factors (along with interactidmeween the three), with clutch
number and egg order as repeated variables andeféseatity as the subject/random
factor. Egg order and egg weight were includedoasigates and where these factors
were not significant they were removed from the etobh order to identify whether
there were any differences between high and lowiance areas in terms of yolk
CORT concentrations prior to the disturbance, wi $@ data according to species and
clutch number (although we were only interestethineffects on the®iclutch). We
then used a linear mixed model with log transforipelt CORT concentrations
included as the dependent variable, female ideasityg random factor, egg order as a

repeated variable and treatment included as thefixeld factor. As before, egg order
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and egg weight were all included in the model amig ;cemoved if not significant. We
also wanted to identify if there was any effectotutch size when birds nested in the
high disturbance area of Inchmickery. As the resiat clutch size were not parametric,
we used separate Wilcoxon Signed Ranks Tests ébr gzecies under each treatment

(disturbed/undisturbed).

5.4RESULTS

5.4.1 CORT concentrations in I vs. 29 clutch eggs

Eggs collected from lesser black-backed gull nestexchmickery did not differ
significantly in their yolk CORT concentrationstiveen £ and 2¢laid clutches (f.3s)
=0.343, p = 0.562), treatment (high versus lowulsmnce) (i s8)= 2.475, p = 0.121)
or with clutch size (fr 3sy= 0.015, p = 0.905). No interaction between clutamber

and treatment was present (Fig. 5.4;6;= 0.939, p = 0.336), nor was there any
significant interaction between clutch number aludict size (f,33y= 0.02, p = 0.888)

or treatment and clutch size{fs)= 0.111, p = 0.74). Egg order and egg weight pilove

non-significant (summarised in Table 5.1) and weraoved from the model.
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Fig.5.4. Mean yolk CORT concentrations (ng/ml) ersor for lesser black-backed gulls from
the high and low disturbance areas according teltloumber, where ns: clutch number *
treatment, p = 0.336.

Table 5.1. Summary of covariate effects on yolk Rthe lesser black-backed gull
comparison betweerf'® 2™ clutches.

Numerator Denominator
Source df df F Sig.
Egg order 1 61 0.199 0.657
Egg weight 1 68 0.708 0.403

Eggs collected from herring gull nests on matkery were found not to
significantly differ in their yolk CORT concentratis when comparing™and 2¢
clutches (k,34)= 3.432, p = 0.073) (although there is a trendyfilk CORT to be
elevated in the™ clutch) or treatment (high versus low disturbar(€g)ss) = 1.111, p =
0.297). No interaction between clutch number aadtinent was present (Fig. 5.6;
Fa,s3= 0.07, p = 0.793), nor was there any significatéraction between clutch

number and clutch size ko= 0.241, p = 0.627). However, eggs from smallering
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gull clutches were found to have significantly reglyolk CORT concentrations (Fig.
5.6; R1,30)= 5.663, p = 0.024). Egg order and egg weighpraled non-significant

(summarised in Table 5.2) and were removed fromrtbdel.
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Fig.5.5. Mean yolk CORT concentrations (ng/ml) eérsor from herring gulls from the high and
low disturbance areas according to clutch ordeerevms: clutch number * treatment, p = 0.73.
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2-egg clutch 3-egg clutch

Fig.5.6. Mean yolk CORT concentrations (ng/ml) eérsor from herring gulls with 2-egg versus
3-egg clutches, where *: p = 0.024.
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Table 5.2. Summary of covariate effects on yolk QORthe herring gull comparison between
1% and 2° clutches.

Numerator Denominator
Source df df F Sig.
Egg order 1 33.914 1.045 0.314
Egg weight 1 41.413 2.124 0.153

5.4.2 CORT concentrations prior to disturbance

We also investigated if the high and low disturleaceas differed in terms of the yolk
CORT concentrations seen in the eggs of the twoisp@rior to disturbance. We found
that there was no significant difference in yolk RDconcentrations between the high
and low disturbance sites for the lesser black-eadulls (Fig. 5.7, frs5= 0.304, p =
0.584), but yolk CORT concentrations were highdnerring gulls nesting in the low
disturbance site (Fig. 5.8ak7 = 4.204, p = 0.05). Egg order and egg weight were
removed from both the lesser black-backed andrgegull models as all proved non-

significant (summarised in Tables 5.3 and 5.4).
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Fig.5.7. Mean yolk CORT concentrations (ng/mb.error of ¥ clutch eggs of lesser black-
backed gulls from the lown(= 11) and highr(= 53) disturbance areas, where ns: p = 0.584.

Table 5.3. Summary of covariate effects on yolk CORin the lesser black-backed gull ¥

clutch analysis

Numerator Denominator
Source df df F Sig.
Egg order 1 34.33 1.174 0.286
Egg weight 1 39.253 0.749 0.392
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Fig.5.8. Mean yolk CORT concentrations (ng/mi.error of 1 clutch eggs of herring gulls
from the low ( = 6) and highrf = 28) disturbance areas, where *: p = 0.05.

Table 5.4. Summary of covariate effects on yolk CORin the herring gull 1* clutch

analysis
Numerator Denominator
Source df df F Sig.
Egg order 1 20.123 0.035 0.853
Egg weight 1 31.849 1.037 0.312

5.4.3. Effect of disturbance on clutch size

We found that in lesser black-backed gulls, theaye size of the replacement clutch
was significantly reduced when laying in the higstutbance area (z = -0.4796, p <
0.001; where 23 birds reduced their clutch sizefadd the same number), but not in
the low disturbance area (z = -1.414, p = 0.15&dced their clutch size, 1 increased
it and 1 laid the same size clutch) (Fig. 5.9)hi@ herring gull, high disturbance

females reduced the size of thélf @lutch (z = -0.2558, p = 0.011; with 8 females
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reducing their clutch and 9 laying the same numlven)le there was no significant
reduction in the low disturbance area (z = -0.272,785; where 2 females reduced
their clutch, 2 increased it and 2 laid the sammalmer) (Fig. 5.10). It is important to
note that in the low disturbance clutches, avechgteh size was lower, which may
explain why clutch size was not significantly reddadn the replacement clutch. The

reasons for this will be addressed in the discuassio

ns *% Bl First Clutch
37 B Second Clutch

clutch size

Low High
Disturbance

Fig.5.9. Mean clutch sizesss.error for Iand 2° clutches from lesser black-backed gulls in the
low disturbance area & 6 nests), where ns: p = 0.157, and high disturbamnear{ = 27 nests),
where *: p <0.001.
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Fig.5.10. Mean clutch sizess.error for I and 2° clutches from herring gulls in the low
disturbance area & 5 nests), where ns: pA85 and the high disturbance area=(17 nests),
where *: p =0.011

5.5DISCUSSION

This study has found evidence of a difference betwbe lesser black-backed and
herring gulls in their patterns of yolk CORT depimsi. Herring gulls displayed a (non-
significant, p = 0.073) trend for depositing grea@®RT concentrations into the yolk of
their eggs following the loss of their first clutahd when they laid smaller clutches,
their eggs typically had higher concentrations OfRT. This could suggest possible
differences in the ability to cope with negativerieonmental conditions (in this case
the loss of a clutch) between the species. Heguilg have been declining massively
over the last three decades in non-urban sitdgeituK, while lesser black-backed gull
populations have been stable. It has been proghaéthese declines could be linked
with different coping abilities under stressful ddions, but no evidence was found

when measuring yolk CORT concentrations in firgt @dutches previouslyGhapter
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4). Ground-nesting gulls commonly lose their firkttch to causes such as floods and
predators, and have evolved the ability to repthcelost clutch within the same
breeding season (Brown & Morris, 1996; Zadbal, 2006). However, replacement
clutches require the diversion of energy resouraisn resulting in reduced investment
in these replacement eggs (Gaspaetral, 2006). If the increase in yolk CORT in the
herring gulls was an adaptive strategy to helpgmegheir chicks for an unpredictable
environment, we would expect to see the same matbed by the lesser black backs. It
is more likely that the loss of the first clutchaistivating the stress response in the adult
herring gulls (at least in the females) and thisemg transmitted to the egg. Increased
CORT can affect embryonic development and fledglitmgss as eggs/chicks subjected
to elevated CORT show slower growth, high HPA aigtiunder stress (Hayward &
Wingfield, 2004), delayed hatching, increased nh@ss during incubation and reduced
begging (Rubolinet al, 2005). In addition, birds that breed later hgxyecally been
found to have reduced reproductive success, swjasbe caused by reduced chick
provisioning and high predation when colonial biddsnot lay synchronously
(Hatchwell, 1991); low food availability and pooeather conditions (Brinkhat al.,
1993; Wigginset al, 1994); slow growth and high conspecific predafidunt & Hunt,
1976); or poor territory and/or parental qualityi(dinset al, 1994; Verhulset al,

1995). Therefore, herring gull chicks may be firgdthemselves at a disadvantage

compared to their cousins and this could be plagipart in the population declines.

Interestingly, high human disturbance had no eid@cCORT transmission to
the yolk in either the herring or lesser black-ketgulls. It may be that both of these

species have become used to the presence of humaatively close proximity to
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their feeding and nesting grounds (as seen witledse in which they have taken to
breeding in the urban environment). As clutch kess be common (Brown & Morris,
1996; Zadoet al, 2006), perhaps the source of this loss beingdmurather than
animal predators, poor weather or conspecifics nloagreater impact. The original
experimental design involved greater disturbamnagih, more physical obstacles to
nesting and increased noise levels (through rgd&sng continually and gas bangers)
planned. However, due to constraints in the liaggsmanpower and funding, RSPB
decided to scale down the operation in the firstrye assess the effectiveness of the
disturbance. Determining the difference betweendmpontact and human disturbance
is essential if we are to understand the affectasMeumans may be having on the
wildlife around us. Disturbance can only be conéththrough experiments and it is
possible we underestimate the resilience of anihoabsir presence in their natural

environment.

We were able to identify that the human disturb&weact resulted in both the
lesser black-backed and herring gulls reducing ttetch sizes following direct human
removal of their first clutches. As explainedGhapter 3, this may be an early and
relatively easy means of maximising reproductivecess when conditions become
poor (Gustafsson & Part, 1990). We did not seeradyction between®land 2°
clutches for either species in the low disturbaarea, which could provide evidence
that the presence of humans was having a negdfeat en these birds. However, birds
breeding in the low disturbance area had smafléaitl clutches on average compared
to those from the high disturbance area, which hease prevented a significant decline

being observed. It may be that this area of ttren@chosen to relocate the gulls to)
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provides poorer conditions for chick survival aethles may lay smaller clutches to
minimise the impact of this (i.e. laying one legg & less energetically costly than
losing one chick from the egg not hatching or dymogt-hatch). The birds nesting on
the low disturbance side could also be youngewoorgr condition birds, which are
known to often occupy lower quality territoriesterms of location, size and shelter
(Pugesek & Diem, 1983; Reid 1988; Part, 2001) andeneral, lay smaller clutches
(Ainley et al, 1983; Harvet al, 1985; Hébert & Barclay, 1988; Forslund & Larsson
1992; Pyleet al, 1991; Part, 1995). The low clutch numbers amdramber of birds
breeding on the low disturbance side suggest timside of the island may not be the
most suitable for relocating these birds as it meylt in a decline in the size of the
breeding colony. In addition, herring gull yolk CORoncentrations were typically
higher in the first laid clutches in the low didiance area prior to the disturbance work
being carried out. This could be further eviderarethiis side of the island containing
inferior nesting sites and/or poorer quality biraisaddition the herring gulls’ response
in terms of elevated yolk CORT concentrations cauidggest a different response to
stressful stimuli / poor conditions compared tol#sser black backs. This evidence
could be important in shaping the management glyateplemented by RSPB on this,

and possibly future, projects.

In summary, we have shown in this study that hufdeturbance’ does not
appear to elevate CORT concentrations in the ybl&sser black-backed or herring
gulls on the island of Inchmickery. 2-egg herrindl glutches were shown to have
elevated yolk CORT concentrations compared to 3ehgighes and experimental egg

removal also resulted in a trend for elevated C@Bcentrations in herring gull yolk
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in the replacement clutch. These results suggasthire may be a difference in the
coping strategies of these two birds and this nemgatively impact on their
reproductive success and their offspring’s fith€dstch sizes were typically smaller in
the low disturbance area prior to disturbance, ipbssuggesting that either poorer or
younger birds are using this area to breed orttligtarea is detrimental to reproductive
success. This finding could be important in detarng future management strategies

for this, and other, RSPB sites.

107



CHAPTER 6

THE EFFECT OF NEST SHELTER & MATERNAL QUALITY ON

YOLK CORTICOSTERONE IN BREEDING EIDER DUCKS

108



6.1 ABSTRACT

Nest site selection can provide microclimates thdtice thermoregulatory demands in
parents and offspring; conceal the adults, eggschiutts from predators; and/or limit
nest/brood parasites. Negative conditions brougbtitby poor nest site quality could
result in elevated plasma CORT concentrations ithers, reflected in the yolk of their
eggs. However, the effects of nest site on breeg@nfprmance can be confounded by
variation in parental quality if better quality @& obtain better nest sites. We
investigated whether nest shelter was relatedeg@dmcentrations of CORT in egg yolk
in the Common EideSomateria mollissimand if there was a relationship between
nest shelter and egg production (egg weight artdttksize), since females nesting in
well-sheltered sites may be themselves better tyuatlividuals. We found that nest
shelter had no impact on yolk CORT concentratiandudch sizes, but heavily
sheltered nests contained lighter eggs. Thesetsesuitrast with previous work
suggesting better quality birds (those that lagdaiclutches) prefer sheltered nest sites.
The lack of any pattern between nest shelter ald@ORT / clutch size suggests that
in this study site, female Eiders may not be lichite their nest choice and that
environmental conditions were not negative enowogdhntit food or decrease
temperatures (resulting in reduced investmentfspoig) or result in increases in the

transfer of CORT to the yolk.
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6.2INTRODUCTION

As already discussed in this thesis, there arergkgprvironmental perturbations and
cues that can activate the stress response in(laindsother species), with the elevated
concentrations of plasma CORT that result potdptising passed onto a mother’s
developing offspring. During the breeding seasemdles may try to minimise the
number and degree of stressful stimuli experienagdhcreased concentrations of
CORT transmitted to an embryo can have major devedémtal effects, unless these
changes in maternal CORT can be used to confemiaion to the offspring about an
unpredictable environment (s€hapter 1; Monaghan, 2008). However, as the
breeding season progresses, elevated plasma COR@&rtoations have been shown to
promote nest abandonment (Silverin, 1986) or deereast attentiveness (Criscueto
al., 2005). In addition, exposure to difficult enviroental conditions, for example poor
weather, can increase the energetic costs expeddncfemales (trying to stay warm
and incubate eggs), reducing body condition (aadating CORT concentrations) and
potentially reducing breeding success (Meatatall, 1987; Chastedt al, 1993 & b;
Wingfield & Ramenofsky, 1999). Therefore, femalasd males) should select the best
nest sites available to minimise the exposurerasstand maximise reproductive

Success.

Nest site selection can provide microclimates thdtice thermoregulatory

demands in parents and offspring (Gloutney & Cla897; Kilpi & Lindstrém, 1997;

Fastet al, 2007; Heppet al, 2006); conceal the adults, eggs and chicks fpoedators
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(Ricklefs, 1969; Martin, 1992); and/or limit nestibd parasites (Loye & Zuk, 1991).
For ground nesting birds, a particularly importaspect of nest site selection is
vegetation cover, as this simple feature can hetgeal against predators (Martin,
1993), improve microclimatic conditions (lower wisdeeds and provide milder air
temperatures (Kim & Monaghan, 2G)5and provide less variable air temperatures
(D’Alba et al, in press)), is associated with positive chiobvgh (Kim & Monaghan,
200%) and is positively correlated with egg weight (K&rMonaghan, 2008) (heavier
eggs suggesting better parental condition — Bolt881; Boltoret al, 1992; Risch &
Rohwer, 2000). However, the effects of nest sitbr@eding performance can be
confounded by variation in parental quality if leettjuality birds obtain better nest sites

(Kim & Monaghan, 200B).

We wished to investigate whether the concentratd3ORT in yolk in eggs of
the Common EideiSomateria mollissimérig.6.1) varied in relation to nest shelter. We
also examined the relationship between nest shatitegg weight and nest shelter and
clutch size, since females nesting in well shettesiees may be themselves better
quality individuals (as seen in the herring guKim & Monaghan, 2008) and/or the

shelter may increase the resources that can bstet/e egg production.

The Common Eider is a species of sea duck in wieictales nest on the ground
and females incubate their eggs without assisthnoetheir mates. As female Eiders
rarely feed during incubation, they can lose upa®o of their body weight during
incubation (Gabrielseet al, 1991), with this loss of body weight found todreater in

exposed nest sites (Kilpi & Lindstrém, 1997; Feaisal, 2007). However, it is not clear
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if such effects arise because of poorer qualitgsiresting in exposed areas or because
the exposure to inclement weather at the nestsietly influences mass loss (or both)
(but see D’Alba, 2007). In addition, nest site seta can also be influenced by other
factors (for example, predation threat). We prestidhat females using nests with
intermediate and tall vegetation / shelter wouldibder less ‘stress’ than females
nesting in exposed sites due to reduced preddireatt (Ricklefs, 1969). However, it
has already been shown that maternal baseline pl&DRRT concentrations measured
during incubation do not vary according to nesttehéype in the Eider duck (D’Alba,
2007). Therefore, we predicted that yolk CORT com@ions would not vary
according to shelter type in this study. We alssdpmted that females laying in
sheltered sites would have larger clutches anti¢h®iest eggs, as these nest sites are
more likely to be used by the highest quality fezsgD’Alba, 2007; D’Albeet al, in
press). It has been shown previously that femakesruss is negatively correlated with
baseline plasma CORT concentrations in female gi@@Alba, 2007), potentially
caused by better quality females being able toshr®re in incubation (increasing
mass loss), but importantly being able to cope it larger mass loss without
becoming ‘stressed’. We therefore predicted th#it g®ORT concentrations would be
negatively correlated with egg weight i.e. bettealgy females would both produce

larger clutches, larger eggs and have the lowe®RT&ncentrations.
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6.3MATERIALS AND METHODS

6.3.1 Study site

Fieldwork was carried out by Liliana D’Alba betweklay and July 2007 in a breeding
colony of the common Eider in Sandgerdi, South Wedaand (Fig.6.2), where
approximately 2,000 pairs nest in a fenced areaevioeal people harvest the Eider
down lining of the nests at the end of the incudraperiod for commercial purposes.
Nesting birds in the area are accustomed to clodeegular presence of the farmers.
Hence, any extra disturbance caused by our vigslikely to have been minimal.
The area is covered by a mixture of salt marshsgsadominated by Creeping Bent
(Agrostis stoloniferpand Common Saltmarsh Gragai¢cinellia maritime Poa
maritima), with patches also lined exclusively with thewroalgae, Channelled Wrack

(Pelvetia canaliculatp
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Fig.6.2. Map of Iceland showing the study site oféhdgerdi i eItioto the
capital Reykjavik.

6.3.2 Study species

The Common EideiSomateria mollissimas a relatively large (50-71cm body length)
sea duck and is distributed over the northern sazfdilorth America, Europe and
eastern Siberia. Eiders nest on coastal islandslanies and their nests are lined with
the down plucked from the female's breast. Femateate their eggs for 24-26 days
(Cramp & Simmons, 1983) (and fast while doing saj eear their young without any
assistance from their mate. Males and femaleseaxgafly dimorphic, making both

easily identifiable in the field (Fig. 6.3).
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Fig.6.3. Male (l) and female (r) Common Eideducks.

6.3.3 Egg collections

The colony was searched for Eider nests earlydérséason (May*12007) and fresh
nests (with no eggs) were marked with numberedscawests were visited daily, with
fresh eggs individually labelled (using a non-toxiarker pen) in the order they were
laid (A-E) and weighed. Eggs were collected whendlutch was completed
(approximately 4 days after th& &gg was laid, with clutch size ranging from 2}o 5
and returned to the field station to be placedcenwithin 10 hours of collection. For
each nest, the vegetation surrounding the nestnveasured as the percentage of the
nest circumference covered by surrounding vegetatim/or rocks within a 0.5metre
radius of the nest cup and the average heighteo$tinrounding vegetation and/or rock.
A Principal Component Analysis including averag@heof plants and/or rocks and
percentage of the nest circumference surroundeddsy produced a first principal
component (PC1) that explained 86.6% of the vagaR€1 was used as a composite
measure of nest shelter and showed a tri-modallaitibn (D’Alba, 2007). Therefore,

nest shelter was classed as a categorical factbrthwiee levels:
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1. Exposed no vegetation or rocks surrounding the nest
2. Intermediate: 40% covered with vegetation (height <17cm)
3. Sheltered at least 80% of nest circumference surroundedeiggtation or rocks

(average height 20cm).

6.3.4 Radioimmunoassay

CORT was extracted from the gull egg yolks usimgeahanol extraction and measured
by radioimmunoassay using the protocols describ&ections 2.3.1 and 2.3.LORT
was measured in all samples in one assay. Extraeffiiency averaged 85 + 9.8%
(sd), the intra-assay coefficient of variation &880 and assay sensitivity averaged

0.27ng/ml.

6.3.5 Statistical Analysis

A linear mixed model (SPSS ver.15, SPSS Inc.,diinUSA) was used for the analysis
of yolk CORT concentrations according to shelt@etywith female identity included as
a random factor, shelter type as a fixed factoryatkl CORT (log transformed for
normality) as the dependent variable. Egg orderemgiweight were included as
covariates and where non-significant, were remdx@d the model. We ran a Linear
Regression to determine the relationship betwegmegights and yolk CORT,
controlling for egg order effects (D and E eggslayleter — se&ection 6.6 Fig. 6.8) by

including only the A, B and C eggs and assessiagritban CORT concentrations and
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mean egg weights from each female. We used anlitiear mixed model to investigate
whether egg weight differed according to sheltpetyor this, we included egg weight
as the dependent variable, female identity as @orarfactor and shelter type as the
fixed factor. Egg order was included as a covat(igiess) = 4.855, p = 0.033). Clutch

size was assessed using a Kruskal-Wallis test, aongpclutch sizes between shelter

types.

6.4RESULTS

We found no effect of shelter type (exposed, intsdiate or sheltered) on yolk CORT
concentrations (k45y= 1.686, p = 0.197) (Fig. 6.4). Egg order and wggyht were non
significant and removed from the model (Table 6Flgure 6.4 suggested that eggs
from intermediate nests might have higher CORT eantrations than those from the
other nest types. Hence, we ran separate modelgatorg intermediate eggs with
exposed (fr,35)= 2.958, p = 0.094) and sheltereg gby= 2.861, p = 0.105) eggs, but

both were non-significant.
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Fig.6.4. Mean yolk CORT concentrations (ng/ml) ersor for exposedn(= 24), intermediaten(
= 13) and shelteredh & 11) nest types.

Table 6.1. Summary of covariates tested in thednhdixed Model assessing the effect
of shelter on yolk CORT concentrations

Numerator Denominator
Source df df F Sig.
Egg order 1 44 0.005 0.943
Egg weight 1 44 0.768 0.386

Egg weights were found to significantly differ aodimg to shelter type (ks =
27.529, p < 0.001) (Fig. 6.5), with eggs in sheltenests significantly lighter than those
from exposed (fr33= 34.222, p < 0.001) or intermediatg;(fry= 51.919, p < 0.001)
nests. Egg weights did not differ between exposetlisermediate nest types(ks) =
1.849, p = 0.183). Clutch size was not found téedigignificantly between shelter types

(Fig. 6.6; H = 3.172df = 2,n = 13, p = 0.205).
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Fig.6.6. Mean clutch sizes * s.error for exposed ), intermediaten(= 3) and shelteredh &
3) nest types, where p = 0.205.

A Linear Regression analysis of mean yolk CORT eatrations and mean egg
weights for each female showed no significant dati@n between the terms (k1) =

0.798, p = 0.3937%r= 0.074) (Fig. 6.7).
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Fig.6.7. Mean yolk CORT concentrations (ng/ml) f@dtagainst mean egg weight (grams)
(means of the A, B and C eggs of each female), eviier 0.074.

6.5DISCUSSION

We have shown here that no difference exists ik @g@DRT concentrations according
to shelter type in eiders, suggesting that theme w#éher no particularly stressful
stimuli present during this study or, as seen sty (D’Alba, 2007), (maternal
plasma) CORT concentrations do not vary accordingest type, but rather
(negatively) correlate with mass loss during indidma An alternative explanation is

that females can suppress their stress responsg dine breeding season to minimise
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negative effects of elevated CORT on embryonic kgreent (but see Romero, 2002).
In addition, there would appear to be no relatignbletween egg weight and yolk
CORT concentrations. Once again this could be daekaof stressful stimuli that may

otherwise expose the differences between bettepaockr quality females.

We found clutch sizes did not differ according belger type, but eggs were
lighter in the sheltered habitats. It has previpliden shown that egg weight is
positively correlated with nest quality (Kim & Moglaan, 2008), and better breeders
(that typically choose the best nest sites) lagdaeggs (Bolton, 1991; Boltaet al.,

1992; Risch & Rohwer, 2000). In addition, it h&eb shown that female gulls in better
body condition lay both larger clutches and moreient rich eggs (Houstoet al,

1983). Eiders that lay larger clutches have alsmtstown to increase reproductive
effort (Hanssert al 2003), have higher breeding success (Erikstad&da 1995),
lower rate of duckling abandonment (Eriks&dal 1993) and higher breeding site
return rates and survival (Yoccetal 2002), therefore suggesting these are higher
quality females. It remains unclear if the femalesting in the most sheltered nests are
indeed lower quality breeders, as clutch size do¢slecrease with shelter, but egg
weight does. It could be that these heavier eggs kinply more albumen (water)
content, but not greater nutritional value (Meadltleteal., 1987). Therefore, the lighter
eggs may not necessarily be lower quality. If hosvethese eggs are from poorer

quality birds, why would the better breeders préferless sheltered nest sites?

The different trends for preferential nest type rbayattributed to changes in

predator abundance or weather conditions accotdiggar (D’Albaet al.- collections
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took place in 2005, compared to 2007 in this stahg the costs and benefits
associated with particular nest attributes. Fongla, tall vegetation provides
protection from inclement weather, but also makeéifficult for adults and chicks to
see predators approaching (Gotmetrlal,, 1995). Intermediate nests had the greater
mean egg weights, although not significantly higiemn those in the exposed sites. It
may be possible that nests with intermediate véigetaover can provide a suitable
compromise between complete exposure and complatealment under certain
environmental condition$:or example, improved weather conditions in a breggear
(less wind and milder temperatures) could allowdkss to utilise the more exposed
nest sites without the potential costs associaidda@mplete concealment in the most
sheltered sites. D’Albat al. (in press) found that artificial shelters did maprove
hatching success in exposed sites, suggestinghendigher reproductive performance
observed in ‘natural’ sheltered nests is mainledatned by quality of females nesting
at those sites rather than the quality of nestacklgbetter quality individuals may
occupy the more favourable nest sites, resultirgpositive relationship between nest
site quality and reproductive performance. Theefdris possible that the best quality
nest sites vary each year with the better quaditydies adapting their choice to suit the

conditions and maximise their reproductive success.
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6.6.APPENDIX
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Fig.6.8 Egg weights (grams) according to groupegader (see Section 6.3.5) — A, B & €<
46) vs. D & E (= 12). *: p = 0.046. Results obtained using a amdixed Model with female
identity included as a random factor.
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CHAPTER 7

CORTICOSTERONE & INNATE IMMUNITY
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7.1 ABSTRACT

Lysozyme forms part of an animal’s innate immursponse and is one of six major
anti-microbial proteins deposited in avian alburt@help protect the embryo from
bacterial infection, as embryos must develop imgéee conditions. Lysozyme
concentrations transmitted to a developing embrgg ke influenced by female state
(and possibly stress condition), especially if ¢hare costs involved in the production
and transmission of lysozyme to offspring, wheradées may reduce lysozyme
concentration when they are in poor condition cessted. On the other hand, certain
environmental conditions, for example high pathogersence, may favour increased
albumen lysozyme concentration. We examined ttaiogiship between concentrations
of the stress hormone (corticosterone/CORT) anokziygsie concentrations in the eggs
two closely-related species loéirid, herring and lesser black-backed gulls, whichdbree
in overlapping colonies. We found albumen CORTrt correlate with lysozyme
concentrations, suggesting that either the twauarelated, or that CORT needs to be
elevated (perhaps even chronically) in the matdstwaidstream to negatively impact on
lysozyme production. In addition, we investigatdaether alboumen CORT and
lysozyme concentrations varied between the spetitbe two different breeding
colonies from which we obtained samples. At onthefcolonies, we found albumen
CORT to be significantly higher in herring thanésser black-backed gull egg
albumen, while lysozyme concentrations were sigaiftly higher in lesser black-
backed gull eggs. We discuss these findings iniogldo the different potential

pressures present at the two sites.
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7.2INTRODUCTION

Innate immunity is a non-specific immunity thatnferred by all those elements with
which an individual is born and which are alwayssant and thus available to protect
the individual from challenges by foreign invadéBenjaminiet al, 2000). These
elements include biological (e.g. inflammation g@mégocytosis), chemical (e.g. pH,
enzymes and interferons), general (e.g. fever)adnysical (e.g. skin and mucous
membranes) ‘barriers’ against infection (Miller &akHey, 1994). Lysozyme forms part
of an animal’s innate immune response and is os&xahajor anti-microbial proteins
deposited in avian albumen to help protect the gmnfstom bacterial infection (Sibley,
1960, 1970; Board & Fuller, 1974, 1994). Laschts&iog(1909) was the first to identify
the lytic properties of chicken albumen on bactdria it was Alexander Fleming who
identified the substance involved and gave it tea ‘lysozyme’ (Fleming, 1922).
Although lysozymes from different animals vary Ineir structure and composition,
they exhibit the same biological function (Joll&#864). The role of lysozyme is to
catalyse the lysis of Gram-positive bacteria (and kesser extent some Gram-negative
bacteria — Burley & Vadehra, 1989; Baaal, 2005) by hydrolysing the peptidoglycan
(a polymer) of their cell walls (Rogers & Perkin$68). This lyses the cells as
peptidoglycan is used to provide structural strengtthe cell wall and counteracts the
osmotic pressure of the cytoplasm (Board & Full®74). Therefore, concentrations of
albumen lysozyme could be important in defendingjragj bacteria and helping
embryos to successfully reach the hatching stagerdoryos must develop in germ-free

conditions (Board & Fuller, 1974). Furthermore,dsvof innate agents, such as
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lysozymes, transmitted to a developing embryo nmeagebated to maternal state,
especially if there are costs involved in the pidun and transmission of lysozyme to
offspring (Saincet al, 2002, 2007). Females in poor condition or expeiiey stressful
circumstances may have difficulty in producing gmes due to reduced resource

availability, or preferential deployment of resoesdo other activities.

In addition to anti-bacterial proteins such as kygoe, mothers transfer other
substances into their eggs including nutrientspaitants and hormones, all important
to the development of their offspring (S8kapter 1 for details). As mentioned in
previous chapters, one such substance is the sives®ne, CORT, which female birds
transfer not only into the yolk of their eggs, bigo the albumen (Erikset al,, 2003;
Ruboliniet al, 2005; Sainet al, 2005; Downing & Bryden, 2008). Aloumen is laid
down in the 24 hours prior to laying (Warren & Sc@©35). Therefore, concentrations
of CORT in the albumen are likely to be a resulthe&f stress-condition of the female
within the 24 hours prior to laying (Downing & Brgd, 2008). On the other hand, yolk
is laid down over several days (Conrad & Scott,5)@d may reflect maternal
hormonal condition over this longer timeframe slknown that chronically elevated
levels of glucocorticoids in the blood (such as ApBan weaken the immune system,
thereby increasing the risk of infection and redgdadiesistance to parasites and
autoimmune diseases (Apanius, 1998). However, horeases in CORT
concentrations in the maternal blood system affestransfer of immune agents, and
CORT itself, into the eggs for the developing enalsrgre unclear. Although egg and
blood lysozyme differ in their production sitesthvblood lysozyme produced by

macrophages (Bandlow & Kihne, 1980) and thosedgrdeposition produced by

127



tubular gland cells in the oviduct (Palmiter & Guaim 1972), tubular glands still have a
blood supply and could be affected by CORT conegioins in the maternal blood
system. It is possible that, if the final 24 hobefore laying have been stressful to a
mother, the elevated CORT concentrations in hasddtyeam may negatively impact
on the production of lysozyme to be transferrethtoalbumen. If albumen CORT is a
true reflection of (and therefore correlated witgternal plasma CORT (Downing &
Bryden, 2008), we might predict that albumen CORMMoentrations would then be
negatively correlated with lysozyme concentratidhis of course also possible that the
alternative may occur, that is that the occurresfqgoor environmental circumstances
cause mothers to strategically elevate lysozymeeammnations in order to provide
additional protection to the developing embryopeesally if the poor environmental
circumstances might delay the onset of full incidrafas earlier-laid eggs are at greater
risk of infection because of the rapid growth otrobes on unincubated eggs (Cabk

al., 2005).

The main aim of this study was to examine the i@iahip between
concentrations of the stress hormone CORT and atrat®ns of lysozyme in the
albumen of eggs collected from two wild speciekanid, the lesser black-backed gull
and the herring gull. We were also interested wdretiere were any species differences
in CORT or lysozyme concentrations in the albuniégrring gulls in Scotland have
been declining for at least three decades in waldrdes, where as lesser black-back
numbers have been stable or even increasing (Mamad®79; Cremet al., 1997;

Raven & Coulson, 1997; Mitchedt al, 2004). We have already found no difference in

yolk CORT concentrations between the two specidspter 4), and would therefore
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expect this pattern to continue for albumen COR&véted lysozyme concentrations
have been shown to correlate with increased hajchincess and continue into early
life (Sainoet al, 2002). Given that the two species feed on sirpitay prior to

breeding, and breed in the same colonies, it ikelglthat exposure to pathogens
would differ between them. We therefore predicteat these two species would not
differ in their lysozyme concentrations in the atimn of their eggs. We also chose to
sample two populations to help identify if any ditnces were brought about because
of differences between colonies rather than dspeties differences and included egg
order to identify if this had any effect on thenséer of CORT and lysozyme to

albumen.

7.3MATERIALS & METHODS

7.3.1 Study sites, species & egg collections

Eggs were collected from two sites in the Firtlofth (Isle of May, 2006 and
Inchmickery, 2007). The Isle of May is situatedhe north of the outer Firth of Forth.
It is a designated National Nature Reserve andaisaged by SNH (se&gection 4.3.1
for full details). Inchmickery is a small islandwugated north of Edinburgh. The site is
designated as a Site of Special Scientific Intgf®SiSI) and is managed by the RSPB
(seeSection 5.3.1for full details). Details of the study species @so be found in
Section 4.3.2SeeSections4.3.3(Isle of May) and.3.2(Inchmickery) for details of

the egg collections. For this study, only firstlalutches were used from both sites.
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7.3.2Lysozyme assay

Unlike the RIA used to measure CORT in albumengti®no extraction procedure
required when using this lysozyme assay as the ptiogeins in albumen do not
interfere with the assay. Lysozyme concentratioasevmeasured directly from samples
of albumen by comparison with known amounts of tysne standard (L-6876, Sigma-
Aldrich, Dorset, UK). 10ul of standard lysozymeldan (10ug diluted in 1ml PBS
buffer — seappendix 7.6.1for buffer recipe) was added in triplicate to thist three
wells of a 96-well plate (655180, 96W, Flat Bottenth Lid, Sterile Cellstar® Tissue
Culture Plate, Greiner Bio-One, Stonehouse, Gldecgsire, UK). 10ul of serial
dilutions of the 10ug/ml lysozyme standard (5, 2.25, 0.6125, 0.3125, 0.15625 &
Opg/ml) were then added, in triplicate, to the neelis. 10ul of each sample were then
placed in remaining wells, in triplicate and thatpk gently shaken for one minute.
150l of a bacteria/agarose solution was then attatl 96 wells in each plate. In
order to make the bacteria/agarose solution, Qyagose powder (Lonza SeaKem LE
Agarose, Fisher Scientific, Loughborough, UK) wdded to 50ml PBS in a glass
bottle and autoclaved. In order to keep the agaroselution it must be kept at 50-60°C
in a water bath prior to bacteria addition. In atbdaology-grade fume hood, 25mg
driedMicrococcus lysodeikticugM3770, Sigma-Aldrich, Dorset, UK) was dissolved in
1.2ml PBS in a glass beaker. The agarose solutaatien cooled in the fume hood
(approx. 4 minutes) and added to Mdysodeikticus 50ml bacteria/agarose solution
prepared as above can be used for a maximum @it@spbefore it begins to solidify.

Following addition of the bacteria/agarose solufitates were kept in a Ghcubator
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(Heraeus HERAcell® 240 COncubator, Thermo Scientific, Waltham, Massachsset
USA) at 37°C, humidity 95% and with 5% @r 24 hours. Bacterial density was then
read using a photometric microplate reader (MudtisRscent Photometric microplate
Reader, Thermo Labsystems / Thermo Scientific, Néalt, Massachusetts, USA) at an
absorbance of 850nm and results recorded to 3 dépiaces (using Labsystems’
Ascent software vers.2.4.1). Lysozyme concentratinorthe unknown samples were
calculated using the universal assay calculatoeAZap (vers.2.69, Biosoft,
Cambridge, UK). Inter-assay variation averaged 7(28wassay plates), with an intra-
assay coefficient of variation of 7.4 + 1.1% ahd &ssay sensitivity averaged

1.51pg/ml.

7.3.3 CORT Radioimmunoassay

CORT was extracted from the gull egg albumen uaingethanol extraction and
measured by radioimmunoassay using the protocslsitted inSections 2.5.2 and
2.5.3 Extraction efficiency averaged 91 + 8% (SD). trdssay variation averaged
6.3% (2 assays), with an intra-assay coefficientaofation of 17 = 1.1% and the assay

sensitivity averaged 0.21ng/ml.

7.3.4 Statistical analysis

We ran two Linear Regressions to assess the eotéime relationship between albumen

CORT (log-transformed for normality) and lysozynmacentrations, one for each
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species $ection 7.4.). A linear mixed model was used to assess thetaffespecies

on albumen CORT concentratior&egtion 7.4.2, with female identity as a random
factor and species and site as fixed factors (diolyan interaction terms between the
two). We also included egg order as a fixed faatat an interaction between egg order
and species. This model was repeated substituytsagyme concentrations for aloumen
CORT concentrationsSgction 7.4.3. Egg volume were included as a covariate and

removed from the model where non-significant.

7.4RESULTS

7.4.1 Albumen CORT concentrations

We found a trend for alboumen CORT concentratiortzetbigher in the herring gulls
(F.109= 3.382, p = 0.069) and there was a significafetogf site, with concentrations
being lower in eggs from Inchmickery{fri0)= 6.374, p = 0.013). However, there was
no interaction between species and siteiflp= 0.435, p = 0.511; Fig. 7.1). There was
a trend for albumen CORT concentrations to decre@beegg order (k77y= 2.596, p

= 0.081), but no interaction between egg orderspsties (p,76)= 0.012, p = 0.989;
Fig. 7.2). Egg volume was significantly correlateith aloumen CORT concentrations
(F,1000= 12.138, p = 0.001; Fig. 7.3), with larger eggsihg lower CORT

concentrations.
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Fig.7.2. Mean albumen CORT concentrations (ng/nd)etror according to egg (laying) order
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7.4.2 Albumen lysozyme concentrations

For lysozyme concentrations, there was no effesttef(ky,131)= 0.083, p = 0.774), but
concentrations were significantly higher in theskrsblack-backed gulls @F26)=

4.358, p = 0.039). There was also an interactiawésen site and species{fz1)=

11.075, p = 0.001; Fig. 7.4), with concentratiamgesser black backed gulls being
higher than herring gulls only on the Isle of Maysozyme concentrations did not vary
according to egg order ghosy= 0.051, p = 0.95), nor was there any interadhetween

egg order and species{fos)= 0.169, p = 0.845; Fig. 7.5). Egg volume was not
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significantly correlated with lysozyme concentrasqRi,122)= 0.879, p = 0.35) and

was removed from the model.
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Fig.7.4. Mean lysozyme concentrations (ug/ml) frerefor lesser black-backed and herring
gulls according to site, where **: site*species; 0.001. Lesser black-backed gull: Isle of May
n = 30; Inchmickeryn = 57. Herring gull: Isle of Mayn = 29; Inchmickeryh = 33.
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Fig.7.5. Mean albumen lysozyme concentrations (Jgfra.error according to egg (laying)
order for the lesser black-backed= 31 nests) and herring € 24 nests) gulls.
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7.4.3 Relationship between albumen CORT and lysozyan

concentrations

Linear regressions showed no significant relatignsetween albumen CORT and
lysozyme concentrations for either the lesser blzatked (b s7y= 0.141, p = 0.7087r
= 0.002; Fig. 7.6) or herring (3= 0.0.37, p = 0.8482 0.0004; Fig. 7.7) gulls. The
coefficient of variation (CV) in CORT concentratsfor the lesser black-backed and
herring gulls were 61.7% and 47.8% respectivelyiledgsozyme CV for the lesser

black-backed and herring gulls were both 13%.
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Fig.7.6. Relationship between log alboumen CORT eatrations (ng/ml) and lysozyme
concentrations (ng/ml) in the lesser black-backat ghere f = 0.002.
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7.5DISCUSSION

The results of this study have shown that theres do¢ appear to be any relationship
between albumen CORT and lysozyme concentratidms.ay because the CORT
concentrations in the bloodstreams of the birdspéadnare not sufficiently elevated to
result in any major effects on their immune systéamsl subsequently the deposition of
lysozymes into the albumen). It is likely that a&cot chronic stress is needed to
sufficiently impact on the immune system to resulthanges in the concentrations of
lysozyme that females transfer into their eggs (@mtkr such acute / chronic stress
females may not even breed). It may be that lys@zigmot costly to produce

(Shawkeyet al, 2008) or is at least no more costly comparedheraalbumen
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components (Tristram, 1953). Therefore, lysozymmodgion would not be

significantly altered with female condition, or theare mechanisms in place for females
to control the levels they deposit in their egyiss hlso possible that other factors such
as the parasites present in the nest or nest @snisétve more influence on the

deposition of lysozymes into the alboumen than CORT.

Analysis of CORT concentrations in the two sited batween the two species
revealed that albumen CORT concentrations wererlowchmickery eggs compared
to Isle of May eggs. Preferably, this study wouddvénincluded data from more than just
two sites, but due to logistic reasons full clugkere only available from these two
sites. The Isle of May varies from Inchmickerylat it is visited during the breeding
season more frequently by researchers and toufFisesefore, it could be the effect of
increased human exposure which is increasing CQiRTemtrations in the albumen.
Although there may be a statistically significaiifedence between the sites, the
biological consequences, if any at all, are unclekevated CORT in the albumen has
previously been shown to have consequences fotaigwent, with eggs injected with
CORT into their albumen shown to have reduced Iagcuccess and produced
fledglings with smaller body size and slower plumdgeelopment than controls (Saino
et al, 2005). However, the concentrations we are dgalith are unlikely to be
sufficiently elevated to result in major phenotypl@anges as seen in the Saino study. In
the model analysing the effects of species/sitetgdgr on albumen CORT, we noted
that CORT concentrations decreased with egg voliligg.size can be an important
index of female quality as it reflects the amounyalk reserves available for

embryonic development and is associated with chickival (Bolton, 1991). This
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could provide evidence for a female quality effeetconcentrations of CORT deposited
into the egg. However, yolk CORT and albumen CORMfthese samples do not
correlate (sedppendix 7.6.2 Fig. 7.8), suggesting that other factors besiteaie
condition are playing a role in CORT transfer (aitbh differences in the activation of
the stress response over the course of yolk anoiredb production may play a role —
see below). Finally, we found a trend for CORT aarications to decrease with egg
order, possibly a means of counteracting the negyafifects of being the last-laid egg
(brought about by hatching asynchrony and being&jly smaller - Mock & Parker,
1997; Hillstrémet al, 2000). This could be the result of specific sdgs on different
days activating the stress response in femaleslégrihg CORT deposition or could be
a signal of reducing female condition with the lolieg season and energy expenditure
dedicated to egg laying. The same pattern waseawst & yolk CORT concentrations
from the same eggs (SAppendix 7.6.2 Figs.7.9 & 7.10), but this might be due to the
longer production time for yolk compared to album@eaning that any changes in
maternal condition over the laying period couldnesked by earlier, more stable

conditions.

As well as comparing albumen CORT concentratiota&éden species and sites,
we also compared lysoszyme concentrations. Lysozpneentrations were found to
be higher in the lesser-blacked gulls when comptrélde herring gulls. However, this
was driven by the lesser black-backs having higbacentrations only on the Isle of
May. It is unclear why this might be the case drttere is any biological significance.
It could be that females in better condition arke ab deposit more lysozyme into their

eggs with no effect on the other albumen compon@itttsough our only female

139



condition index, egg volume, did not correlate Wjtiozyme concentrations) and/or it
is an inherited trait that has developed to allbase lesser black-backs on the Isle of
May to be able to deposit higher concentrationygsiizyme, again without affecting
the other albumen components. If lysozyme is cogttould indicate that the other
birds are in poorer condition, although this doesappear to affect breeding success.
Our results for egg order effects also agree whittsé published by Shawkeyal
(2008), who showed that lysozyme concentrationsatosary according to egg order in
several species (mainly passerines). However, maiiShawkey'’s results contrast with
those of Sainet al. (2002), who reported that lysozyme concentratadeseased in
last-laid eggs in barn swallows, which they sugegkstas an effect of decreasing
female condition by the later stages of egg layillpen considering the reasons for
these differing results, however, it must be rememah that gulls and barn swallows
differ in their breeding behaviour as, while inctiba in both species does not start
until the penultimate egg is laid, gulls only lag&gs (compared to 2-7 in barn
swallows) and barn swallows typically lay more tlwar@ clutch per season (this only
happens when gulls lose their first clutch) (Crasnimmons, 1983; Sainet al.,

2002). This results in hatching asynchrony in thésgwhich is much smaller in the
barn swallows), meaning the last-laid chick hatdmaewhat smaller than its siblings
(as is typically a smaller egg in the gulls - ) aadh suffer reduced competitive ability
and poorer survival compared to their older, lagiblings (Mock & Parker, 1997;
Hillstrom et al, 2000). The gulls sampled in this experiment laatia maximum of 3
eggs and this was their first clutch of the bregdieason. As we did not measure if
there was any change in female body condition dusiir experiment, we cannot be

sure if female condition was stable across thentaypif the three eggs. If lysozyme
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production is costly, we may see decreases in {ygezxoncentrations when these birds
lay a second clutch. If it is not costly, why wodanales not deposit greater
concentrations of lysozyme in earlier laid eggedmpensate for time spent in the nest
unincubated (Cookt al, 2005)? As mentioned before, it may be that lystz
concentrations are limited because increasing ttmnd decrease the levels of proteins
and/or nutrients deposited in alboumen that arenéisséor optimal embryonic
development (Klasing, 1998; Shawketyal, 2008), possibly supported by the relatively
small variation and species similarities in lysoeyooncentrations (CV = 13% for both
species). Alternatively, differential depositionaofti-microbials within clutches may be
unnecessary, as birds can increase anti-microtii@ity through incubation (Board &

Fuller 1974).

7.6 APPENDIX

7.6.1 Buffer recipe

Dissolve 9.5g Disodium Phosphate {NBQ,) (S5136, Sigma-Aldrich, Dorset, UK)
in 1 litre of deionised water (A).

Dissolve 9.1g Potassium Dihyrdogen Phosphate,B() (P0662, Sigma-Aldrich,
Dorset, UK) in 1 litre of deionised water (B).

Mix 1 part A to 2 parts B (pH must not be lowerrt&a3).
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7.6.2 Yolk CORT
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Fig.7.8. Relationship between log albumen CORT eatrations (ng/ml) and yolk CORT
concentrations (grams), where 1 (blue) = lessmksbacked gulls (Fe1y= 0.994, p = 0.323?r
= 0.016) and 2 (green) = herring gullg,@,)= 0.903, p = 0.3467F 0.016).
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Fig.7.9. Mean yolk CORT concentrations (ng/ml) ersor for lesser black-backed gulls from
Inchmickery and the Isle of May according to egdeor

142



0.8+ F(2,24) =2.504; p= 0.103

€
g 0.6 _
E -m Inchmickery
8 -0~ Isle of May
é 0.4+
3 F(2,16) = 0751, p= 0.487
©
0.2 r r .
A B C
Egg Order

Fig.7.10. Mean yolk CORT concentrations (ng/ml).eror for herring gulls from Inchmickery
and the Isle of May according to egg order.
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CHAPTER 8

GENERAL DISCUSSION
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This chapter will briefly summarise the resultdlus thesis and I will discuss them in
the context of their broader ecological and evohary significance. | will address
some of the limitations of our findings and soméeptial studies that could follow on

and enhance this work.

8.1REVIEW OF FINDINGS

The main aim of this thesis was to investigatedtifiects of environmental conditions,
particularly unpredictable or potentially negatosges, and their effects on the maternal
transmission of the primary avian stress hormoosgicosterone, to an offspring. Birds
are an excellent model to test hypotheses abowrnateffects, as viviparous species
(which birds are exclusively) have embryos thatedi@y outwith a mother’s body. This
allows researchers to more easily quantify and pudaie environmental conditions (for
example, stressful stimuli) or parental qualityr @xample, incubation behaviour) on

embryonic development and in this study, hormomeentrations.

We found, using zebra finches in the lab, that adjtable food availability (a
potential stressor) experienced by mothers caratdexolk CORT concentrations, but
only when combined with the additional demand girlg a replacement clutch (likely
to be a cumulative effect of unpredictable enesppurces and the additional energy
expenditure with producing two clutche€h@pter 3). To further investigate whether
environmental conditions influenced the materrahsmission of information relating

to maternal habitat to the offspring, we lookeg@k CORT concentrations in two
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populations of gulls in which the population tragces differed depending on
environmental conditions (proposed to reflect défe levels of stressTChapter 4).

The results however did not support this hypothesighere were no between species
or between breeding site differences regardleg®piilation dynamics. This would
suggest that the different environmental circunstar(harsher for the herring gull)
experienced by these two species are not reflaéctdifferences in their eggs (at least in
terms of CORT). This could be the result of theselgging buffered from the maternal
GC environment or it may be that the difficult emvimental conditions are not
occurring during the breeding season. We also ifiiehthat experimental human
disturbance does not appear to elevate yolk CORCeardrations, although there was a
trend for concentrations to be higher following tbgs of the first clutch in the herring
gull (as seen in the zebra fincheOhapter 3) (Chapter 5). This could suggest
possible differences between the species in tHityaiol cope with negative
environmental conditions (in this case the losa ofutch). It also raises questions as to
how we define human ‘disturbance’ and the potemhigdituation of these animals to
human contact. I€hapter 6, we measured yolk CORT concentrations in Common
Eider eggs and looked for differences accordiniipéodegree of nest shelter. We found
no relationship between shelter and yolk CORT Jdinats that laid in more sheltered
sites had, on average, smaller eggs. This mayatellesser quality birds are nesting in
the sheltered sites and that yolk CORT is not &ftby maternal condition. Finally,

we looked at another mechanism through which in&tiom relating to the maternal
environmental condition could be transferred toghdryo. We investigated whether
there were any links between maternally derived umity and CORT by comparing

the anti-microbial lysozyme and albumen CORT cotregions Chapter 7). We found
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no correlation between CORT and lysozyme, sugggstiat CORT (at least under
‘basal’ stress conditions) may not affect lysozymneduction. Other factors such as
colony density and ‘cleanliness’ might be more imi@ot in determining the

concentrations of lysozyme deposited in the egg.

The general theme of our findings is that CORT emt@tions in eggs do not
appear to vary much with maternal environments. éi@wx, the extra investment
needed in producing replacement embryos withinoat s$itmeframe would appear to
have more influence on the maternal transmissidheprimary avian stress hormone.
So what does this tell us about the influence ahges in the maternal environment in

influencing the transmission of signals to the depiag offspring?

8.2. ADAPTATION OR BY-PRODUCT?

There is already considerable knowledge of thetpesand negative effects that stress
hormones can have on the development/fithess spiiffg, making it possible to
propose theories as to the adaptive and evolugaignificance of these maternally
derived signals (se€hapter 1). However, we lack evidence that proves whether
mothers can use these hormonal signals to commntanidfarmation about the external
environment to their developing embryos and diyeictluence the fitness of their
offspring. It has been shown in (female) guinea glgngas & Matthews, 2006), rats
(reviewed in Kapooet al, 2006), monkeys (Clarket al, 1994; Coeet al, 2003), pigs
(Haussmanet al, 2000) & quail (Hayward & Wingfield, 2004), thatenatal stress

increases various aspects of glucocorticoid (G&gtreity in offspring, a potential
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adaptive benefit (Hayward & Wingfield, 2004; Kap&bral,, 2006). The theory of
hormesis predicts that ‘exposure to a low doseatfeamical agent or environmental
factor induces an adaptive, beneficial effect andéll or organism, but can be
damaging at higher doses’ (Mattson, 2008). Theegf@rewarning’ your offspring
about an unpredictable environment could help peegreem through changes in their
development, including for example, reduced grofiftfood is in low supply) or
decreased stress sensitivity or risk-taking (éssors such as predators, or perceived
predators, are prevalent) (Batesral, 2004). This strategy has its risks though, as
high concentrations of GCs transferred to a dewegppmbryo could severely impair its
development, including negatively impacting on teag, memory and reproduction
(Sapolskyet al,, 2000). Furthermore, if environmental conditiaomgrove later in life,
offspring ‘prepared’ for a poor environment maydfithemselves at a disadvantage.
This has been shown in humans born with low birgigivts, who develop increased
risk of impaired glucose tolerance (Haétsal, 1991) and metabolic syndrome (a
combination of medical disorders that increaseitieof developing cardiovascular
disease and diabetes) later in life (Barkeal, 1993). The ‘thrifty phenotype’ concept
(Haleset al, 1992; Hales & Barker, 2001) hypothesises that garly life conditions
(in this case nutrition) induce changes in thecstme and function of organs and
endocrine systems that will ensure that the glusagpgply to the brain is maintained.
This ‘rationed investment’ can have positive eféeah survival through to reproductive
age, but result in a sub-optimal phenotype noeduibr survival later in life. Therefore,
it would be predicted that maternal GC concentretishould correlate with those
transferred to the offspring if a mother is tryieagcommunicate information about the

external environment to her offspring (if GCs ardged the coding signal).
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We found that negative/unpredictable conditionsdbsimply correlate with
changes in GC concentrations transferred to theldping embryo. In the study on
feeding conditions and stress in the zebra fil@apter 3), we found that yolk CORT
concentrations were similar across control andeexpentally-stressed’ eggs, while
their mothers’ plasma CORT concentrations showidral for being elevated under
the stress condition. The fact these measureméptasma CORT were taken 4 days
after the stress treatment had been removed seggelsisma concentrations would
have been higher during the laying period. Thennithe birds laid a second clutch and
were faced with the feeding-stress, elevated y@RCT concentrations were found. For
GCs to be used in an adaptive sense, we would peegect maternal and yolk
concentrations to correlate with those in eggs w8y, block these signals when
producing your first group of offspring, but alldhem to be passed onto your offspring
in the second group? This suggests that GCs ctilildesacting as adaptive signals
when conditions become sufficiently negative, stoasither necessitate that this
information is passed on or it is forcibly transmt. But how could this work

mechanistically?

It is possible that there is a threshold beforeemmatl GCs are transferred to the
embryo (‘the threshold theory’), in an attempt teyent short-term fluctuations in
environmental conditions influencing embryonic dnen possibly future development
and survival. Alternatively, females could activelyntrol the amount of GCs they
transfer to their developing offspring (‘the envirnental regulation theory’), so that

when conditions become difficult, they ‘choosepiass this information on to prepare
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their offspring for a ‘tricky’ environment. The pgible mechanisms involved for either
the ‘threshold’ or ‘environmental regulation’ thexs are unclear and need to be studied
further. One possible mechanism that could be irain both cases is CBG
(corticosteroid-binding globulin), which binds ammensports biologically active,
unconjugated corticosteroids in plasma, potentjagventing them crossing the blood /
follicle barrier until free (unbound) corticostedsiexceed CBG capacity (Breuner &
Orchinik, 2002). We already know from studies innnmaals, that use the placenta to
constantly interact with the developing embryot thare is an enzyme that regulates
GC transmission (in addition to CBG being presarthe blood and its possible role)
known as 11R-hydroxysteroid-dehydrogenase typd R-4SD2). Under normal / basal
conditions, 11R-HSD?2 is involved in regulating tx@osure of a low dose of GCs to
the foetus (Benediktssaat al,, 1997). However, chronic elevation of maternalsGC
(Ottenet al, 2004) or the suppression of 113-HSD2 (Setual., 2006) can result in
increased exposure of the foetal compartment etheaternal GCs. This method
would allow females to confer information about &mvironment into which their
offspring are born, but only when alterations ineglepment or offspring ‘expectations’
are needed or, more likely, unavoidable. It is gdeghat CBG and/or 11R3-HSD2 exist
(or similar compounds to them) in the likes of yakowing GCs passed from mother
to offspring to be limited in their capacity tofdife into the embryo during the early
stages of maturation. So, if maternal GCs do noésarily correlate with those
transferred to the offspring, can we use, for edammlk GC measurements to tell us

about the maternal stress state?
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8.3. MATERNALLY DERIVED STRESS HORMONES - AN
EFFICIENT MEASURE OF ENVIRONMENTAL STRESS?

In this thesis, we chose to sample yolks as theyige immediate nutrition of the
embryo and are high in lipids, thus provide a lkaépot for CORT accumulation.
Given that the egg also contains a large propodfaibumen, which is deposited into
the egg over a much shorter timeframe, we alscachkenised the concentrations of
CORT in the albumen. In doing so, we limited oursslto measuring CORT in simply
the embryonic environment. In the chapters follay@hapter 3, we focussed on
measuring CORT in the yolks of wild birds ratheairitcaptive-bred animals. As
discussed previously in this thesis, taking bloaehgles from wild birds, while not
altering their reproductive behaviour or disturbatber individuals in close proximity
(especially in colonial breeding animals), is difit. It is however difficult to confirm
the exact stressors present (and those that asengaaistress response) and the
interactions between these environmental factoesvdealing with wild and even
human populations, as researchers cannot conga@uirounding environment as would
be more feasible in a controlled, laboratory envinent (Monaghan, 2008). However,
laboratory experiments have the downside that pineyide less realistic measures of
the effects that environmental conditions earliifenhave on fithess and their correlates
(Monaghan, 2008). Although we will not have infotioa about the maternal stress
condition, we can still ask and attempt to answestjons relating to the effects
stressors can have on changing the embryonic emagat and the potential life-history

and evolutionary effects thereafter.
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Our results from the work on the gulSHapters 4 & 5 and the eiders
(Chapter 6) suggest that CORT concentrations in the yolkiafsomay not be strongly
influenced by the maternal environment. Interesyingimilar results have been shown
in another oviparous species from a separate takergreen anolédfiolis
carolinensi$. It has been shown in this species that yolk C@Rfeir eggs does not
vary according to laying order (as seen consiste¢htbughout this thesis), nor did a
stressor (in this case diet) impact on yolk CORfcemtrations (although it did on
testosterone) (Lovern & Adams, 2008). In the Low&rAdams study, as with our study
on human disturbances, it may simply be that thessors vary in their impact on the
activation of the HPA axis and the subsequent effieansmitted to the developing
offspring. Studies on humans have found that thel&Virade Centre attack had a
significant impact on foetal development (by redigagrowth) in mothers at or close to
the disaster (Berkowitat al, 2003), whereas a major earthquake only resuitad
early, but not premature, birth date (not seerr #fieterrorist attack) (Glynet al.,
2001). Significantly, it has been shown previoukigt increased maternal cortisol
concentrations are responsible (at least in partofver birth weights in humans (Seckl
& Meaney, 2004). These results add to increasimgeece that the activation of the
stress response and the transmission of this ifibomto the offspring can be

unpredictable and the effects not always as exgecte

Irrespective of experimental conditions, it wagresting to note the potential
for differences between species that could havéicatpns for broad generalisations
across taxa. We found, for example, that averaeG®ORT concentrations in the

Eiders were high compared to the gulls and fin¢fhesng/ml compared to an average
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of 0.5ng/ml), although there was some overlap acspgcies. In the gulls, a trend for
the herring gull yolks to have higher CORT in tHé @utches suggests there may be
differences in the stress responses between tleeespEurthermore, there is the
potential for differences between altricial andgm@al birds due to their differences in
their development, hatching and care needs (Moma@t®8) that could be influenced
by maternally derived hormones. Several studieg lsaown that the sexes can respond
differently to negative early life environmentalnclitions in birds (Nageet al, 1999;
Martins, 2004), including the stress response (lemet d., 2003; Spencer & Verhulst,
2007; Madisoret al, 2008; Wadat al, 2008), but differences in the stress response
between sexes have also been found in the likgainéa pigs (offspring - Lingas &
Matthews, 2006), rats (adults - Knuth & Etgen, 208fspring - Kapooet al, 2006),
humans (Kajantie & Phillips, 2006) and elasmobrasaiManireet al,2007).
Differences between viviparous and oviparous sgeaie another obvious area where,
despite the HPA axis being relatively similar mayjagically and/or functionally
across taxa in adult vertebrates (Carsia, 1990ri$Ndr997; Wingfield & Ramenofsky,
1999), the communication between embryo and matreesubstantially different. |
have already briefly discussed some of the mechemnibat are/may be in place to
regulate continual embryo/mother contact duringajes. Oviparous mothers (and
fathers) have their own tools for further influemgithe development of their embryos
after laying though, with changes in incubationdebur potentially altering
development. Concentrations of hormones in eggsgehaver embryonic development
(most work having focused on androgens so far -Nseara & Mendonca, 2008), with
some in chickens diffusing into the embryo as easly. days into incubation (when

blood circulation begins) (Romanoff, 1960). Othexsy be metabolised into other
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compounds (similar to the placenta 11R3-HSD2 enzwgelation) and when the HPA
axis begins to develop (the pituitary gland begigrilevelopment after approximately 1
day and the adrenal gland after 4-5 days in chek@sf & Fivizzani, 2002; Jenkins &
Porter, 2004), the embryo could begin synthesi€g (with notable increases by day
14 in chickens — Wise & Frye, 1973), in preparafimnhatching. Furthermore, the
ability to ‘detect’ GCs could be severely hampedbogdeceptor levels, which are known
to significantly increase with the increases in GCthe later stages of development
(Porteret al, 2007), but less is known about their activitghe earlier stages of
development. It would make sense to delay recefgeelopment until later in the
developmental sequence, so as to prevent high G€aotrations in the yolk or those
crossing the placenta to have major, detrimentatef on development. It also appears
that the ratio between the two main types of remmspGlucocorticoid Receptors (GR)
& Mineralocorticoid Receptors (MR), could be impant in regulating the effects of
pre- and post-natal stress (as well as throughoiridividual’s lifespan), as MR have a
higher affinity for GCs and can buffer an individlfram the damaging effects of
chronic GC concentrations. (Lei al, 2007). Over-activation of GR by consistently
high levels of circulating glucocorticoid can makeurones vulnerable to neurotoxins
(Reagan & McEwen, 1997; Sapolsky, 2000), disruptiagroendocrine control
mechanisms and impairing cognition and behaviorgd®minant MR activation, as
opposed to activation of MR and GR simultaneousdy, trigger distinct and even
opposite responses (de Klattal, 1999). Therefore, a higher MR:GR ratio could
provide greater protection against chronically ated concentrations of GCs. Finally,
the role that fathers could have on hormone trarsfe so far lacked investigation..

There is evidence in the literature that femalesrmanipulate investment in their
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offspring depending on the quality of their parswéheldon, 2000; Kolm, 2001; Saino
et al, 2001; Rutsteiet al, 2004), with changes in the activation of the emaal HPA
axis possible depending on the quality of careesugion and protection a mate may

give. Subsequently, alterations in maternal defwsdf GCs may also occur.

One issue that has recently become of interesiogetstudying GCs is the
potential for the secondary stress hormones (@wisol in those where CORT is the
primary hormone, and vice versa) to play an acie in early development. There is a
contradiction present, as although GCs have praf@fiects on embryonic
development, circulating levels are low neonatéghmidt & Soma, 2008). It has been
found that the thymus and bursa of Fabricius iclkdmns (a primary immune organ in
birds, with the functional equivalent in mammaligehe bone marrow (Coopet al,
1966; Abdou & Abdou, 1972)) have the potentialyoteesise cortisol from cholesterol
in areas outwith the adrenals (Lechaeal, 2001). This could allow the chicken
immune system to produce cortisol locally (rathemt coming from the adrenal gland
and through the bloodstream), meaning that contrenl be more important than
initially thought in the development and functioncertain tissues (Schmidt & Soma,
2008). Schmidt & Soma measured baseline CORT argaloconcentrations in the
plasma of developing zebra finches, as well abénrmmune organs (bursa of
Fabricius, thymus, spleen) and certain brain regiéthough CORT was the
predomiant GC measured in plasma, cortisol wagitb@éominant GC in the immune
tissues (and decreased with age, compared to CidRTntreased with age in plasma).
Cortisol concentrations were also higher in the immorgans compared to plasma. In

the brain, CORT and cortisol concentrations wemglar (and low), suggesting the

155



zebra finch brain does not have the ability to Bgaise these hormones. These results
indicate that local production of GCs in immuneatiss could allow GCs to regulate the
immune system (at least in part), while bufferiggiast high GC concentrations during
development (and the potential detrimental effe¢tsi sense, “stressed tissue in a
calm organism” (Breuner, 2008). This could haveoserimplications for research in
this field, with the role of stress hormones in tth&od being under- or over-

emphasised.

8.4 FUTURE STUDIES

It is clear from some of the discussion above tihete are fundamental gaps in our
knowledge regarding the roles of GCs accordingeiq age, taxa, stressors, previous
experience, receptors and their synthesis in siseidis. In addition, there are other areas

that could be of importance in understanding GGkthaair maternal transmission.

Firstly, it is still unclear if there is a direcrrelated relationship between
maternal GC concentrations in the blood and th@sesterred to the developing
offspring. Experimental studies using various stoes (predators, diet, isolation,
handling, temperature and sexual and same-sex c¢impeshould be used to assess
the basal and stress-induced plasma concentrationethers during the laying period,
and if using birds or reptiles, compare these taweatrations in yolk. As mentioned in
this thesis, this methodology does have the prolkthe effect of blood sampling
during the egg laying period. It may be necessactlimatise the experimental

animals to human contact and blood sampling targitéo minimise any effects.
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Alternatively, the use of blood-sucking bugs hdsrefd a novel, non-invasive blood
sampling technique (Arnolet al, 2008). Various degrees of stressors could aso b
used to test if the ‘threshold theory’ (s®ection 8.2 is indeed correct. This research
could be carried on to then study effects duringettgment by measuring various body
condition correlates to investigate patterns ofaghoand development. It may also be
possible to use whole embryo in situ hybridisatechniques (as brains may be too
small in many species) to investigate the effentsezeptor development and balance
throughout the different stages of embryonic dgmelent. CORT injections into yolk
could then also be used to examine the effecteewaldpment through the stages of
maturation. Using birds would also allow investagatto manipulate incubation
conditions to investigate how parents could alredopment by changing the

incubation strategy.

A recent pilot study as part of an undergraduabgept | ran in collaboration
with Dr Karen Spencer investigated the changesORT concentrations in different
layers of yolk. In birds, yolk is laid down in cadric layers over the period of
approximately 3-10 days (depending on the spe@iasy, 1973), but these layers
begin to break down once incubation is under wayweler, if these eggs are sampled
prior to incubation, there is the potential to itiignf GC concentrations vary in the
layers according to the daily GC concentrationthexmaternal plasma (Adkins-Regan
et al, 1995; Liparet al, 1999; Bowderet al, 2001). Varying GC concentrations in the
layers could have effects on development, for exantjigh concentrations in the
internal layers where the embryo is situated. Glot ptudy, although limited in sample

size, suggested that concentrations did not vgnjfgantly according to layer
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(internal, intermediate and external). If this $&aldwas to be repeated with a larger
sample size and perhaps experimentally controtiedsors on different days, it could
provide evidence of fluctuations in maternally ged GC concentrations directly
related to individual stressors and if females mmamipulate CORT concentrations
according to the layer formation. It could simplythat our birds did not receive
different stressors on the various days of yolldpation and hence we could not see
any differences according to layers. It should bed that the layers needed to be able
to detect sufficient GC concentrations may be toalkin many species, so large-egg
species would be advantageous. This could limitigeeof captive-bred animals for
such a study however. Turtles may provide an istarg model species, as their yolks
are laid down over much longer periods than bipgshaps as much as 10 months in
the painted turtleChrysemys pictaCongdon & Tinkle, 1982), giving investigators
more scope for identifying correlations betweenvittlial stressors and maternal GC
deposition. In addition, all follicles in a givetutch are yolked simultaneously
(Congdon & Tinkle, 1982), meaning each egg shoeléXxposed to the same maternal
hormone environment. Differences between eggs duunldat mothers selectively

altering the GC deposition into yolk.

In addition to (and possibly interacting with) COR3her hormones, nutrients
and immune agents could be used to transfer inflaomabout the maternal
environment to the embryo. @hapter 7, we examined the relationship between
CORT and lysozyme (an innate antimicrobial) con@ins. Although we found no
correlation, it may still be possible that actieatiof the HPA axis in females can

directly impact on the concentrations of immunerdgéransferred to offspring.
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Lysozyme is just one of many anti-microbial progeiransferred from mother to
embryo. For example, Avidin combines with biotisgential for cell/bacterial growth)
and Apoprotein with riboflavin (essential for ba&ioctions of the cell metabolism),
making both these compounds unavailable for usmibyobes (Board & Fuller, 1974;
Fassbindeet al, 2000). It may require all these anti-microbiedtgins to be analysed
along with aloumen CORT to decipher if there issied a relationship between innate
immunity and stress. Furthermore, this study preditentative evidence for a trend in
differences in albumen CORT over the laying order CORT is laid down in the
albumen over the last 24 hours before egg layilbginaen CORT measures could be
used to provide more accurate measures of thetefdémdividual stressors on
maternal transmission of CORT. Hence, albumen mayige a better source for
identifying the relationship between maternal GG@Gaamtrations and those transferred
to the egg/offspring, although yolk CORT is mokesly to influence the development
of the embryo. There could also be effects of stasthe transfer of antibodies to
developing offspring, but this could be much maféallt to study due to the effects of

previous exposure to disease (resulting in antipydguction in the mothers).
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