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ABSTRACT

Most organisms require energy for maintenance and functioning of the soma, and the main
metabolic pathway for generation of required biochemical energy is via aerobic metabolism.
Occasionally, animals do encounter situations that necessitate increased levels of energy
metabolism but availability of energy is often limited, leading to trade-offs. Some of the
common trade-offs, are known as the resource allocation between reproduction-related traits
and survival, current and future reproductive success, soma-maintenance and performance
traits, or even between maintenance traits. Any given energy allocation may also influence free
radical production, since an inevitable consequence of aerobic metabolism is the production of
reactive oxygen species (ROS). Antioxidants neutralize ROS but any imbalance in favor of
ROS may damage various biomolecules inducing oxidative stress. It is hypothesized that
oxidative stress is responsible for the progressive physiological decline of the organisms
leading to the aging process, and eventually death. Thus, oxidative stress may act as a
cornerstone factor of life-history strategies and has been widely studied in physiological
ecology research. In my research, | focused on how oxidative stress is linked to the aerobic
demands in birds, and its alteration. Our knowledge pertaining to the effects of energy
allocation in different traits on oxidative stress, such as the link between components of energy
budget (i.e. thermoregulation, reproductive effort) and somatic-maintenance traits (i.e.
antioxidant defense mechanisms) is rather limited and still requires further investigation.
Within the framework of my doctoral thesis, | conducted different experimental manipulations
that affect components of avian metabolism, and tried to understand the link between energy
metabolism and oxidative stress under energetically challenging conditions in two avian
species; great tits (Parus major) and zebra finches (Taeniopygia guttata). | hypothesized that
oxidative stress acts both as a cost and a constraint along the lifespan of the organisms,

representing a physiological mechanism mediating energy trade-offs between reproductive-



related traits and soma-maintenance. In the first study, | manipulated brood size in a free-living
species and compared energy expenditure at the level of daily activities and self-maintenance,
and costs at the level of oxidative stress. Females raising enlarged brood increased daily energy
expenditure compared to the females raising a natural brood size, but basal metabolic rate was
similar for both groups. Even though females tried to compensate the demands of the enlarged
broods through increasing energy expenditure for reproductive activities, their nestlings did
not develop as fast as nestlings in the control group, perhaps due to increased sibling
competition within the brood and energetic limitations of their mothers. Females with higher
energy expenditure had lower antioxidant capacity (negative relationship). This came at the
cost of higher oxidative stress (positive relationship), indicating that oxidative stress may act
as a cost during reproduction. In the second study, | tested heat dissipation limit hypothesis,
assuming that the ability to dissipate body heat produced during intensive workload may
constrain animals from sustaining performance at high levels. I manipulated the capacity to
dissipate heat in breeding zebra fiches through exposure to a cold (14 °C) or warm (25 °C)
ambient temperature and later via a feather-clip manipulation around the brood patch in
mothers, while | estimated oxidative stress before reproduction, during the peak and towards
the end of food-provisioning. Females with the experimentally enhanced possibility to dissipate
heat lost less body mass and raised heavier and larger offspring than the non-manipulated
females. This suggests that the ability to dissipate more heat allowed females to invest more
energy towards reproductive output without constraining self-maintenance, in line with the heat
dissipation limit hypothesis. Even though feather-clip manipulation and ambient temperature
had no effect on oxidative stress during reproduction, the antioxidant capacity decreased
significantly towards the end of reproduction. This outcome corroborates the hypothesis that
reproduction is costly in terms of oxidative stress. The present thesis provides evidence that

the capacity to heat dissipate indeed acts as a constraint during intensive workload, especially



under warm conditions, and oxidative stress may act as both cost and constraint during
reproductive activities. Reproductive effort may come with lower antioxidant capacity and this
may increase the risk of encountering oxidative stress. Thermal limitations can be expected to
impose even bigger and more strenuous challenges for organisms in general, and during
reproduction in particular, while oxidative stress avoidance during reproduction might be the

key to understand the allocation of resources to either current or future reproduction.

10



STRESZCZENIE

Wigkszo$¢ organizmow potrzebuje energii do utrzymania i funkcjonowania somy, a gldownym
szlakiem metabolicznym do wytworzenia potrzebnej energii biochemicznej jest metabolizm
tlenowy. Zwierzeta napotykaja sytuacje, ktore wymagaja zwickszonego zuzycia energil, ale
dostgpno$¢ energii jest czesto ograniczona, co prowadzi do kompromiséw ewolucyjnych.
Powszechnie znanymi kompromisami sa na przyklad alokacja zasobow miedzy cechami
zwigzanymi z reprodukcja a przezywalno$cia, obecnym i przysztym sukcesem
reprodukcyjnym, utrzymaniem somy i cechami wydolnosciowymi, a nawet miedzy réoznymi
cechami odpowiedzialnymi za utrzymanie somy. Kazda alokacja energii moze roéwniez
wptywac na produkcj¢ wolnych rodnikéw tlenowych, poniewaz nieunikniong konsekwencja
metabolizmu tlenowego jest produkcja reaktywnych form tlenu (RFT lub ROS od ang. reactive
oxygen species). Przeciwutleniacze neutralizujg RFT, ale zaburzenie réwnowagi w Kierunku
RFT moze prowadzi¢ do uszkodzenia bioczasteczek powodujac stres oksydacyjny.
Przypuszcza sig, ze stres oksydacyjny jest odpowiedzialny za postepujace obnizenie
fizjologicznej wydolnosci organizméw, prowadzac do procesu starzenia, a ostatecznie do
$mierci. Stres oksydacyjny moze dziata¢ wigc jako fundamentalny czynnik wptywajacy na
historie oraz strategie zyciowe i byt obszernie badany w ramach ekologii fizjologicznej. W
swoich badaniach skupitam si¢ na pytaniu w jaki sposob stres oksydacyjny jest zwigzany z
zapotrzebowaniem energii u ptakéw oraz czy ta zalezno$¢ moze zostaé zmieniona. Nasza
wiedza na temat wpltywu alokacji energii w roznych cechach na stres oksydacyjny, takich jak
zwigzek miedzy skladnikami budzetu energetycznego (tj. termoregulacja, wysitek
reprodukcyjny) a cechami somatyczno-konserwacyjnymi (tj. mechanizmami obrony
antyoksydacyjnej), jest dos¢ ograniczona i nadal wymaga dalszych badan. W ramach mojej
pracy doktorskiej przeprowadzitam rozne eksperymentalne manipulacje, ktore wptynety na

komponenty metabolizmu ptakow i probowalam zrozumie¢ zwigzek migdzy metabolizmem
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energetycznym a stresem oksydacyjnym w trudnych energetycznie warunkach u dwaoch
gatunkéw ptakéw; bogatka zwyczajna (Parus major) i zeberka australijska (Taeniopygia
guttata). Postawitam hipotezg, ze stres oksydacyjny dziala zaréwno jako koszt, jak i
ograniczenie w ciggu zycia organizmdéw, reprezentujagc mechanizm fizjologiczny
posredniczacy w kompromisach energetycznych miedzy cechami zwigzanymi z reprodukcja a
utrzymaniem somy. W pierwszym badaniu manipulowatam wielkoscig legu u gatunku
wolnozyjacego i pordéwnatam wydatek energetyczny na poziomie codziennych aktywnosci i
utrzymania wilasnego organizmu, oraz koszty na poziomie stresu oksydacyjnego. Samice
wychowujgce powickszone legi podniosty dobowy wydatek energetyczny w poréwnaniu z
samicami wychowujacych legi naturalnej wielkosci, natomiast podstawowe tempo
metabolizmu bylo podobne w obu grupach. Mimo, ze samice probowaly skompensowac
zwigkszone wydatki energetyczne powickszonych legdw poprzez zwickszenie wydatkow
energetycznych na czynno$ci reprodukcyjne, ich piskleta nie rozwijaly si¢ tak szybko jak
piskleta z grupy kontrolnej. Moze to by¢ zwigzane ze zwigkszong konkurencja mig¢dzy
rodzenstwem w gniezdzie i ograniczeniami energetycznymi ich matek. Samice o wyzszym
wydatku energetycznym miaty nizszg wydolno$¢ antyoksydacyjng (zaleznos¢ negatywna), co
byto powigzane z kosztem wyzszego stresu oksydacyjnego (zalezno$¢ pozytywna), i wskazuje,
ze stres oksydacyjny moze dziata¢ jako koszt podczas reprodukcji. W drugim badaniu
przetestowalem hipotezg limitu rozpraszania ciepta zakladajaca, ze zdolno$¢ rozpraszania
ciepta ciala wytwarzanego podczas intensywnego wysitku moze ogranicza¢ zwierzg¢ta do
utrzymania sprawnos$ci na wysokim poziomie. Manipulowatam zdolno$cig do rozpraszania
ciepta u hodowlach zeberek poprzez wystawienie je na dziatanie zima (14°C) lub ciepta (25°C),
a pozniej poprzez manipulacje strzyzeniem pior wokot taty legowej u matek. Oszacowatam
stres oksydacyjny przed rozrodem, w szczytowym okresie zaopatrzenia w pokarm pisklgtoraz

pod jego koniec. Samice o0 eksperymentalnie zwigkszonej mozliwo$ci rozpraszania ciepta
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tracily mniej masy ciata i wychowywatly ci¢zsze i wigksze potomstwo niz samice
niemanipulowane. Sugeruje to, ze zdolno$¢ do rozpraszania wigkszej ilosci ciepla pozwalata
samicom inwestowac wigcej energii w reprodukcje¢ bez ograniczania utrzymania wlasnej somy
zgodnie z hipoteza limitu rozpraszania ciepta. Mimo, ze manipulacja strzyzeniem pioOr i
temperatura otoczenia nie mialy wptywu na stres oksydacyjny podczas reprodukcji, zdolnos¢
antyoksydacyjna znacznie spadta pod koniec reprodukcji. Wynik ten potwierdza hipotezg, ze
reprodukcja jest kosztowna pod wzgledem stresu oksydacyjnego. Niniejsza rozprawa dostarcza
dowodow, ze zdolno$¢ do rozpraszania ciepta rzeczywiscie dziata jako ograniczenie podczas
intensywnego obcigzenia wysitkiem, zwtaszcza w cieptych warunkach, a stres oksydacyjny
moze dziala¢ zaréwno jako koszt, jak i ograniczenie podczas czynnosci reprodukcyjnych.
Wysitkowi rozrodczemu moze towarzyszy¢ nizsza zdolno$¢ antyoksydacyjna, co moze
zwicksza¢ ryzyko wystapienia stresu oksydacyjnego. Mozna oczekiwaé, ze ograniczenia
termiczne bedg stanowic jeszcze wicksze 1 bardziej ucigzliwe wyzwania dla organizméow w
ogole, a w szczegblnosci w okresie reprodukcji, podczas gdy unikanie stresu oksydacyjnego w
czasie reprodukcji moze by¢ kluczem do zrozumienia alokacji zasobow miedzy obecnym lub

przysztym rozmnazaniem sig.
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THESIS STRUCTURE

The dissertation is divided into three chapters. The first chapter (CHAPTER 1) provides a
general background and introduction to life-history trade-offs, energetic limitations and
strategies during reproduction, oxidative stress and finally the integration between energetic
parameters and oxidative stress during avian reproduction. The following chapter (CHAPTER
I1) includes the description of the two experiments, Experiment | and Experiment |1, that were
conducted for answering the research questions of the present thesis. The description of each
study features a brief summary, followed by a detailed description of the methodological
procedures, and is concluded with presentation of the results of the study. The final chapter
(CHAPTER I11) includes the discussion of the results of both experiments and the conclusion,

presenting in addition some of the perspectives that arise from this PhD work.
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ABBREVIATIONS

Basal metabolic

Represents the amount of energy that an organism requires for

maintaining basic process to self-maintain and it is typically

15

BMR . measured when an animal is resting, non-reproducing and post-
rate
absorptive under thermoneutral conditions. Units: Watt
(Joule/Second) or ml Oz/min
Represents the minimum amount of energy that an organism
SMR Resting requires for self-maintenance under resting although outside
metabolic rate  thermoneutral conditions. Units: Watt (Joule/Second) or
ml Oz2/min
) Represents the total amount of energy over a 24- hour period
Daily energy ] ]
DEE _ expended in performance, thermoregulation and regular
expenditure ) ]
processes of soma-maintenance. Units: Watt (Joule/Second)
Represents the maximum power output committed to activities
SUSMS Sustained other than maintenance needs, measured during sustained period
us
metabolic scope of workload, calculated as the ratio between daily energy
expenditure and basal metabolic rate (SusMS = DEE/BMR).
This is a technigue that uses stable isotopes of hydrogen and
DLW Doubly labelled oxygen in animals to trace the flow of water and carbon dioxide
water through the body over time, to estimate daily energy
expenditure.
A thermal comfort zone with a range of ambient temperatures in
Thermoneutral ) ) ) o
TNZ which endothermic organisms spend minimum energy for
zone
thermal homeostasis.
o Heat dissipation limit hypothesis poses that the capacity to
Heat dissipation ) o
HDL limit dissipate the excess of body heat during hard work may limit
imi
sustained energy use.
React Molecules derived from O that are very unstable and react very
eactive
ROS ) fast with anything in their surrounding environment, causing
0Xygen species o ) _
oxidative damage to biochemical structures and molecules.
Reactive ROM s include mostly hydroperoxides that are early
ROMs oxygen peroxidation products when ROS interact with many different
metabolites biological macromolecules.



A common test usually performed to measure reactive oxygen
d-ROMs d-ROMs test  metabolites (ROMs) in plasma that include mostly
hydroperoxides.

OXY OXY-adsorbent This test was performed to estimate total non-enzymatic

test antioxidant capacity in plasma.
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CHAPTER | General Introduction

“Since an organism is inseparable from its environment, any person who attempts to understand an
organism's distribution must keep in mind that the item being studied is neither a stuffed skin, a
pickled specimen, nor a dot on a map. It is not even the live organism held in the hand, caged in the
laboratory, or seen in the field. It is a complex interaction between a self-sustaining physicochemical

system and the environment.”

G. Bartholomew, 1958



1.1. Energetic boundaries and trade-offs during reproduction

Life-history theory attempts to explain how natural selection and other evolutionary forces
shape organisms in order to maximize their survival and reproduction in the presence of
environmental challenges (Stearns, 1992, 2000; Roff, 1993). The concept of life-history theory
is based on the notion that organisms have limited amount of resources to allocate and thus
often encounter trade-offs. One of the most studied and common trade-offs occurs during
reproduction, when parents are challenged to invest energy either towards current reproductive
outcome or somatic-maintenance and thus future reproduction or survival (Zera and Harshman,
2007; Santos and Nakagawa, 2012; Garland et al., 2022). Life-history trade-offs are often
assumed to have a physiological basis (Zera and Harshman, 2007; Monaghan et al., 2009).
Therefore, there is vast body of research and a continuous effort in the field of energetics for
understanding the link between energy management and life-history traits - integrating the

interfaces of ecology, evolutionary biology, biochemistry and physiology (Carey, 1996).

Energy is fundamental for all living organisms and life-history decisions are primarily
influenced by the energy supply and use (Weiner, 1992). However, energy is limited and
animals are not always able to maximize their energy expenditure for a sustained period, and
thus frequently encounter energetic boundaries (Drent and Daan, 1980; Peterson et al., 1990;
Hammond and Diamond, 1997; Piersma, 2011). For instance, birds along the annual cycle very
often face challenging conditions that require particularly high levels of energy expenditure
(such as reproduction, migration etc.). Because of the underlying constrains, during
energetically challenging conditions organisms the energy use may be traded-off between two
or more competing demands (Stearns, 1992; Roff, 1993). Such energy allocation between
individual traits is also often assumed to have negative consequences on other traits (i.e.
oxidative stress), and in this thesis | will investigate energy allocation and potentially

associated trade-offs and costs during avian reproduction.

18



During reproduction, birds use energy to establish a territory, find a mate, build a nest, lay and
incubate eggs, and finally to raise their offspring. Usually, the energetic costs of the breeding
adults are investigated by common measures of energy expenditure that include daily energy
expenditure (DEE), basal metabolic rate (BMR) or by experimentally manipulating parental
effort, i.e. enlarging the brood size (Bouwhuis et al., 2011; Santos and Nakagawa, 2012). While
DEE comprises the total amount of energy expended on behaviour, thermoregulation and
maintenance processes, BMR represents the minimum energetic costs of tissue and organ
maintenance (Ricklefs 1996 in Carey 1996; Bouwhuis, Sheldon, and Verhulst 2011). Offspring
rearing period requires increased physical activity, and individuals capable of sustaining higher
energy expenditure may lay larger clutches or raise offspring in better condition (Moreno et
al., 1997). If such a positive correlation exists between parental energy expenditure and
reproductive success, breeding adults may adjust different energy management strategies to
meet the energetic requirements of parental care (Daan et al., 1990a; Ellison, 2003; Portugal et
al., 2016). Since there is a considerable variation in BMR and DEE within and between
individuals, and both components represent energetic costs (Speakman et al., 2003; Welcker et
al., 2015) it has been suggested that BMR contributes to sustained levels of DEE (Vézina et
al., 2006). Generally, BMR represents around 30 to 40% of the total daily energy budget
(Speakman, 2000) and adults may work at levels four times that of BMR during offspring-
provisioning period (Drent and Daan, 1980). It is assumed that during such high energetic
demands organisms may allocate energy between the different reproductive activities (i.e.
feeding their nestlings) and the requirements for self-maintenance, but DEE may be constrained
from BMR adjustments for maximizing energy expenditure (Daan et al., 1990b; Ricklefs et al.,
2006; Vézina et al., 2006; Burton et al., 2011). The link between BMR and DEE and whether
DEE is constrained by BMR for maximizing energy expenditure (Daan et al., 1990b; Nilsson,

2002; Ricklefs et al., 2006; Vézina et al., 2006; Burton et al., 2011; Visser et al., 2019) or BMR
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is adjusted to requirements represented by DEE is still unclear (Ricklefs in Carey 1996). The
direction of such association can be either positive or negative and two hypotheses have been
promoted as energy management strategies that an animal may operate during intensive daily

workloads (Nilsson, 2002).

First hypothesis known as the “increased-intake hypothesis” implies a positive relationship
between DEE and BMR, meaning that high DEE requires high metabolic machinery
(Hammond and Diamond, 1997; Nilsson, 2002). For example, marsh tits (Puerile palustris)
increased both DEE and BMR when faced high workload, induced by a brood enlargement, to
meet the energetic needs during the chick rearing period (Nilsson, 2002). Second hypothesis,
the “compensation hypothesis”, suggests that maintaining a high BMR can be energetically
costly and thus, an animal with high BMR would have less surplus energy to use for other
energetic demanding activities such as food provisioning (Deerenberg et al., 1998; Nilsson,
2002). Since sustained energy expenditure is limited (Peterson et al., 1990; Hammond and
Diamond, 1997), a rather negative relationship should be observed between DEE and BMR
with animals keeping BMR at low levels increasing the available amount for daily activities
(“compensation hypothesis”: see Johnston et al. 2007; Burton et al. 2011; Welcker et al. 2015;
Visser et al. 2019). Even though the relationship between DEE and BMR has been previously
explored both in mammals and birds (Meerlo et al., 1997; Fyhn et al., 2001; Speakman et al.,
2003; Vézina et al., 2006; Careau et al., 2013; Welcker et al., 2015; Visser et al., 2019), the
direction of such causality is still unclear. At the end, one may suggest that both vary in parallel
and each energetic investment may entail costs or benefits to the organism and largely depend

on energetic limitations that the organism may encounter.

Energy limitations during sustained energy expenditure can be imposed by either external (e.g.
food availability; Speakman et al., 2003), or internal physiological and morphological factors

(Drent and Daan, 1980; Hammond and Diamond, 1997; West et al., 1999). As an external
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factor, the availability of food resources has been suggested to constrain performance since
energy expenditure needs to be refuelled. Although studies under ad libitum food availability
cannot always explain energy limitation (see meta-analysis Boutin, 1990) implying that rather
intrinsic physiological factors constrain sustained energy expenditure, several studies have also
shown that habitats with high food abundance may increase the rate of energy expenditure
(Speakman et al., 2003; Welcker et al., 2009; Jodice et al., 2006). Another hypothesis that was
later formulated and tested suggests that sustained energy expenditure is limited by the capacity
of the alimentary tract to process and digest the incoming energy, known as the “central
limitation hypothesis” (Drent and Daan, 1980; Weiner, 1992; Koteja, 1996; Thurber et al.,
2019). For instance, hummingbirds spent most of the time perching despite their high energetic
requirements, perhaps waiting for the digestion process and only after emptying their crop they
could maximize energy, indicating that the capacity to digest may act as an energetic constrain
(Diamond et al., 1986). “Metabolic theory of ecology” suggests that the rate at which the
circulatory system can deliver nutrients to organs and tissues limits energy (West et al., 1999).
On the other hand, “peripheral limitation” hypothesis posits that the efficiency of the organs
themselves may constrain maximum and sustained work rate, such as the skeletal muscles to
produce physical work, or the mammary glands to produce milk (Hammond and Diamond,
1997). Lastly, heat dissipation limit (HDL) hypothesis proposes that the individual’s capacity
to dissipate the excess of body heat generated during hard work may actually limit the use of

energy (Speakman and Krol, 2010).

A number of empirical studies in mammals indicate that the problem to dissipate heat may
indeed constrain individuals to perform at high and sustained levels of energy expenditure.
First observations of cold exposure, thus higher heat loss rate from the body, revealed that
when mice (outbred MF1, Mus musculus) were exposed to ambient temperature of 8 °C during

lactation (most energetic demanding phase), produced more milk and raised heavier offspring
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compared to mice that were exposed to a higher ambient temperature of 21 °C (Johnson and
Speakman, 2001; Krdl et al., 2007). In birds, even though the heat production is not directly
associated with intrinsic processes such as in lactating mammals, nestling-rearing requires an
intensive physical workload for food provisioning. Zebra finches (Taenopygia guttata) raised
offspring bigger in structural size and heavier in mass (when 28 days old) when exposed to
14 °C than the zebra finches exposed to 30 °C (Andrew et al., 2017). Further studies support
HDL by manipulating and enhancing heat dissipation via fur removal in mammals (Krol et al.,
2007), or feather-clipping in birds (Nord and Nilsson, 2019; Tapper et al., 2020b). Increased
ability to dissipate heat via a feather-clip manipulation in female blue tits (Cyanistes caeruleus)
seemed to have relaxed limitations compared to un-manipulated control birds (Nord and
Nilsson, 2019); feather-clipped females could minimize body mass loss compared to controls
and also raised heavier nestlings (Nord and Nilsson, 2019). Feather-clipped tree swallows
(Tachycineta bicolor) raised nestlings with higher body mass and maintained higher workload
and lower day-time body temperature than the control ones (Tapper et al., 2020b, 2020a).
Those effects of ambient temperature and treatment with increased heat loss rate in both
mammals and birds support the idea of HDL in endotherms (although see for humans Thurber
etal., 2019 and Rogowitz, 1998; Yang et al., 2013), resulting in high reproductive performance
and output. So far, evidence supporting HDL hypothesis in birds exists only under field
conditions while experimentally testing HDL under laboratory studies in birds are yet to be

implemented.

1.2. Oxidative stress

Resource allocation between different components during reproduction may also impact other
traits and have negative consequences (Zera and Harshman, 2007; Monaghan et al., 2009). For

example, oxidative stress is considered to act as a physiological cost or even constraint during
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life-history trade-offs (Monaghan et al., 2009). Increasing investment towards reproductive
output may also carry costs causing somatic damage (Harshman and Zera, 2007) eventually
affecting survival and future reproduction. Oxidative stress may result from an imbalance
between reactive oxygen species and the antioxidants (Figure 1; Jones 2006; Sies 1997).
Regular processes of aerobic metabolism generate a variety of reactive oxygen species (ROS)
oxygen-derived (0,), such as superoxide anion (03), hydrogen peroxide (H,0,) and hydrogen
radicals (OH") (Frisard and Ravussin, 2006). Due to their unpaired electron, those molecules
are very unstable and react very fast with practically any other chemical species in their
surroundings, causing oxidative damage to biochemical structures and molecules, such as
lipids, proteins and nucleic acids (Beckman and Ames, 1998). However, organisms under
normal conditions employ different ways to maintain oxidative balance (Figure 1). The first
line of protection tries to minimize ROS production within cells, either through membrane
composition or uncoupling of oxygen consumption and ATP production (Monaghan et al.,
2009; Alan and McWilliams, 2013). Antioxidant defence system comes as a second line of
protection with antioxidant enzymes or metal-binding proteins to counteract ROS, and plays a
significant role in protection against oxidative stress (Ji, 1999; Jones, 2006; Monaghan et al.,
2009). Antioxidants may occur in enzymatic and non-enzymatic form in the intracellular and
extracellular environment (Nimse and Pal, 2015). A number of antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPX) together with
other metal binding ions (i.e. manganese, iron, zinc and copper) are responsible for converting
free oxygen radicals into hydrogen peroxide and ultimately to water. Non-enzymatic
antioxidants such as glutathione, vitamin E, vitamin C, carotenoids, uric acid that are naturally
endogenously synthesized or obtained through diet are binding with ROS terminating further
chain reaction. A final line of defence takes place if some oxidative damage will still occur

despite the above mentioned antioxidant defences by removing or repairing damaged
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biomolecules (Monaghan et al., 2009). When organisms are exposed to situations and elements
that influence metabolic processes, like induced physical activity or changes in the ambient
temperature, ROS production increases, and maintaining an oxidative balance can be a

challenge.

A) STEADY-STATE - OXIDATIVE BALANCE

ROS Antioxidants

A

B) ROS INCREASE — OXIDATIVE IMBALANCE

Antioxidants

ROS

Figure 1. A schematic illustration during A) normal physiological conditions, where oxidative
balance is maintained between ROS and antioxidants and B) oxidative imbalance when ROS
production exceeds the antioxidant capacity for a certain time (adjusted from Monaghan et al.,
2009).

1.3. Oxidative stress during avian reproduction

Oxidative stress during reproduction may represent a) a physiological cost (“oxidative cost
hypothesis™), b) a constrain (“oxidative constrain hypothesis”), or ¢) a shielding (“oxidative
shielding hypothesis”) (Viblanc et al., 2018; Meniri et al., 2022). Since reproduction is often
energetically demanding with increased physical activity for offspring-provisioning it may
enhance ROS production (Monaghan et al., 2009). Several studies have attempted to explore
the effects of increased energy metabolism and different measurements of oxidative status

during reproduction in both mammals and birds (see reviews Stier et al., 2012; Metcalfe and
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Monaghan, 2013) but here, I mainly discuss and focus on existing studies in birds (see Table

1),

Initial studies showed that higher reproductive effort via a brood enlargement comes with lower
antioxidant capacity (Alonso-Alvarez et al., 2004; Wiersma et al., 2004). In line with this
pattern, Seychelles warblers (Acrocephalus sechellensis) and female barn swallows (Hirundo
rustica) exhibited lower antioxidant capacity during food provisioning period compared to
early reproduction stage (van de Crommenacker et al., 2012; Costantini et al., 2014c). Rearing
offspring is demanding in terms of energy and time, and breeding adults may not be able to
invest enough for self-maintenance, i.e. by self-feeding and hence increasing antioxidant
capacity through exogenous antioxidants. Such decline in antioxidants may reflect the need to
protect from oxidative damage during high workloads (Costantini, 2011). Contrary to these
findings, nestling visiting rate, a proxy of energy expenditure, was positively related to
antioxidant enzymes (Casagrande and Hau, 2018). Increased energy expenditure may not
necessarily lead to a uniform pattern of the antioxidant defence mechanisms indicating that
different strategies may be employed to cope with ROS produced due to high energetic

requirements of reproduction.

Current knowledge on the relationship between reproduction and oxidative stress in birds is
rather complex as evident in Table 1, which lists different studies regarding the link between
reproduction and oxidative stress. Oxidative stress is usually documented through
measurements of common markers of oxidative stress either in plasma or in erythrocytes such
as oxidative damage at the early phase of oxidative cascade (d-ROMs) or total non-enzymatic
antioxidant capacity (OXY) in plasma, resistance of red blood cell membranes to an oxidative
burst (KRL test), and less frequently enzymatic antioxidants or uric acid in plasma. These
biomarkers are usually estimated during early reproduction (i.e. incubation phase) or during

the peak of food provisioning period (19 out of 34 studies presented in Table 1) as the most
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energetically demanding period, while repeated measurements within-individual before and
along the reproduction is less frequent (4 out 34 cases; see Table 1). Indeed, a repeated with-
individual approach could actually disentangle the role of oxidative stress (constrain, cost or
shielding) during the biology of reproduction (Stier et al., 2012), although it is hardly measured
under field conditions due to technical obstacles. As observed in Table 1, most studies are
based on the manipulation of reproductive status, breeding versus non-breeding animals, or
reproductive effort by comparing brood size manipulation groups, enlarged versus control
broods. For instance, higher oxidative damage was not detected in breeding individuals
compared to non-breeding individuals (Costantini et al., 2014b) contrary to the expected
positive link between metabolism and free radical production. However, when oxidative stress
is measured and tested in relationship to the given breeding status or the brood size (number of
offspring), the energy expenditure is hardly measured at the level of daily performance or/and
at the level of self-maintenance. For instance only one study measured daily energy expenditure
under a brood size manipulation and the antioxidant capacity (Wiersma et al., 2004). While
other studies estimated (3 out 34) feeding rate which is often assumed as a proxy of energy
expenditure during reproduction (Costantini et al., 2014a; Cram et al., 2015; Casagrande and
Hau, 2018), those measurements do not reflect energy expenditure at the level of self-
maintenance (Vaanholt et al., 2008; Bury et al., 2018). Given the fact that any changes in ROS
production or responses of the antioxidant mechanisms are highly triggered by the aerobic
metabolism per se, many of the contradictions of these studies could be resolved by providing
a comprehensive information of the oxidative status in conjunction with energy metabolism for

self-maintenance and daily costly activities.

In order to gain a better understanding of the interplay among reproductive activities, oxidative
stress and reproductive output, | conducted two studies; one under field conditions measuring

several energetic parameters and markers of oxidative stress during the peak of food
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provisioning period and one under laboratory conditions measuring oxidative stress several

times on different stage of reproduction.
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Table 1. A summary of existing studies in birds regarding the link between reproduction and oxidative stress (OS) biomarkers. The table indicates
a) the species name of the study, b) the design of the experiment whether it took place under field or laboratory conditions, ¢) manipulation of the
study that influence reproductive effort, d) the marker of oxidative stress categorized separately, e) the blood sampling period; before reproduction,
early phase during incubation or during peak provisioning period, f) the tissue sampled for the oxidative stress biomarker, g) the sex of the
individual (F: Female, M: Male), h) the reproductive trait that was measured and tested in relationship with the given OS biomarker and i) the
relationship between reproductive trait and the OS biomarker (if the study reports results different for each sex, the relationship is shown for both

sexes separated by a slash /).

- . Manipulation 0s - . Sample Energetic  Reproductive - .

Species Experiment of the study biomarker Sampling period type Sex Parameter trait Relationship Reference
Common starling . I B . (Costantini et
(Sturnus vulgaris) field none d-ROMs early plasma F brood size + al., 2010)
Great tit (Parus . ) B . (Costantini et
major) field none d-ROMs early plasma F brood size 0 al., 2010)
Seychelles warbler malaria (van de
(Acrocephalus field infection d-ROMs  before/early/during plasma FIM = status + Crommenacker
sechellensis) etal., 2012)
Adelie penguins . s ) . _ (Beaulieu et
(Pygoscelis adeliae) field handicap d-ROMs during plasma FIM effort 0/0 al., 2011)
Canary (Serinus . i . _ _ (Costantini et
canaria) laboratory brood size d-ROMs during plasma FIM status al., 2014b)
Canary (Serinus . : _ laying date, _ (Costantini et
canaria) laboratory OS induced d-ROMs early plasma F clutch size al., 2016)
Collared flycatcher . _ . (Marko et al.,
(Ficedula albicollis) field none d-ROMs early plasma F clutch size 0 2011)
European kestrel . . . . _ (Casagrande et
(Falco tinnunculus) field/captive none d-ROMs early/during plasma FIM status 0/+ al., 2011)

. . (Casagrande
Grgat OF o field handicap d-ROMs early/during plasma M UL/ effort 0 and Hau,
major) rate 2018)
Barn swallow . . - feeding (Costantini et
(Hirundo rustica) field brood size d-ROMs early/during plasma FIM rate effort 0 al., 2014a)
Zebra finch brood size, 10 . _ (Sudyka et al.,
(Taeniopygia guttata) laboratory oC d-ROMs before/during plasma FIM effort 0 2016)
Common starling . _ : _ (Costantini et
(Sturnus vulgaris) field none (0).4% early plasma F brood size al., 2010)
Great tit (Parus : _ ] _ (Costantini et
major) field none OXY early plasma F brood size al., 2010)
Seychelles warbler malaria (van de
(Acrocephalus field infection OXY before/early/during plasma FIM - status - Crommenacker

sechellensis)

et al., 2012)




Species

Adelie penguins
(Pygoscelis adeliae)
Collared flycatcher
(Ficedula albicollis)
European kestrel
(Falco tinnunculus)

Great tit (Parus
major)

Barn swallow
(Hirundo rustica)
Zebra finch
(Taeniopygia guttata)
Florida scrub jay
(Aphelocoma
coerulescens)

Canary (Serinus
canaria)

Zebra finch
(Taeniopygia guttata)

Great tit (Parus
major)

Great tit (Parus
major)

Zebra finch
(Taeniopygia guttata)

Alpine swift (Apus
melba)

Alpine swift (Apus
melba)

Adelie penguins
(Pygoscelis adeliae)
White-browed
sparrow weaver
(Plocepasser mahali)
Zebra finch
(Taeniopygia guttata)

Experiment
field
field

field/captive

field

field

laboratory

field

laboratory

laboratory

field

field

laboratory

field
field

field

field

laboratory

Manipulation
of the study

handicap”
none

none
handicap

brood size

brood size, 10
°C

none

brood size

carotenoid
supplementation

brood size

brood size,
malaria
infection

brood size

cross-foster
cross-foster

handicap®
clutch removal

brood size

oS
biomarker

OXY
OoXY

OXY
OXY

OXY
OXY

protein
carbonyl

protein
carbonyl

resistance
resistance

resistance

resistance

resistance
resistance

uric acid

uric acid

antioxidant
enzymes

Sampling period
during
early

early/during

early/during

early/during

before/during

before/after

during

before/after

during

during

during

early
early

during

early/during

during

Sample
type
plasma

plasma

plasma

plasma

plasma

plasma

plasma

plasma

erythrocyte

erythrocyte

erythrocyte

erythrocyte

erythrocyte
erythrocyte

plasma

erythrocyte

pectoral
muscle

Sex

F/M

F/IM

F/IM

F/IM

F/IM

F/IM

FIM

F/IM

FIM

FIM

FIM

FIM

FIM

FIM

Energetic
Parameter

feeding
rate

feeding
rate

feeding
rate

DEE

Reproductive

trait
effort

clutch size

status

effort

effort

effort

effort

status

status,
number of

€ggs
effort

effort

effort

hatchling
success

clutch size

effort

effort

effort

Relationship

+/+

0

+/0

-/0

0/+

+/0
+/0

0/0

Reference

(Beaulieu et
al., 2011)
(Marko et al.,
2011)
(Casagrande et
al., 2011)
(Casagrande
and Hau,
2018)
(Costantini et
al., 2014a)
(Sudyka et al.,
2016)
(Heiss and
Schoech,
2012)
(Costantini et
al., 2014b)

(Bertrand et
al., 2006)

(Losdat et al.,
2011)

(Christe et al.,
2012)

(Alonso-
Alvarez et al.,
2004)
(Bize et al.,
2008)
(Bize et al.,
2008)
(Beaulieu et
al., 2011)

(Cramet al.,
2015)

(Wiersma et
al., 2004)




. . Manipulation (O} . . Sample Energetic  Reproductive
Species Experiment of the study biomarker Sampling period type Sex Parameter trait Reference
(SOD,
GPx)
. . (Casagrande
Grgat tit (Parus field handicap GPx early/during erythrocyte M feeding effort and Hau,
major) rate
2018)
hatching
7 success, -
Canar_y (e laboratory OS induced GSH early erythrocyte F = fledging (CEsE &
canaria) al., 2016)
success,
brood size
White-browed feedin (Cram et al
sparrow weaver field clutch removal MDA early/during plasma FIM g effort N
. rate 2015)
(Plocepasser mahali)
White-browed i
sparrow weaver field clutch removal SOD early/during erythrocyte FIM ezl effort (Cram sl
. rate 2015)
(Plocepasser mahali)
White-browed
sparrow weaver . clutch . feeding (Cramet al.,
(Plocepasser field removal TAC early/during erythrocyte F/IM rate effort 2015)
mahali)

* the study refers to a handicap manipulation due to the attachment of a device to increase locomotion costs but it does not necessary affect reproductive effort
** The effect only is observed for the malaria infected individuals



1.4. Aim of the thesis

Even though intensively studied, the effect of reproduction on oxidative stress remains
unresolved. My thesis aims at understanding how oxidative stress is linked to the aerobic
demands of avian reproduction under energetic challenging conditions. | manipulated
reproductive effort either by enlarging brood size (Experiment 1) or by enhancing the ability
to dissipate heat (Experiment Il) and measured several energetic parameters during
reproduction to estimate the resource allocation between different reproductive and fitness
related traits under experimentally increased workload and the relative costs in terms of

oxidative stress.

As a first step (Experiment I), | conducted a field experiment on great tits (Parus major), a
hole-nesting passerine which is commonly used as an avian model species in ecology (Gosler,
1993), during nestling-rearing period. For Experiment I, | sought to investigate how much
basal metabolic rate contributes to daily energy expenditure during sustained workload, by
experimentally enhancing workload via a brood enlargement. To identify the costs of
reproduction in oxidative stress, | measured several oxidative stress biomarkers in plasma:
oxidative damage at the early phase of oxidative cascade (d-ROMs), total non-enzymatic
antioxidant capacity (OXY), uric acid (a potent antioxidant in birds), and | estimated oxidative
stress index (d-ROMs/OXY x 1000). | analysed the differences in energy expenditure,
oxidative damage, antioxidant capacity and reproductive output between females raising
enlarged broods and control broods. Final aim was to investigate the relationship between the

different energetic components and oxidative stress for the same individuals.

As for Experiment Il, | aimed at testing heat dissipation limit (HDL) hypothesis in zebra

finches (Taeniopygia guttata) by experimentally enhancing the ability to release heat either
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through exposure to a cold or warm ambient temperature or via manipulation of feather
insulation and investigated the effects on oxidative stress. | measured several components of
energy expenditure (i.e. food intake, body mass) and reproductive traits (i.e. egg mass, clutch
size, hatchlings etc.) along the reproduction to quantify reproductive effort and output. |
estimated oxidative status of the females a) before (“constrain hypothesis™), b) during and c)
towards the end of reproduction (“cost hypothesis™) through measuring different biomarkers in
plasma: d-ROMs, OXY, uric acid and finally oxidative stress index (d-ROMs/OXY x 1000). I
compared reproductive effort (i.e. food intake), self-maintenance (body mass) and oxidative
status between the mothers with the possibility to loose heat and un-manipulated control

mothers and their reproductive output (i.e. egg production, nestling development etc.).

1.5. Study systems and traits of interest

For Experiment I, | studied the great tit (Parus major) species, a hole-nesting passerine and
very common study system in ecology (Gosler, 1993). Great tits can be found over a broad
geographical range from Europe to Asia and some northern parts of Africa (Gosler, 1993).
They breed commonly in nest boxes and are tolerant to frequent human presence (and handling)
during breeding period. Therefore, | selected great tit species, a species easy to catch, handle
and to take various measurements to quantify physiological mechanisms during reproduction

under natural conditions.

Generally, the egg-laying phase in the Western Palearctic region starts in the middle of April
and the clutch size in great tit species ranges from 7 to 11 eggs (Pettifor et al., 2001). |
conducted a brood size manipulation to experimentally increase reproductive effort, as it is
commonly performed in great tits (Sanz and Tinbergen, 1999; Tinbergen and Verhulst, 2000;
Horak, 2003; Wiersma and Tinbergen, 2003; Wegmann et al., 2015), one day after egg-

hatching. The peak of food provisioning is considered as sustained workload period when
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nestlings reach 9 to 11 days old, since adults have been working hard for an extended time
(Drent and Daan, 1980). Using doubly-labelled water (DLW) method, | estimated daily energy
expenditure (DEE) to quantify energy expenditure over a 24-hour period as a measure of
sustained metabolic rate, during the peak of food provisioning in great tit females. | also
estimated energetic costs of self-maintenance during resting and under thermoneutral
conditions, basal metabolic rate (BMR). Both DEE and BMR allowed me to estimate sustained
metabolic scope (SusMS = DEE/BMR), which typically represents the amount of energy
budget committed to activities other than maintenance needs (Portner et al., 2017; Buttemer et
al., 2019). Only few data exist in the avian literature on such a set of energetic parameters
(Fyhn et al., 2001; Nilsson, 2002; Wiersma and Tinbergen, 2003; Tieleman et al., 2008) and
the link of those to oxidative stress of the same individuals during reproduction is yet to be

explored.

I chose the zebra finch species (Taeniopygia guttata), as the model system for the Experiment
I1. The zebra finch is a common bird model used in many studies investigating physiological
parameters including those during temperature regulation and water metabolism (Calder, 1964;
Rutkowska et al., 2016; Briga and Verhulst, 2017), energetics (Moe et al. 2009; Deerenberg
and Overkamp 1999) and reproduction (Rutkowska et al., 2005; Arct et al., 2010; Sudyka et
al., 2016). Even though zebra finches are native to Australia, nowadays they can be found in
many laboratories around the world (Zann, 1996). The reason behind this is that zebra finches

are easy to maintain and breed under laboratory conditions.

Until now, only few studies have tested heat dissipation limit (HDL) hypothesis in free-living
birds. Here, my goal was to test HDL hypothesis under laboratory controlled conditions to
control a variety of factors. Laboratory conditions allowed me to employ a powerful repeated

experimental design with measurements of oxidative stress several times before and along
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reproductive activities on the individual level to disentangle the role of oxidative stress during

reproduction.

1.6. General Research Questions

To sum up, the specific questions that | am addressing in this Thesis are:

e What is the link between basal metabolic rate and daily energy expenditure during

sustained workload? (Experiment I)

e Does the ability to dissipate heat limit breeding females to maximize their energy

expenditure for reproduction? (Experiment I1)

e What are the costs in terms of oxidative stress during reproduction? (Experiment I,

Experiment I1)
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CHAPTER Il Investigating the influence of avian energetics

on oxidative stress during reproduction

2.1. Experiment I; a field study in great tits (Parus major)

2.1.1. Summary

Reproductive period in most altricial birds requires high daily workloads from the parents to
provide food and warmth. Under such energetically demanding conditions, energy allocation
may be subject to trade-offs between different demands. Aerobic metabolism is responsible for
the production of reactive oxygen species (ROS), and if not quenched through antioxidants -
oxidative stress may occur. Any energy allocation towards high reproductive effort and output
over self-maintenance may come at the cost of increased oxidative stress. For this study, |
experimentally enlarged broods in great tits (Parus major) to increase parental workload and
to compare measurements of daily energy expenditure (DEE), basal metabolic rate (BMR) and
oxidative stress (uric acid, d-ROM, OXY) during the peak of offspring-rearing period. Firstly,
| hypothesized that brood enlargement will increase DEE compared to the control broods.
Then, high DEE will be either supported by a high metabolic machinery hence high BMR
(“increased intake hypothesis”) avoiding oxidative stress or supported by lowered BMR
(“compensation hypothesis”) reducing investment towards self-maintenance on the cost of
increased oxidative stress. As predicted, females raising enlarged broods revealed higher DEE
in comparison to control, but BMR remained unchanged. Females raising enlarged broods
revealed higher sustained metabolic scope (DEE/BMR) around 3.1 x BMR compared to
controls with 2.6 x BMR. Independent of the brood size manipulation, high DEE and metabolic

scope came at the cost of decreased non-enzymatic antioxidant capacity and increased
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oxidative stress index (d-ROM/OXY), but not related to uric acid and oxidative damage. Brood
size manipulation successfully increased DEE and metabolic scope and females invested
towards reproductive output to meet the enhanced offspring demands than control females,
over self-maintenance. However, the increase in DEE could not fully compensate for the
experimental increased demands, enlarged broods had nestlings with lower body mass and
shorter wing length and structural size (tarsus length) when compared to control broods. No
link between DEE and BMR could be identified. The negative link between metabolic scope
and antioxidant capacity comes in the line with the hypothesis that oxidative stress comes as a
physiological cost during reproduction. Intensive physical activity in females raising enlarged
broods, evident though increased DEE and metabolic scope, due to continuous chick-
provisioning may have caused the depletion of the internally stored antioxidants for removing

the excess ROS production.

The great tit
(Parus major)

Figure 2. The great tit (Parus major) species on a wooden nest box in Niepotomice forest
(source: Christina Ninou), a typical nest of the great tit with laid eggs (white with reddish



spots), great tit hatchlings one day after egg-hatching and nestlings just before fledgling
(source: Elisavet Zagkle).

2.1.2. Methods and Materials

Study site

This study was conducted on a great tit population (Parus major) in breeding season 2018 at a
nest box colony in Niepotomice Forest, Poland (50.11 °N, 20.42 °E). Niepotomice forest is
characterized as a 60-100 year old woodland with oak (Quercus sessilis), scots pine (Pinus
sylvestris), birch (Betula verrucosa) and spruce (Picea excelsea) trees (Cichon and Linden,
1990). At the beginning of the breeding season, a total of 275 nest boxes were regularly checked
to identify the bird species, to estimate the incubation state, clutch size, and finally observe the
hatching date for the great tits (see Figure 2). The average clutch size of the breeding pairs was
11.01 + 1.4 SD for a total of 74 great tit nests occupied the nest boxes for this season. First

laying date was recorded on 13" April and the first hatching date on 6™ May.
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Figure 3. A 60-200 year old oak woodland forest and a wooden nest box attached to an oak
tree.

Individuals and brood size manipulation

To increase the reproductive effort, a brood size manipulation was applied (Burness et al.,
2000) on the day after the first hatching was observed for the respective nest (hatching date
was recorded as day 0). Two experimental groups, control and enlarged (Figure 4, Table 2),
were assigned based on the true hatching date and the intended clutch size, which is commonly
used to control for environmental factors (Williams and Vézina, 2001). For enlarging the
brood, hatchlings were obtained from donor nests that were not in the interest of this study.
Before adding the donor hatchlings to the assigned enlarged nests, the tip of their hind claws
was clipped to follow their survival until the last day of the measurements. The adults and the
remained hatchlings of the donor nests were not of interest to the current study and they were
not accounted for further measurements. Neither clutch size (ANOVA: F120 = 0.05, p = 0.82)
nor hatching date differed between the experimental groups (ANOVA: F120 = 0.04, p = 0.83).
Hatching during this season was relatively asynchronous, with most eggs hatching on day 0

but some eggs did not hatch and thus, either one or two hatchlings were added to bring the
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brood size back to the intended clutch size for both control and enlarged nests. At the end, the
average change in number of chicks between the manipulation and the intended clutch size for
control group was 0.1 £ 0.3 (mean * sd, n = 10) and for enlarged group 3.4 £ 0.5 (mean * sd,
n =10). Number of chicks on day 15 post-hatching significantly differed between the
experimental ~ groups;  control (LSE+SE:9.3+0.7, n=10) and enlarged

(LSE % SE: 122 0.7, n = 10) (ANOVA:; F1.15 = 8.83, p = 0.008).

00°
0 9000
ae 0.+ 0, o
0 g+ "0 00Q%0
o
%6 e °8§Q
° 0°%% o
9
0 50 00
ol 80 ©
=0 20 290
%o b 4 o 0.0
-~ (0.5 @000
\ 5 60° 00 Oc 5000000
® 000 o 9 g%0000¢®
8 @ 0. o ®& 00 0 (R ¢
2 ) 0co
o o ;CO oooqo 7
0. %00 "o 00CCo% g
oo O 9P e oo
00 ® O oo o
© o0 O o ° o
°
\, ( 2P 0500000000
% 0,90 070 (5500
° 0.0 g00goo 4
@ .91 %
% 0009 "o00
0 000 ° % e
7 o o0 %0
S 0 %0 ,00%
..... [

Figure 4. Map of the Niepotomice forest area and the nest box colony (grey points). White

points represent the control nest boxes and black points the enlarged manipulated nests of this
study.

Standard experimental procedure

At a nestling age of 8 to 12 days the parental investment is at its peak energetic demand due to
continuous food provisioning (Drent and Daan, 1980). Thus, adult females were captured on
day 9, one hour before the sunset during night-roosting in the nest box. If females were not
present in the nest boxes then females were captured using either mist nets or traps (one hour
before sunset). After capture, birds were ringed with an aluminium ring having a unique

identification number, aged and sexed based on (Svensson, 1992). Body mass was recorded
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using an electronic pocket balance £ 0.1 g (KERN 440-45N, Kern & Sohn GmbH, Germany)
and morphological measurements such as the wing and the tarsus length using a ruler and a
calliper respectively. After the measurements, birds were transferred to perform basal
metabolic rate (BMR) measurements (see below for BMR description) during the night
from 21:00 to 03:00 at ambient temperature of 25 °C, which is within the thermoneutral zone
of this species (Broggi et al., 2010). At the end of the respiratory measurements, birds were
injected intraperitoneally with an average of 0.12 ml mixture of isotopes (provided by the
Energetics research group, University of Aberdeen, Scotland). Body mass was measured once
more and birds were let to rest inside a bird bag for one hour to allow the isotopes to equilibrate
within the body. After rest of one hour, a blood sample of 150 ul was obtained from the jugular
vein using insulin syringes (0.1 ml; needle 0.3 mm, Becton Dickonson). Blood was collected
separately for doubly-labelled water (DLW) assessment in 2 x 50 ul capillaries (see below for
further description of the DLW method) and for oxidative stress biomarkers in heparinized
Eppendorfs (see below description). Birds were released after collecting the blood samples.
The next day one hour before sunrise nest boxes were re-visited to capture females either
directly from the nest box, or using a mist-net or trap, to obtain the final blood sample from the
wing vein. | was not able to re-capture all females or some blood samples were not enough for
making all the measurements, resulting in a reduced sample size (see sample size for each
measurement on Table 2). On day 14, | visited nests for measuring the nestlings; they were
ringed with an aluminium ring, and recorded for body mass, wing and tarsus length (Figure 5).
The nest boxes were revisited for the last time on day 35 and any nestlings that did not fledge

were recorded to determine fledgling success.
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Table 2. The different measurements along the experiment and the sample size (n) from the
day the brood size manipulation took part (day 2). BMR; Basal metabolic rate, DEE; Daily
Energy Expenditure, OS; Oxidative Status

Brood size Day 10
Day 9 Day 10
manipulation  Day 1 Y Y (OS) Da)(. 14
group (BMR)  (DEE) (nestlings)
d-ROMs OXY UA
Control 10 10 9 9 8 7 10
Enlarged 12 12 9 8 8 7 11

Figure 5. A nest box full of nestlings on day 14 and a nestling on day 14 during the
measurements where at this stage nestlings reach a body mass very similar to adults.

Basal metabolic rate of females during nestling feeding period

Basal metabolic rate (BMR) represents the amount of energy that an organism requires for
maintaining homeostasis and it is typically measured when an animal is resting, non-
reproducing and post-absorptive under thermoneutral conditions (Speakman, 2000; Speakman
et al., 2003). Generally, BMR in great tits is higher during egg-laying phase than the nestling-

feeding period (Nilsson and Raberg, 2001) and thus, we may assume that BMR in our study
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which was performed almost 20 days after egg-laying phase represents the minimum energetic
costs for living. The measurements of BMR of this study took part on day 9 post-hatching,
during night-time while resting and ambient temperature of 25 °C, which is within the
thermoneutral zone of the great tit species (Broggi et al., 2010). Respiratory measurements to
estimate BMR were performed using a nine-channel respirometric system; eight channels for
measurements and one baseline channel (Sable Systems, Inc., Las Vegas, NV, USA). Great tit
females were placed in sealed individual chambers inside a dark climatic “room” with
controlled ambient temperature of 25 °C. Individual chambers were built from typical
commercial glass containers of 1100 ml volume and painted externally with black colour to
maintain dark conditions. Inside, a tight metal cage was placed for restraining birds from flight
movements and attached to the cage a wooden stick for allowing birds to perch during the
measurements. An inlet tube was inserted inside the chamber around 2 cm above the bottom
and outlet at the top which allowed a good air flow inside the chamber. The bottom of the
individual container was filled with 50 ml of white mineral oil (AnVit, Poland) to collect
faeces. A fresh sample of air in standard pressure and room temperature was dried with silica
gel driers and divided into 9 streams; eight was pumped into chambers with eight mass flow
system pumps 2LPM (Sable System International, USA), and one for baseline reference. Air
flow was set at 500 ml min' through chambers and regulated separately for each chamber.
Samples from chambers were synchronized sequentially through Intelligent Multiplexer MUX
(Sable System International, USA). Sub-sample of air stream was first analysed for water
content and then was pre-dried using permeable-membrane dryer and then dried with
magnesium perchlorate (Anhydrone, J.T. Baker, USA) columns before passing the CO2 and O>
analyser. Gas concentrations were recorded every one second through a Field Metabolic
System and were analysed and downloaded through ExpeData software (Sable System

International, USA). Representative O, concentration value was calculated for each bird from
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the values recorded at the last 20 seconds just before switching the channels similar to
Sadowska et al., (2015). The first seven cycles of measurements were not accounted in order
to obtain the minimum value of metabolic rate (used by us as BMR) to assure that birds were
under a post-absorptive state. Finally, BMR was converted to obtain the energy equivalents in
Watts according to the following formula (Lighton, 2008) where RQ (respiratory quotient) was

calculated as RQ = VCO2/vO2:

BMR [W] = BMR[ml 0,min™'] X (16 + 5.164 x RQ)/ 60

Daily energy expenditure during nestling-rearing

Daily energy expenditure (DEE) of the females was estimated as the energy expenditure within
24h-period during the chick-rearing period, which is considered as sustained workload period
(Drent and Daan, 1980; Peterson et al., 1990) using the doubly-labelled water (DLW) method
(Speakman, 1997). This technique and DEE estimation was performed with the help of
collaborators with Prof Dr John R. Speakman and Dr Catherine Hambly at the Energetics
Research Group at the University of Aberdeen in Scotland. This method has been previously
validated by comparison to indirect calorimetry in numerous animals (e.g. Speakman, 2000).
DLW technique uses turnover rates of isotopes introduced into body water to calculate
production of CO- and, in turn, energy expenditure (Speakman, 1997). In this study, after the
respiratory measurements, birds were injected intraperitoneally with an average of 0.12 ml
mixture of isotopes, a known mass of enriched oxygen (*30) and hydrogen (®H) (665460
ppm 80, 328410 ppm ?H; provided by the Energetics research group, University of Aberdeen,
Scotland). Birds were weighed and left inside a bird bag for one hour (for equilibrium) before
taking the initial blood samples (around 150 pul) from the jugular vein using insulin syringes

(0.1 ml; needle 0.3 mm, Becton Dickonson). Blood sample was then collected in 2 x50 pl
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heparinized glass capillaries (blood gas capillary tubes, Vitrex company), and they were
immediately fire sealed and stored with some cotton as a protection in plastic tubes of 15 ml.
The remaining blood sample of 50 ul was collected in heparinized Eppendorfs for estimating
oxidative stress markers (see below description). Birds were released, and after a 24h-period
from the initial blood sample, they were recaptured to obtain the final blood samples, this time
from the wing vein (total 100 ul separated in 2 * 50 ul heparinized glass capillaries; Vitrex
company). To estimate the background isotope enrichments of 2H and 80, three birds that were
not included in the experiment (and thus not injected with DLW) were captured and bleed.
After fieldwork all samples were sent by regular post to the Energetics Research Group.
Analysis of the isotopic enrichment of blood was performed blind, using a Liquid Isotope
Water Analyser (Los Gatos Research, USA) (Berman et al., 2012). Initially the blood
encapsulated in capillaries was vacuum distilled (Nagy, 1983), and the resulting distillate was
used for analysis. Samples were run alongside five lab standards for each isotope and
International standards to correct delta values to ppm. A single-pool model was used to

calculate rates of CO. production (Speakman, 1993).

Oxidative status biomarkers

From the total blood sample (150 ul), around 50 ul was collected in heparinized Eppendorfs
(from the insulin syringes, see above) for further analysis of the oxidative stress biomarkers.
Once blood sample was collected it was immediately centrifuged for 5 minutes at 3340 g to
separate plasma (Centrifuge MPW-56, MPW Med. instruments). Plasma samples were
separated with a pipette and then stored at -20 °C until the end of the fieldwork (around two
weeks). Afterwards, plasma samples were transferred to -80 °C until further analyses. |
estimated the oxidative status of the birds by measuring early oxidative damage, non-enzymatic

antioxidant capacity and uric acid in plasma using the d-ROMs, the oxy-adsorbent (OXY) and
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uricase colorimetric tests respectively (Diacron International, Grosseto, Italy). Each sample
from one individual was assayed on the same plate (a 96-well microplate; A:H x 1:12) to avoid
any differences within individual due to the plate variation, while samples from either enlarged
or control groups were randomly distributed during the analysis on the plate. All analyses of
the plates for the colorimetric assays were run using an absorbance reader (Sunrise, Tecan’s
Magellan, Tecan Trading, Switzerland). For some individuals, plasma was not enough for
carrying out all analysis (d-ROMs, OXY and uric acid). As a result, | estimated d-ROMs from
eight control females and seven enlarged manipulated females, OXY from eight females for

both groups, uric acid from seven females for both groups.

The d-ROMs test measures reactive oxygen metabolites (ROMs) that include mostly
hydroperoxides. Hydroperoxides are early peroxidation products when ROS interact with
many different biological macromolecules. In plasma, hydroperoxides are produced during
lipid oxidation events and are correlated with levels of circulating isoprostanes, an end product
of lipid peroxidation events. Because hydroperoxides are precursors of lipid peroxidation
products such as malondialdehyde or isoprostanes, they are more likely to reflect a whole-
animal response to changes in ROS as they occur earlier in the oxidative cascade than those
end products (Ito et al., 2017). In this test, the ROMs of the plasma, in the presence of iron,
generate the alkoxyl and alkylperoxyl radicals that are highly reactive (Sudyka et al., 2016).
When these compounds oxidize an aromatic amine, contained in the chromogen, they produce
a complex whose colour intensity is directly proportional to the plasma concentration of ROMs
(Costantini and Dell’Omo, 2006a). Initially, 4 ul of plasma was diluted with 200 ul of a solution
containing 0.01 M acetic acid/sodium acetate buffer (pH 4.8) and N,N-diethyl-p-
phenylenediamine as chromogen and then incubated for 75 min at 37 °C with continuous mild
shaking (75 rpm) (Marko et al., 2011). After reacting with an alkyl-substituted aromatic amine

solubilized in the chromogen, the metabolites produce a complex whose colour intensity is
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directly proportional to their concentration. After incubation, the absorbance was read at the
spectrophotometer at 505 nm. The concentration of ROMs was calculated by comparison with
a standard curve obtained by measuring the absorbance of a standard solution (Sudyka et al.,

2016). The results are expressed in units as mmol/H.O> equivalents.

The total non-enzymatic antioxidant capacity in plasma was quantified as the ability of the
plasmatic antioxidant barrier to cope with the oxidant action of hypochlorous acid (HCIO)
which is an endogenous oxidant in biological systems (Marké et al., 2011; Sudyka et al., 2016).
The plasma (2 pl) was diluted with distilled water in 1:100. A 200 pl aliquot of HCIO was
added to the diluted plasma and further incubated for 10 min at 37 °C with mild shaking at
75 rpm. After incubation, 2 ul of the chromogen solution (similarly to the one for the d-ROMs
test), an alkyl-substituted aromatic amin, was added and oxidatzed by the HCIO residual
transforming the sample into a pink derivative. The intensity of the colour complex is inversely
related to antioxidant capacity (the more “stuff” the less colour is produced) (Costantini and
Dell’Omo, 2006a). The absorbance was read at the spectrophotometer at 490 nm. The results
of the OXY assay are expressed as mmol of HCIO neutralized of the sample according to the

following formula:

(Absorbance reagent blank — absorbance sample)

Calibrat
(Absorbance reagent blank — absorbance calibrator) x [Calibrator]

The plasma concentration of uric acid was measured by the endpoint uric acid assay Kit
(Diacron International, Grosseto, Italy), similarly to the protocol from Zagkle et al., (2020). In
each well of the 96-well microplate, 2.5 ul of plasma (similarly for blank sample and standard)
was mixed with 100 ul of reagent, incubated and shaken in 37 °C for 5 min and measured in
510 nm wavelength. The colorimetric uric acid test uses uricase enzyme to convert uric acid to
allantoin and the reaction with hydrogen peroxides allows the spectrophotometer to read the

concentration of uric acid. The values of uric acid in the plasma are expressed as mmol/L.
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| also estimated oxidative stress index by calculating the ratio of the ROMs to the total non-
enzymatic antioxidant capacity in the plasma multiplied by 1000 (ROMs/OXY x 1000),

similarly as in (Costantini et al., 2006).

Statistical analysis

| performed general linear models to test for differences in DEE, BMR and oxidative stress
biomarkers between females raising control (n = 10) and enlarged (n = 10) broods. Brood size
manipulation variable was included as a predictor variable, while body mass (in the morning),
the date of the measurements and the number of hatchlings on day 14 were included as
covariates to account for the possible variation in the dependent variables (DEE, BMR and
oxidative stress biomarkers). Interaction between the brood size manipulation variable and
body mass in the morning was also included in the models but it was not significant and thus
removed. In the case of the model with BMR as a response variable, the number of individual
respirometer chamber was also included as a categorical variable to account for possible
differences during the measurements between the respirometer chambers. For the relationship
between DEE and oxidative stress biomarkers, sample size does not include two individuals
from which they were not captured second time to obtain second blood sample for the DLW
water method. | performed an analysis of covariance (ANCOVA) to test DEE in relationship
to oxidative stress biomarkers and the brood size manipulation. Body mass measured in the
morning and the number of hatchlings on day 14 were included as covariates to account for
possible variation. Linear mixed effect analysis was performed to study the effect of brood size
manipulation on nestling body condition quantified by the body mass, wing and tarsus length.
The number of chicks was included as a covariate and the date of measurements to account for

possible explanation in the variation of the morphological variables. Identification number of
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each nest was included in the model to account for the repeated measurements of several chicks

inside one nest.

All statistical analysis was performed by using R Studio software (R version 4.0.3, (R, 2021)).
Normality and homoscedasticity was visually inspected from the residuals. All variables
verified the assumption of normality and homoscedasticity except of the case of oxy-adsorbent
(OXY) variable, which was log-transformed to obtain normal distribution and
homoscedasticity. Linear mixed effect models was performed using “Imer” function from the
Ime4 package (Bates et al., 2015) and ImerTest package (Kuznetsova et al., 2017) to calculate
the degrees of freedom and p values. Least square means (LSM) and standard error means
(xSE) were calculated using emmeans package (Lenth, 2022). | checked possible interactions
between the factors and all non-significant interactions (p > 0.05) were removed from the
models (if not in the interest of the research question). All figures presented are based on raw
data unless it is otherwise stated. The sample size in many biological experimental studies may
not always reach a sufficient amount (i.e. for logistic reasons as in this study) and thus
decreasing considerably the statistical power. Results are presented and the biological effects
are interpreted in a language of evidence (Muff et al., 2022) and clarity (Dushoff et al., 2019)

rather than in the cut-off binary decision of the p-value<0.05.
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2.1.3. Results

a) Energetic parameters

There was no evidence that daily energy expenditure (DEE) is associated with body mass
measured in the morning (F1,14 = 1.67, p = 0.21). The data revealed a moderate evidence that
brood size manipulation (categorical variable with two groups: control and enlarged) affected
DEE (F114=6.24, p =0.02; Figure 6a). Females from the enlarged broods revealed a 12.8%
higher DEE (n=9, LSM + SE: 1.14 + 0.03 Watts) in comparison to the females from the
control broods (n =9, LSM £ SE: 1.01 + 0.03 Watts; Figure 6a). On the other hand, there was
no evidence that brood size manipulation has an effect on basal metabolic rate (BMR)
(F1.13=0.42, p =0.52; Figure 6a). BMR did not differ between the manipulation groups,
control (n =10, LSM + SE: 0.41 + 0.01 and enlarged (n =12, LSM % SE: 0.39 £ 0.01). Also,
BMR was not evidently associated with body mass measured in the morning (post-BMR)
(F115=0.03, p=0.85) and the individual respirometer chamber (Fs15=2.29, p=0.09).
Sustained metabolic scope (SusMS = DEE/BMR) was found to differ between the brood size
groups (F115 =6.17, p =0.02), with females from the enlarged broods revealing in average
3.1 x BMR (s.d. = 0.3), while females from the control group 2.6 x BMR (s.d. = 0.4) (Figure
6b). Regarding the link between DEE and BMR, the data did not show any evidence about the
direction of any association (Fy13=0.00, p =0.99; Figure 6c) regardless of the brood

manipulation group (F1,13=1.32, p = 0.27).
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Figure 6. Energy expenditure and brood size manipulation groups in female great tits (Parus
major); a) over a 24-hour period (daily energy expenditure: DEE), and measured during resting
and thermoneutral conditions (basal metabolic rate: BMR), b) sustained metabolic scope, and
c) relation of BMR and DEE of females from the enlarged group (filled symbols) and females
from the control group (open symbols). Boxplots show the median, the range and the inter-
quartiles, while the circle points the individual values. Graphs are jittered to prevent over-
plotting between the individual points for better visualization of the distribution. Asterisks
indicate statistical significance between the brood size groups.

b) Oxidative status

There is no evidence that uric acid differs in females from the control and the enlarged broods
(F110=0.00, p=0.93; Figure 7a). Similarly, there is no evidence that non-enzymatic
antioxidant capacity (OXY), after log-transformation, is different between the two
experimental groups of females (Fi12=2.64, p=0.13; Figure 7b) and neither oxidative
damage (F1,12=0.87, p=0.36; Figure 7c). Oxidative stress index, estimated as the ratio
between oxidative damage and antioxidant capacity multiplied by 1000 (Costantini et al.,
2006), was higher in females from the enlarged broods than the females from the control broods
(F 1,12 =5.50, p = 0.03; Figure 7d). Neither body mass nor date of the measurements explained

variation in any of the oxidative biomarkers (p > 0.01).
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Figure 7. a) Uric acid (mmol/L), b) log transformed OXY (mmol HCIO neutralized), a metric
for non-enzymatic antioxidant capacity, ¢c) dROM (mmol/H.O; equivalents), a metric of early
oxidative damage and d) oxidative stress index, calculated as the ratio of the dROM to OXY
multiplied by 1000 in plasma concentration of the great tit females (Parus major) between the
control (white colour and open symbols) and the enlarged broods (dark grey colour and filled
symbols). Boxplots show the median, the range and the inter-quartiles, while the different circle
points represent individual values. The points are jittered to prevent over-plotting between the
individual points for better visualization of the distribution. Asterisk indicates statistical
significance for oxidative stress index (F 1,12 = 5.50, p = 0.03).
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¢) Link between sustained metabolic scope and oxidative status

There was no evidence that uric acid was related to sustained metabolic scope (SusMS)
(F1,12=0.15, p = 0.71) and neither to the brood size manipulation (F1,7 = 0.02, p = 0.87; Figure
8a). Non-enzymatic antioxidant capacity was negatively related to SusMS (Fi9=6.83,
p = 0.03) and the brood size manipulation factor (a trend; F1,9 =4.33, p =0.06; Figure 8 b).
There was no evidence that oxidative damage in females is related to SusMS (F1,10= 0.00,
p =0.99) and neither with the brood size manipulation (F110=0.75, p =0.40; Figure 8 c).
Oxidative stress index was positively related to SusMS (F1,9= 8.9, p = 0.01) and the brood size
manipulation effect (F1,0=8.34, p = 0.01; Figure 8 d). Interaction of metabolic scope and brood

size manipulation was not statistical clear in neither of the aforementioned models.
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Figure 8. Markers for oxidative stress plotted over SusMS. A) Uric acid (mmol/L), b) OXY
(mmol HCIO neutralized), a metric for non-enzymatic antioxidant capacity, ¢) dROM
(mmol/H20> equivalents), a metric of oxidative damage and d) oxidative stress index,
calculated as the ratio of the oxidative damage to the total non-enzymatic antioxidant capacity
multiplied by 1000 (Costantini et al., 2011) in plasma concentration of the great tit females
(Parus major) in relation to sustained metabolic scope (=DEE/BMR) of the females raising
control (open symbols) and enlarged broods (filled symbols).

d) Link between daily energy expenditure (DEE) and oxidative status

There was only a weak evidence that uric acid is positively associated to DEE (F1,11 = 3.58,

p = 0.08; Figure 9) and brood size manipulation (F111 =2.98, p =0.11). The data revealed a
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moderate evidence that non-enzymatic antioxidant capacity is negatively related to DEE
(slope =-117.95 + 71.38, R? = 0.46, F19 = 5.08, p = 0.05; Figure 9) and depends on the brood
size manipulation (F1,9 =6.58, p = 0.03), with females raising enlarged brood having lower
antioxidant capacity than the control ones. Females with increased DEE revealed with lower
non-enzymatic antioxidant capacity, independent of the brood size. There was no evidence that
oxidative damage is associated to DEE (F1,11=2.12, p = 0.17; Figure 9) nor to the brood size
manipulation (Fy11 = 0.12, p = 0.73). There was moderate evidence that oxidative stress index
was positively related to DEE (F19=7.16, p = 0.02; Figure 9) and differed between the brood
size manipulation groups (F19=11.04, p = 0.008). Females raising enlarged broods revealed

with higher oxidative stress index compared to the females raising control broods.
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Figure 9. Markers for oxidative stress plotted over DEE. a) Uric acid (mmol/L), b) OXY (mmol
HCIO neutralized), a metric for non-enzymatic antioxidant capacity, ¢) dROM (mmol/H.0>
equivalents), a metric of early oxidative damage and d) oxidative stress index, calculated as the
ratio of the dROM to OXY multiplied by 1000 in plasma concentration of the great tit females
(Parus major) in relation to DEE of the females raising control (open symbols) and enlarged
broods (filled symbols).

e) Link between basal metabolic rate (BMR) and oxidative status

There was no evidence that uric acid is related to BMR (F17=3.16, p =0.11) and brood size

manipulation (F17 = 0.45, p = 0.52; Figure 10a). Non-enzymatic antioxidant capacity was also
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not related to BMR (F19 = 1.06, p = 0.32) and the brood size manipulation factor (F1,9 = 0.43,
p = 0.52; Figure 10b) Oxidative damage was neither related to BMR (F19=0.85, p = 0.38) nor
to the brood size manipulation (F1,0 = 1.54, p = 0.24; Figure 10c). There was no evidence that
interaction of BMR and brood size manipulation has an effect in neither of the aforementioned
models (but it was not removed from the models since it was in the interest of the research
question). Oxidative stress index was not related to BMR (F1,11 = 2.14, p = 0.17) but differed
between the brood size manipulation groups (F1,11 = 6.21, p = 0.03). A moderate evidence was
found that interaction between BMR and brood size manipulation group has an effect in
oxidative stress index (F1,11="5.35, p=0.04). The slope was positive for the control group,
(estimate + SE; 0.25+0.21, t=1.16, p=0.27) and for the enlarged group the slope was

negative (estimate £ SE; -0.62 £ 0.26, t = -2.34, p = 0.04; Figure 10d).
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Figure 10. Markers for oxidative stress plotted over BMR. A) Uric acid (mmol/L), b) OXY
(mmol HCIO neutralized), a metric for non-enzymatic antioxidant capacity, ¢) dROM
(mmol/H202 equivalents), a metric of oxidative damage and d) oxidative stress index,
calculated as the ratio of the dROM to OXY multiplied by 1000 in plasma concentration of the
great tit females (Parus major) in relation to BMR of the females raising control (white colour)
and enlarged broods (dark grey colour).

f) Nestlings

There was no evidence that the clutch mass (sum of the body mass of the nestlings per nest at

day 14) differs between the control and enlarged groups (F1,16 = 0.06, p = 0.79). Hatchling
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number significantly differed between the groups as result of the experimental manipulation;
control (LSE£SE=9.3+0.7, n=10) and enlarged (LSE+SE=12.2+0.7, n=10)
(ANOVA; F1,18=28.83, p=0.008). Body mass of the nestlings was significantly lower in
enlarged than the control broods (Table 3). Tarsus length was also shorter in enlarged broods
than the nestlings in the control broods and similarly, wing length was shorter in nestlings from
the enlarged than the control broods (Table 3). Only a weak evidence that body condition,
calculated as the residuals from a regression of body mass on tarsus length, is affected by the
brood size manipulation; lower body condition in nestlings from the enlarged than the control
broods (Table 3). Fledgling success rate, calculated as the number of nestlings fledged per the
initial number of nestlings on day 1 of brood size manipulation, did not differ between the
control and enlarged broods (F1,20 = 2.14, p = 0.15) and the average fledgling success rate for

both groups was 71.4%.
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Table 3. Body mass (g), tarsus and wing length (mm), and body condition (body mass/tarsus length residuals) of the nestlings on day 15 post-
hatching with regard to the brood size manipulation groups. Values represent least square means (LSM) and standard error (SE). Statistics are
extracted from the linear mixed effect model; F-value, degrees of freedom for numerator and denominator (df) and p-value based on Satterthwaite’s
method approximation. Bold numbers indicate statistical significance.

Control Enlarged Brood size manipulation Number of nestlings Date
Variable
LSM SE LSM SE F df p F df p F df p
Body mass 17.77 0.57 15.58 0.48 7.10 1,14.62 0.01 3.13 1,15.44 0.09 1.94 1,14.58 0.18
Tarsus length 19.76 0.15 19.30 0.12 474 1,1450 0.04 0.03 1,15.97 0.86 1.90 1,14.21 0.18
Wing length 449 0.10 415 0.08 5.17 1,1445  0.03 2.83 1,15.62 0.11 2.57 1,14.33 0.13

Body condition 0.89 0.61 -0.76  0.53 3.42 1,13.86 0.08 2.23 1,14.21 0.156  0.80 1,13.81 0.38




g) Nestling mass in relation to female daily energy expenditure (DEE)

There is a strong evidence that the relationship between nestling mass on day 14 post-hatch
and female daily energy expenditure (DEE) depends on the brood size manipulation
(F114 = 11.16, p = 0.004; Figure 11. Mean nestling mass on day 15 in relation to female DEE
(F1,11=0.09, p=0.75) and brood size manipulation (F1,11 =4.45, p = 0.05). Interaction
between DEE and brood size manipulation effect was significant (enlarged; Est. £ se.=-
124.37. £ 34.95, t = -3.56, p = 0.001, control; Est. + se.=21.31 + 43.07,t=0.49 p = 0.63). the
slope was positive (Est. £ se.=21.31 +43.07, t =0.49 p = 0.63) for the control group, while
for the enlarged group the slope was negative (Est. +se.=-124.37. +34.95, t=-3.56,

p = 0.001).
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Figure 11. Mean nestling mass on day 15 in relation to female DEE (F1,11 = 0.09, p = 0.75) and
brood size manipulation (F111 =4.45, p =0.05). Interaction between DEE and brood size
manipulation effect was significant (enlarged; Est. £se.=-124.37. £ 34.95, t=-3.56,
p = 0.001, control; Est. + se.=21.31 + 43.07,t=0.49 p = 0.63).
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2.2. Experiment Il; a study under laboratory controlled

conditions in zebra finches (Taeniopygia guttata)

2.2.1. Summary

Often animal life requires hard work but to endure such workload appears challenging. Heat
dissipation limit (HDL) hypothesis poses that the capacity to dissipate the excess of body heat
during hard work may limit sustained energy use. Experimental facilitations of heat loss rate
via feather-clipping in free-living birds seem to support HDL hypothesis, but testing of HDL
through laboratory experiments under controlled conditions are not reported. | conducted a
two-factorial experimental design to test HDL hypothesis by manipulating the capacity to
dissipate heat through exposure of captive zebra finches (Taeniopygia guttata) to a cold and
warm ambient temperature (factor I: 14 and 25 °C), and through manipulation of the insulating
layer of feathers around the brood patch of females (factor II; clipped and unclipped). To
simulate foraging costs encountered in the wild and increase foraging effort, | constructed a
feeding system that necessitated hovering to access food; this increased energetic costs of
reproduction despite ad libitum conditions in captivity. Reproductive performance was
quantified at the level of both parents during egg-laying period, while maternal reproductive
performance during food provisioning period. | followed growth rate of the nestlings to
quantify reproductive output. Thermal limitations due to warm temperature already appeared
at the beginning of reproduction for both parents with lower egg production compared to the
cold. After hatching, females that experienced an increased possibility to dissipate heat through
feather clipping revealed higher body mass compared to unclipped females, and clipped
females also raised heavier and bigger nestlings. Higher levels for oxidative stress in plasma
of females were detected prior to reproduction in warm conditions than in the cold. However,

oxidative stress biomarkers were neither affected by temperature nor by feather-clipping during
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the reproductive activities. Reduced antioxidant capacity during reproduction may indicate
upregulation of the antioxidant defense to neutralize any toxic effects of oxidative imbalance
possibly on the costs of female body condition and offspring growth. This study under

laboratory controlled conditions corroborates evidence in line with the HDL hypothesis.

The zebrafinch
(Taeniopygia guttata)

Figure 12. A male and a female of the zebra finch (Taeniopygia guttata) species from the
laboratory colony at the Institute of Environmental Sciences in Krakéw, a clutch size formed
in the nest, hatchlings just after egg-hatching and nestlings just after fledgling from the nest
(source: Elisavet Zagkle).



2.2.2. Methods and Materials

Individuals and temperature set-up

In a two-factorial experimental design, captive zebra finches (Taeniopygia guttata) were
subjected to two separate manipulations of heat dissipation capacity. Ambient temperature
affects the capacity to transfer body heat since heat loss depends on the difference between the
body and the ambient temperature (Speakman and Krél, 2010), and thus, before reproduction,
total 82 pairs of birds were exposed to 14 °C and 25 °C with 39 and 43 pairs, respectively
(factor 1). Both temperatures are considered below the thermoneutral zone in zebra finches,
which ranges from 30 to 38 °C (Calder, 1964; Briga and Verhulst, 2017). During breeding
season, zebra finches under natural conditions may experience temperatures ranging from 10
to 30 °C (even in some cases above 36 °C) but most frequently they lay eggs at ambient
temperatures of 18 to 20 °C (Griffith et al., 2017). In laboratory conditions, ambient
temperature for breeding zebra finches is usually set from 18 to 22 °C to achieve high
reproductive success (Rutkowska et al., 2005; Bertrand et al., 2006; Williamson et al., 2008;
Arct et al., 2010; Olson et al., 2014). For this reason, I applied two ambient temperatures with
a difference of at least ten degrees considering them as cold and warm, respectively. After
mating, | documented egg-laying success and hatching success between the two ambient
temperatures. About 82% of the 39 pairs (32 out of 39) laid eggs in the cold conditions, while
about 51% of the 43 pairs (22 out of 43) laid eggs in warm conditions. From those pairs that
laid eggs, a total of 26 out of 32 chicks hatched in cold conditions and 18 out of 22 in the warm
(% = 0.002, p = 0.95). During reproduction, and more specifically on day 6 post-hatching, I
applied the second manipulation of heat dissipation via manipulation of the insulating layer of

feathers around the brood patch (factor Il, feather-clipped versus unclipped females). At the
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end, 26 out of 26 pairs successfully raised fully developed chicks until independence at the
cold conditions (14 feather-clipped, 12 unclipped), while 14 pairs out of 18 raised fully

developed chicks at the warm (7 feather-clipped, 7 unclipped) (x*= 6.35, p = 0.01).

In each chamber, the ambient temperature was recorded with six data loggers (thermochrons,
DS1921H-F5, iButtonLink, Maxim Integrated products, USA) and the humidity with one
additional (hygrochron, DS1923-F5, iButtonLink, Maxim Integrated products, USA) to
monitor and maintain the ambient temperature and humidity within established levels. All data
loggers were synchronized at the same time to record three times when lights were on
(“daytime”) and three times when lights off (“nighttime”). Temperature significantly differed
between daytime and nighttime for both chambers (Fi 7789 = 6.03, p < 0.001). Humidity
significantly differed between daytime and nighttime (F1,940 = 46.71, p < 0.001) but it did not
differ between the two chambers (F1940 = 0.001, p = 0.97). The summary of the statistics of
temperature and humidity separated for day and night for each chamber is presented below

(Table 4).

Table 4. Summary statistics of the temperature (°C) and the humidity (%) for each chamber
(see Supplementary Table 1 from Zagkle et al., 2022, an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY)).

Temperature (°C) Mean Min Max SD N recordings
Warm day 25.2 24 26 0.43 2072

night 24.7 23.5 26 0.49 2093
Cold day 14.9 13.3 17.4 0.98 2071

night 14.6 12.8 14.7 0.95 2093
Humidity (%0) Mea Min Max SD N recordings
Warm day 60.5 52.1 63.5 1.16 2072

night 61.5 58.8 63.5 0.95 2093
Cold day 60.2 52.6 66.3 2.58 2071

Night 61.8 50.8 73.6 4.88 2093
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Acclimation period

The colony of zebra finches is usually habituated in a common outdoor aviary at the Institute
of Environmental Sciences, Jagiellonian University, Krakow. Thus, at the beginning of the
experiment the experimental birds were moved and separated into the two indoor climatic
chambers. Birds were initially housed in individual cages (70 * 70 * 45 cm; L * W * H) with
two birds of the same sex in each cage and visually separated from other birds. | let the birds
to acclimatize for two weeks at the new laboratory conditions with a photoperiod 13:11 (L:D)

with lights on at 7 AM and lights off at 8 PM.

High foraging cost feeding system

After two weeks of acclimation, | constructed a feeding system for every cage to increase
energetic costs of foraging under ad libitum conditions in captivity, similar to a previous
technique of (Koetsier and Verhulst, 2011). Such high foraging costs feeders may increase
foraging effort by increasing time for foraging and the flights for obtaining food as it was
previously shown for zebra finches (Koetsier and Verhulst, 2011; Yap et al., 2017), simulating
foraging costs in field conditions. Female zebra finches revealed to have increased flight
muscle mass, lung mass and heart mass in response to high foraging cost feeders compared to
females exposed to regular feeders (although no differences were detected in males, Yap et al.
2017). Therefore, I constructed a similar feeding system using a transparent plastic feeder and
opened one hole fitted with a tube. The feeder was mounted 40 cm from the floor of the cage
and initially a wooden stick of 15 cm was attached for perching. After four days, I gradually
shortened the wooden stick by half size and birds had access to food while perching from a
wood stick of 7 cm. Birds continued to have access to food by perching (wood stick of 7 cm)

for a total of nine days and afterwards | removed the perch to start training the birds to fly
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towards the foraging hole. Birds obtained the seeds either by constant flights around the feeder
or by making repeated hops and jumps from the floor to the feeder hole (around 40 cm). Both
flights or hops ended with the bird hovering until they successfully obtained seed from the
container (see below Figure 13). | also placed a container below the feeder for the spilled seeds

to avoid obtaining seeds from the floor and the container was evacuated every second day.

[ High foraging
cost feeder Bird hovering for food

Container and covered
glass tube for collecting
the spilled seeds

Figure 13. Female zebra finch (Taeniopygia guttata) hovering towards the “high foraging cost
feeder” for obtaining seeds. (see Supplementary Figure 2 from Zagkle et al., 2022, an open-
access article distributed under the terms of the Creative Commons Attribution License (CC
BY)).

During the acclimation to the new feeding system, | measured body mass in the morning just
after lights on and food intake in seed mass (g) over a 24-hour period a) when birds had access
to food by perching, b) hovering just after 8 days when perch was removed and c) after 12
days. | performed linear mixed effect model analysis to test differences in body mass between

the three measurements (perch, hover after 8 and 12 days). Identification number of each bird



was included as a random effect to account for the repeated measures. | analysed a subset of
the experimental birds (n =15 females) exposed to cold conditions but all experimental birds
had access to the feeding system. Body mass of the birds was significantly lower when birds
had access to seeds while hovering after eight days of removing the perches compared to when
birds had access to seeds while perching (Figure 14). However, body mass of the birds, when
measured twelve days after removing the perches, returned back to normal values as to the
initial body mass when birds had access to food while perching. There was also a sharp
decrease in food intake in seeds (g) over a 24-hour period after 8 days of removing the perches
compared to the initial food intake in seeds where birds had regular access to food while
perching (Figure 14). However, seed mass (g) over 24 hour period did not increase evidently
when birds had access to the seeds while hovering measured when perch was removed after 12
days (Figure 14). These results indicate that body mass of the birds recovered their body mass
after 12 days of removal of perches subsequent to the short-term drop. Perhaps, body mass
increased without an evident increase in seed mass after 12 days of hovering is related to
increased organ masses (i.e. flight muscle mass, lung mass, heart mass) as shown in previous
study (Yap et al., 2017). Birds to self-maintain were necessitated to obtain seeds while flying
and hovering or making repeated jumps from the floor to the feeder, behaviours that are
considered energetically costly for birds in the field (Yap et al., 2017), thus stimulating foraging

costs as in natural conditions.
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Figure 14. (A) Body mass (g) of female zebra finches and (B) seed mass (g) as calculated from
a 24-hour period (in one cage for two birds, thus divided) when measured in the morning just
lights on when had access to seeds while perching, while hovering after the perch was removed
8 days before and 12 days before. Points represent least square means and error bars 95%
confidence intervals. Asterisks indicate statistical significance after post-hoc analysis (Tukey),
with p < 0.001 (***) and p < 0.05 (*). (see Supplementary Figure 3 from Zagkle et al., 2022,
an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY)).

The training procedure to the high foraging cost feeder lasted for two months. When all birds
were trained to the new feeding system, I let birds to acclimatize for three weeks at the ambient
temperatures of 14 and 25 °C before the mating. During the whole experiment and
reproduction, all birds had unlimited access to food (a mixture of different millet species;
Megan, Poland), but as outlined I induced their physical exercise for foraging to simulate

natural conditions.

Experimental procedure of mating

After the training to the new feeding system and three additional weeks of acclimation period,

I randomly mated the birds with unrelated partners and randomly separated the pairs in four
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different blocks. Each block was assigned for mating with four days of interval. On the mating
day, each individual cage was equipped with an internal carton-made nest box and nest-
material (wood wool and shredded toilet paper) which was replaced every day until birds
stopped using it. After the mating, nest boxes were checked every morning between 10 and
11 AM in order to inspect the nest-building stage, the egg laying date (females lay one egg per
day early in the morning) and the start of incubation. During the egg-laying period, | marked
all eggs alphabetically with a marker, in the sequence they were laid, and each was weighed
them with an electronic balance (Kern MM 60 2N £ 0.01, Kern & Sohn GmbH, Germany).
When incubation started, birds were supplied three times per week with a small spoon of a mix
of chopped hard boiled eggs (with the shell), grated carrot and supplementary vitamins. Birds

also had unlimited access to water and to a piece of cuttlebone for the entire period.

Adult measurements

Just before mating, | caught all birds early in the morning to measure initial body mass using
an electronic balance (= 0.1 g; KERN 440-45N, Kern & Sohn, GmbH, Germany). When first
eggs hatched, which was assigned as day 0, I also measured female body mass just after lights
on, and repeated the body mass measurements on day 4, 6, 8, 10, 12, 16 and day 35. At the
same time that each female was captured from the cage, chicks from each nest were also
captured to measure body mass to follow growth rate (more details on nestling measurements
see below). On day 4, | removed the male from the cage to increase the physical activity of the
female, assuring that the reproductive effort is only operated from a single parent. On day 6, |
applied the feather clip manipulation by trimming the feathers around the brood patch and those
covering the pectoral muscles. | established two manipulation groups: feather-clipped and
unclipped females, which were handled and measured in the same way but not feather-clipped

(sham-manipulation). On day 12, just before lights off, females were caught from inside the
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nest-box for performing respiratory measurements to estimate thermal conductance of the
females (for more details see below the paragraph on thermal conductance). Last, females were
blood-sampled three times during the experiment: a) just before mating (after taking initial
body mass) b) on day 13 just after respiratory measurements and c) at the end of the experiment,
on day 35, when chicks reached full independence. For a visual summary of the different adult

measurements along the experiment see below Figure 15.

Nestlings

During the expected hatching date, | monitored the nests every day between 10 and 11 AM to
inspect for possible newly fresh hatchlings. I distinguished day of hatching based on the
presence of eggshells’ leftovers and the appearance of the hatchlings, since fresh hatchlings are
reddish and wet. The true hatching date was recorded as day 0 and the true age of each hatchling
was assigned accordingly. Each hatchling was immediately measured with an electronic
balance (Kern MM 60 2N + 0.01, Kern & Sohn GmbH, Germany), and marked by nail clipping
of their claw and quickly they were returned back to the nest. Body mass of the nestlings was
measured several times during mornings (from 7 to 10 AM) until they reached adult size to
capture growth rate (day 0, 4, 6, 8, 10, 12, 16 and day 35). On day 16, just before fledgling,
chicks were ringed with an individually numbered aluminium ring and measured tarsus and
wing length. On day 35 when offspring almost reach juvenile size | measured for the last time
their body mass, tarsus and wing length to estimate their final juvenile size. For a visual

summary of the different nestling measurements along the experiment see below Figure 15.
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Food intake

Food intake was estimated by measuring the initial seed mass and after 48-hour period the final
seed mass. | also took account the spilled seeds in the container that were not obtained and
consumed from the birds. | measured food intake over a 48-hour period during the peak of food
provisioning and reproductive performance on day 4 to 6, day 6 to 8, day 8 t010 and day 10 to
12. For a visual summary of the different measurements of seed mass to estimate food intake

during chick rearing period see below Figure 15.

Oxidative status biomarkers

Females were bleed three times during this study: a) before mating (blood sample 1), b) on day
13, just after respiratory measurements (blood sample 2) and c) at the end of the experiment,
on day 35 (blood sample 3), when chicks reached full independence (Figure 15). Blood
sampling always took part early in the morning just after lights on. After a brachial vein
puncture, I collected blood sample of 75 ul in capillaries and stored in heparinized Eppendorfs
100 ul. Blood sample was immediately centrifuged for 10 minutes at 3340 g to separate plasma
(Centrifuge MPW-56, MPW Med. instruments). Plasma sample was stored at -80 °C until
further analyses which took place within one month after the end of the experiment. | estimated
early oxidative damage by performing d-ROMs test, non-enzymatic antioxidant capacity
(OXY), uric acid and oxidative stress index (d-ROMS/OXY x 1000) in plasma concentration
following the steps as described at the Methods and Materials for the Experiment | (See section

Oxidative status biomarkers, page 44).
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Testing the heat dissipation limit theory in zebra finches - EXPERIMENTAL PROCEDURE
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Figure 15. A summary of the timeline and the different steps along the experiment. (modified from Supplementary Figure 1 from Zagkle et al.,
2022, an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY)).



Thermal conductance

Thermal conductance measures the ease with which the heat enters or leaves an organism’s
body. Thermal conductance is rather complex to estimate directly since heat exchange between
the organism and the environment occurs through radiation, conduction, convection, and
evaporation and each of those may depend on the behaviour, physiology and morphology of
the organism or/and the environmental conditions (Naya et al., 2013). Thermal conductance in
this study was estimated from the slope of the regression of O, consumption and the ambient
temperature below thermoneutral zone (Lovegrove, 2003). This the most common and readily
available estimate of thermal conductance in the literature (Lovegrove, 2003). Here, thermal
conductance, otherwise heat loss rate, was manipulated via feather insulation by trimming the
feathers around the brood patch and those covering pectoral muscles. Feather-clipping took
place on day 6 post-hatching, while resting metabolic measurements (RMR) on day 12 to
compare the slope regression of the O2 consumption (heat loss rate) between the feather-clipped
and unclipped females. RMR measurements took place for the whole night for 11 hours at
ambient temperatures of 14 and 25 °C (which are both below TNZ of the species, (Calder,
1964; Briga and Verhulst, 2017)). To avoid any differences between individuals due to
variation within the night of the RMR measurements, the order of the temperatures were
randomized (from 14 to 25 °C or 25 to 14 °C). After 6 hours the temperature was switched to

the other one and took around 5 minutes to reach the desired temperature.

Before RMR, body mass of each female was measured and afterwards females were placed
into sealed individual chambers and later inside a dark climatic “room”. Individual chambers
were built from typical commercial glass containers of 1100 ml volume and painted externally
with black colour to maintain dark conditions. Inside, the individual chamber a metal cage was

place for restraining birds from flight movements and attached to the cage a wooden stick for
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allowing birds to perch during the measurements. An inlet tube was inserted inside the chamber
around 2 cm above the bottom and outlet at the top which allowed a good air flow inside the
chamber. The bottom of the individual container was filled with 50 ml of white mineral oil
(AnVit, Poland) to collect faeces. A fresh sample of air in standard pressure and room
temperature was dried with silica gel driers and divided into 8 streams; seven was pumped into
chambers with eight mass flow system pumps 2LPM (Sable System International, USA), and
one for baseline reference. Air flow was set at 500 ml min-1 through chambers and regulated
separately for each chamber. Samples from chambers were synchronized sequentially through
Intelligent Multiplexer MUX (Sable System International, USA). Sub-sample of air stream was
first analysed for water content and then was pre-dried using permeable-membrane dryer and
then dried with magnesium perchlorate (Anhydrone, J.T. Baker, USA) columns before passing
the CO2 and O analyser. Gas concentrations were recorded every one second through a Field
Metabolic System and were analysed and downloaded through ExpeData software (Sable
System International, USA). Representative O2 concentration values were calculated for each
bird from the values recorded at the last 20 seconds just before switching the channels similar
to (Sadowska et al., 2015) for both temperatures. The last five cycles of the measurements were
accounted for each ambient temperature to obtain the minimum value of metabolic rate (criteria

for minimum metabolic rates) to assure that birds were under a post-absorptive state.

For the analysis, linear mixed effect model was performed with RMR as response variable,
while feather-clip manipulation (feather-clipped versus unclipped), temperature (14 and
25 °C), chamber as predictors and body mass post-absorptive as a covariate. Female
identification number was included as random effect to account for the repeated measures of
the same individual for the two ambient temperatures. RMR depended on the feather-clip
manipulation (F1,359=4.2, p = 0.04); feather-clipped females revealed higher RMR than the

unclipped ones and this result was similar for both temperatures (Figure 16). There was a strong
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evidence that ambient temperature has a strong effect on RMR (F1,36.90=664.8, p < 0.001). Body
mass also contributed significantly to RMR variation (t = 3.07, F1,359 = 13.7, p < 0.001). Values
of RMR were converted to obtain the energy equivalents in Watts (=KJ/s) according to the

following formula (Lighton, 2008, Measuring Metabolic Rates):

RMR [W] = RMR[ml O,min™'] x (16 + 5.164 x RQ)/ 60

where RQ (respiratory quotient) was calculated as

At ambient temperature of 25 °C, feather-clipped females (0.34 + 0.04 W) lost 0.03 W, by
9.5%, compared to the unclipped females (0.31 + 0.03 W). The unclipped individuals' RMR in
25 °C validates the values of (Briga and Verhulst, 2017), from which we acquired RMR
(0.31 £0.05W, n = 23) in 25 °C (x 0.42). At ambient temperature of 14 °C, feather-clipped
females (0.49 £ 0.04W) lost 0.03 W, by 6.5%, in comparison to the unclipped ones
(0.46 £ 0.05W). Similarly, | examined Briga and Verhulst (2017) results, finding that RMR in

14 °C (= 0.99) was on average 0.48 (x 0.07), but making it difficult to make further

comparisons with the data of this study.
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Figure 16. Resting metabolic rate (O2 ml/min) of feather-clipped (open symbols) and unclipped
(filled symbols) female zebra finches at 14 and 25 °C. Points are jittered for better visualization
and represent least square means and error bars standard error. (see Supplementary Figure 4
from Zagkle et al., 2022, an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY)).

Statistical analysis

All analysis was performed using R computer software (R version 4.1.2, (R, 2021)). For the
linear mixed effect models | used Ime4 package (Bates et al., 2015) and ImerTest package
(Kuznetsova et al., 2017) to calculate the degrees of freedom and p values. Post-hoc
comparisons were performed using Tukey method in case of two groups of means, and Sidak
method for multiple groups of means. Least square means (LSM) and standard error means
(xSE) were calculated using emmeans package (Lenth, 2022). | checked for possible
interactions between the factors but all non-significant interactions (p > 0.05) were removed
from the models if not in the interest of the study. All models were checked for normality
assumptions and homogeneity of variance by visual inspection of the residuals and in some

cases variables, i.e. clutch size, uric acid and oxidative stress index, were log-transformed to
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meet the assumptions of normality. All figures presented are based on raw data (if otherwise

stated).
Egg mass

| tested differences in egg mass by performing linear mixed effect model analysis, with egg
mass the response variable and the ambient temperature as the predictor. Clutch size (the
number of eggs) and the body mass of the mother were included as covariates, and the identity
of the nest box was included as a random effect to control for any dependence laid on the same

nest by the same mother.
Female body mass

| performed one-way ANOVA for testing differences in body mass in mothers at the beginning
of the experiment between the ambient temperatures. Linear mixed-effect model analysis was
performed for body mass in females including ambient temperature and nestling age (day 0, 4
and 6 - which was the day of feather-clip manipulation) as fixed effects and their interaction.
Another linear mixed effect model was performed for analysis of female body mass with the
explanatory variables of ambient temperature (factor I; cold and warm), feather-clip
manipulation (factor I1; feather-clipped, unclipped), the nestling age (day 8, 10, 12, 16, 35) and
their interaction. Number of chicks was included as a covariate. For both models, the identity

of the female was included as a random effect.
Oxidative status

| tested for differences in oxidative stress biomarkers (response variable) in females between
the two ambient temperatures (factor 1) performing one-way ANOVA when sampled just
before reproduction. Blood samples were also taken from mothers at the peak of food
provisioning (day 13) and towards the end of offspring rearing respectively (day 35). The given

oxidative stress biomarker was set as a response variable and | added nestling age as a
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categorical variable with two levels: day 13 and day 35), ambient temperature and the feather-
clip manipulation groups as predictors and their interaction as well. The body mass of the
female was included as a covariate, while the identification number of the female was a random

effect to account for the repeated measures.
Food intake

| tested for differences in food intake between the two ambient temperature groups before the
feather-clip manipulation, at the nestling age of 4 to 6 days old performing ANCOVA. Female
body mass and clutch size were included as covariates. After feather-clip manipulation, a linear
mixed effect model was performed to detect variation in food intake during the chick
development over three 48h periods; 1) from 6 to 8 days old of chicks, 2) from 8 to 10 days old
and 3) from 10 to 12 days old. As predictor variables, the ambient temperature, the feather-clip
manipulation, the sampling point, and their interaction were added. Brood size and female body

mass were included in the model as covariates.
Nestling development

a) To test differences in body mass, tarsus, and wing length (response variables) between the
two ambient temperatures (factor 1) until the feather-clip manipulation that took place on day
6, | performed linear mixed effect model including interaction between ambient temperature
and experiment day. Brood size was also included as a covariate to control for any differences
between small and large broods and the identity of the female and the identity of the chicks

were set as random effects.

b) I performed linear models over the nestling age since the relationship appeared to be linear
(contrary to the asymptomatic growth slope) to test differences in body mass, wing, and tarsus
length in nestlings (response variable) between the two ambient temperatures (factor 1) and the

feather-clip manipulation groups (factor II). For this model 1 included a third factor of the
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experimental day (factor IlI; levels: day 8, 10, 12, 16 and 35) and the interaction between the
three factors (factor I x factor Il x factor I11). The brood size was included as a covariate to
control for any differences in nestling development between small and large broods. The
identity of the chicks was included as a random effect to account for the repeated measurements
during the development nested in the identity of the mother to control for any dependence in

the nestling development from the same mothers.
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2.2.3. Results

a) Biparental traits

A total of 82 pairs were exposed to either cold conditions of 14 °C (n = 39) or warm conditions
of 25 °C (n = 43). Birds were more successful in laying eggs at the cold compared to warm
conditions; about 82% of the 39 pairs (32 out of 39) in the cold and about 51% of the 43 pairs
(22 out of 43) in the warm laid eggs (x° = 8.67, p = 0.003; Figure 17 A). From those pairs that
laid eggs, a total of 26 out 32 chicks hatched in the cold, and 18 out of 22 in the warm. There
was no evidence that ambient temperature influenced hatching success (% = 0.002, p = 0.95).
When chicks hatched (day 0), there was moderate evidence in clutch size (after log-
transformation) between the two ambient conditions (F152 = 5.7, p = 0.02; one-way ANOVA,
Figure 17 B); females in the warm laid significantly smaller clutches than the females in the
cold. Variation in egg mass (ANCOVA) was explained by the ambient temperature
(F1495 =5.7, p=0.02; Figure 17 C) and female body mass (t = 2.52, F1467 = 6.3, p = 0.01),
while there was no evidence that the clutch size had an effect on egg mass (t=0.91,

F1379=0.8, p =0.36).
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Figure 17. A) Egg-laying success in percentage (x2 = 8.67, df = 1, p = 0.003), B) clutch size
(after log-transformation) and C) egg mass (g) for the two ambient conditions (cold 14 and
warm 25 °C). Different lower-case letters indicate statistical significance. (see Figure 1 from
Zagkle et al., 2022, an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY)).

b) Female traits

Body mass

Initial body mass measured before mating did not differ between the two ambient temperatures
(Fie1 =2.28, p =0.13; one-way ANOVA). Body mass decreased continuously from the day
that chicks hatched until day 6 (F2,786 = 297.8, p < 0.001), but no difference was found between
the two ambient temperatures (Fis4ss5=2.72, p=0.11). Interaction between ambient
temperature and nestling age was found to be statistically unclear. Feather-clip manipulation
was applied when chicks were 6 days old and there was no evidence that the body mass of the
females differ between the experimental groups (Fi3s = 2.02, p = 0.16). Linear mixed effect
model analysis revealed that there was strong evidence that nestling age was associated with
female body mass (Fa 1570 = 44.4, p < 0.001); body mass decreased significantly for all females
during nestling—rearing period. The data revealed a weak evidence for an interactive effect

between feather-clip manipulation and ambient temperature on female body mass (F1,3s0 = 3.7,
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p = 0.06). Unclipped females in the warm temperature revealed the lowest body mass
(11.9 £ 0.4; LSM = SE) compared to the feather-clipped females in the warm (13.2 + 0.4; LSM
+ SE), unclipped (13 £ 0.3; LSM = SE) and feather-clipped (12.9 + 0.3; LSM * SE) in the cold

(Table 5,

Table 6). | also performed ANCOVA for female body mass (g) on day 16 and found moderate
evidence for an interactive effect between ambient temperature and feather-clip manipulation
(F137 = 4.26, p = 0.04). Unclipped mothers in the warm temperature revealed the lowest body

mass in comparison to the other three groups (Figure 18).
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Figure 18. A) Body mass (g), B) tarsus length (mm) and C) wing length (mm) of the females.
Body mass of the females is shown at nestling age of 16 days old. Blue color stands for the
cold conditions while red for the warm conditions. Filled symbols and boxplots represent
unclipped mothers (control) while the open symbols and boxplots the feather-clipped mothers.
Boxplots show the median, the range and the inter-quartiles, and the symbols indicate
individual values. Different lower-case letters indicate statistical significance. (same figure as
Figure 2 from Zagkle et al., 2022, an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY)).

82



Table 5. Linear mixed model results for the analysis of female body mass (g) and the
explanatory variables include ambient temperature (factor I; cold and warm), feather-clip
manipulation (factor 1l; feather-clipped, unclipped), nestling age (day 8, 10, 12, 16, 35), clutch
size (day 35), and the interaction between factor | and Il. Identification number of the female
was included as a random effect. Body mass (g) was recorded just after lights on. Statistics;
Estimates, SE: Standard Error, DF: degrees of freedom denominator and p value based on
Satterthwaite’s method approximation. (same table as Supplementary Table 2 from Zagkle et
al., 2022, an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY)).

Variable Estimate SE t df p value
Intercept 13.09 058 22.67 37.45  <0.0001
Temperature (warm) 0.21 050 0.43 36.99 0.67
Manipulation: unclipped 0.12 043 0.29 36.99 0.78
day 10 -0.13 0.07 -1.83 159.02 0.07
day 12 -0.28 0.07 -410 159.02 <0.0001
day 16 -0.37 0.07 -544 159.00 <0.0001
day 35 0.46 0.07 6.70 159.03 <0.0001
number of chicks on day 35 0.07 0.16 046 3699 0.64
Temperature (warm) x Manipulation (unclipped) -1.43 072 -197 36.99 0.06

ID female (random) 1.08

Table 6. Least square means and confidence intervals (CI; lower and upper) adjusted to linear
mixed effect model analysis of the female body mass (g) Statistics after post-hoc analysis
(Tukey). (same Table as Supplementary Table 3 from Zagkle et al., 2022, an open-access
article distributed under the terms of the Creative Commons Attribution License (CC BY)).

Feather-clipped Unclipped Estimates  se DF t
LSM CI LSM CI
Cold (14 °C) 12.88 (12.29-12.88) 13.02 (12.42 - 13.62) -0.34  0.48 37.00 -0.68
Warm (25 °C) 13.21 (12.44-13.99) 11.90 (11.09-12.71) 1.11 0.49 37.00 2.24

p-value

0.49
0.03

83



Oxidative — antioxidant status

Effect of temperature before reproduction

There was no evidence for an influence of ambient temperature on uric acid when birds were
sampled in the morning, just before mating (F1,72 = 0.61, p = 0.43; Figure 19 A). Similarly, no
evidence of ambient temperature in non-enzymatic antioxidant capacity (F1,e0 = 0.25, p = 0.61;
Figure 19 B). A moderate evidence in oxidative damage, measured as d-ROM, was detected
between the two groups of ambient temperature (F1,73 = 5.36, p = 0.02); females in the warm
conditions revealed higher oxidative damage (LSM * SE: 1.75 £ 0.07) than females in the cold
conditions (LSM £ SE: 1.49 + 0.07) (Figure 19 C). Differences between the two ambient
temperature in oxidative stress index (after log-transformation), calculated as the ratio of the
oxidative damage to the total non-enzymatic antioxidant capacity multiplied by 1000 were not

statistically clear (F1,6s = 2.46, p = 0.12; Figure 19 D).

Effect of temperature and feather-clipping during offspring rearing period

There was no evidence for an interactive effect between sample point, feather-clipping and
ambient temperature in any of the oxidative stress biomarkers and thus removed these from the
models. There was a statistical clear difference in uric acid (after log-transformation) between
the two sampling points (F1,386 = 65.5, p < 0.001); uric acid in females was higher at the end
of the offspring rearing period (LSM + SE: -0.05 £ 0.07, on day 35) compared to the peak of
offspring rearing period (LSM % SE: -0.76 + 0.07, on day 13). While ambient temperature did
not explain any variation in uric acid (Fy3s2 = 2.9, p = 0.09), there was moderate evidence that
feather-clip manipulation had an effect in uric acid (F139.0=4.6, p = 0.03). Feather-clipped
females regardless of the ambient temperature revealed higher uric acid (LSM % SE: -0.28

+ 0.08) than the un-manipulated (LSM + SE: -0.53 £ 0.08) females (Figure 19 A). Non-
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enzymatic antioxidant capacity also differed significantly between the two sampling points
(F1365 =20.23, p<0.001); non-enzymatic antioxidant capacity was significantly lower
(LSM % SE: 74.7 £ 5.5) in females towards the end of reproduction in comparison to the peak
of offspring rearing period (LSM = SE: 106.6 = 5.4; Figure 19 B). However, neither ambient
temperature (p > 0.05) nor feather-clip manipulation (p > 0.05) explained variation in
antioxidant capacity. The effect of ambient temperature on oxidative damage was statistically
unclear (F1365=0.17, p=0.67) and similarly the effect of feather-clip manipulation
(Fi359 = 1.1, p=0.29). There was weak evidence that oxidative damage differed between the
two sampling points (F1,401 = 3.1, p = 0.08); oxidative damage was slightly higher at the end
of offspring provisioning period (LSM £ SE: 1.25 £ 0.05) on day 35 than during the peak of
offspring provisioning period (LSM + SE; 1.13 £ 0.05) on day 13 (Figure 19 C). Oxidative
stress index (after log transformation) did not differ between ambient temperature groups
(F137.39 =0.87, p=0.35) and feather-clip manipulation groups (Fi,3e58 =1.34, p =0.25) but
differed between the sampling points (F13s9 = 21.91, p <0.001); oxidative stress index was
higher towards the end of offspring-rearing period (LSM + SE: -4.0 + 0.09) compared to the

peak of offspring-rearing period (LSM + SE: -4.55 + 0.09; Figure 19 D).
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One-way ANOVA (factorl) Linear mixed effect analysis (factor| x factor I1)
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Figure 19. A) Uric acid, log-transformed (mmol/L), B) OXY (mmol HCIO neutralized), a
metric for non-enzymatic antioxidant capacity, C) dROM (mmol/H.O> equivalents), a metric
of oxidative damage and D) oxidative stress index, calculated as the ratio of the oxidative
damage to the total non-enzymatic antioxidant capacity multiplied by 1000, in plasma
concentration of the mother zebra finches (Taeniopygia guttata). At the left panel biomarkers
are shown when sampled before reproduction and tested for differences using one-way
ANOVA (factor I: ambient temperature) and at the right panel during offspring rearing period
at nestling age of 13 and 35 days old (blood sample 2 and 3 respectively) tested with linear
mixed effect model (factor I, factor Il and blood sampling as a third factor). Blue color stands
for the cold conditions while red for the warm conditions. Filled symbols and boxplots
represent unclipped mothers (control) while the open symbols and boxplots the feather-clipped
mothers. Boxplots show the median, the range and the inter-quartiles, and the symbols indicate
individual values. Different lower-case letters indicate statistical significance. (same figure as
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Figure 3 from Zagkle et al., 2022, an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY)).

¢) Maternal trait

The data revealed strong evidence that the ambient temperature affects food intake over a 48-
hour period (Fi32 =15.41, p <0.001; Figure 20); food intake in mothers raising hatchlings
from day 4 to 6 at the warm temperature was lower (9.4 £ 1.4 g; LSM % SE) than food intake
in mothers raising hatchlings at the cold temperature (16.1 £ 0.9; LSM £ SE). After the
implementation of the feather-clip manipulation, there were statistically clear differences in
food intake between the two ambient temperatures (F1315 = 25.59, p <0.001) and the three
sample points (F1gs5 = 46.59, p <0.001). However, there was no evidence that feather-clip
manipulation had an effect in food intake from the mothers (F1315 = 0.01, p = 0.91). There was
no evidence for a three-way interaction between factor I, factor Il and sample point (p = 0.44).
Brood size explained most of the variation in food intake (F1,34 = 20.5, p < 0.001). Food intake
of the females increased along the development of the chicks, and it was lower for the females
breeding in the warm conditions compared to the higher food intake of the females breeding in

the cold conditions (Figure 20).
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Figure 20. Food intake within 48-hour period of the mothers between cold and warm conditions
and after the feather-clip manipulation at day 6 food intake between feather-clipped and
unclipped mothers raising chicks at the warm (red color) and cold (blue color) ambient
temperature. Different lower-case letters indicate statistical significance. (same figure as Figure
4 from Zagkle et al., 2022, an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY)).

d) Nestlings

There was no evidence that body mass of the hatchlings differ between the ambient temperature
conditions (F1472 = 0.27, p = 0.6) from the day that eggs hatched (day 0) until the day of the
feather-clip manipulation (day 6). The interaction between ambient temperature and nestling
age was statistically unclear (Fi271.3 =0.74, p = 0.47). There was strong evidence that body
mass of the nestlings differed with the nestling age (F1,271.3 = 491.54, p < 0.001) and there was
moderate evidence that the brood size had an effect on body mass (F15537 = 4.29, p = 0.04).
After the feather clip manipulation (day 6), the data showed a moderate evidence for an
interaction between ambient temperature (factor 1), feather-clip manipulation (factor 1) and
the nestling age (factor I11); factor | x factor Il x factor 11, (Fs465 = 3.64, p = 0.01, see Figure
21, Figure 22) on nestling body mass. At the age of 35 days old, nestlings raised from unclipped

females at warm ambient temperature had lower body mass compared to feather clipped
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females at the warm temperature compare to all three other groups, while no differences were
detected during the nestling development ( Figure 21, Figure 22, Table 7, Table 8). Chick mass

depended also on the brood size (F1398 = 5.8, p = 0.02; Table 7, Table 8).
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Figure 21. A) Body mass (g), B) tarsus length (mm) and C) wing length (mm) of the nestlings
raised in cold (14 °C, blue color) and warm conditions (25 °C, red color) on day 35. Filled
symbols and boxplots represent nestlings raised by the unclipped mothers (control) while the
open symbols and boxplots nestlings raised by the feather-clipped mothers. Boxplots show the
median, the range and the inter-quartiles, and the symbols indicate individual values. Different
lower-case letters indicate statistical significance. (same figure as Figure 5 from Zagkle et al.,
2022, an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY)).

For the tarsus length of the chicks, there was a statistically clear interaction between ambient
temperature and feather-clip manipulation (factor I x factor Il, F11155=9.07, p =0.003).
Chicks raised from the unclipped females at warm conditions had smaller tarsus length (mm)
in comparison to the other three groups; warm feather-clipped, cold unclipped and cold feather-
clipped (Figure 21). There was a strong evidence that tarsus length was positively related to
nestling age (tarsus length increased with increasing age from 16 to 35 days old;
F1,102.97 = 88.96, p < 0.001), while brood size on day 35 did not explain any variation of tarsus

length (F1,117.06 = 9.07, p = 0.76). On the other hand, wing length was not affected by either of
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the two manipulations (factor I and factor Il) but significantly related to nestling age; wing

length was higher with increasing age (from 16 to 35 days old; F1,11450 = 2233.67, p < 0.001).

Table 7. Adjusted least squares means (LSM) of nestling body mass (g) for each measured day
and confidence intervals (ClI; lower and upper), corrected for repeated measurements and with
covariates fixed at their respective mean. Feather-clip manipulation of mothers took place at
nestling age of 6 days old. (same table as Supplementary Table 4 from Zagkle et al., 2022, an
open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY)).

Day Cold (14 °C) Warm (25 °C)

feather-clipped unclipped feather-clipped unclipped

LSM ClI LSM CI LSM CI LSM CI
0 - - 0.9 (0.8-1.1) - - 0.8 (0.6 - 1.0)
4 - - 2.2 (2.0-2.3) - - 2.1 (1.8-2.3)
6 - - 2.9 (2.7 -3.0) - - 2.9 (2.7-3.1)
8 3.9 (3.3-4.4) 3.9 (3.3-4.5) 3.9 (3.1-4.7) 4.2 (3.4-5.0)
10 5.1 (4.6 -5.7) 5.2 (4.6 -5.8) 4.9 (4.1-5.7) 5.6 (4.8-6.4)
12 6.3 (5.7-6.8) 6.6 (6.0-7.2) 6.2 (5.4-7.0) 7.0 (6.1-7.8)
16 8.5 (7.9-9.0) 8.9 (8.3-9.5) 8.4 (7.6-9.2) 8.1 (7.3-9.0)

117 - 112 - 109 - 100 -

35 12.3 (12.9) 11.9 (12.5) 11.8 (12.6) 10.8 (11.6)
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Table 8. Linear mixed model results for the analysis of offspring body mass (g) and the
explanatory variables include ambient temperature (factor I; cold and warm), feather-clip
manipulation (factor Il; feather-clipped, unclipped), nestling age (factor Ill; day 8, 10, 12, 16,
35), clutch size (day 35), body mass of the mothers (g) and the interaction between factor | x
I1 x 11l. Statistics; Estimates, SE: Standard Error, DF: degrees of freedom denominator and p
value based on Satterthwaite’s method approximation. (Same table as Supplementary Table 5
from Zagkle et al., 2022, an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY)).

Variable Estimate SE t df p value
Intercept 3.71 1.7 2.19 13351  0.03
Temperature (warm) -1.04 0.52 -2 62.33 0.05
Manipulation: Unclipped -0.93 0.6 -1.55 70.68 0.13
day 10 1.43 0.27 5.24 45756 O
day 12 2.8 0.29 9.67 463.1 0
day 16 3.94 0.28 14.2 46783 0
day 35 6.65 0.28 23.36 46549 0
Female body mass 0.27 0.1 2.67 137.13 0.01
number of chicks on day 35 -0.35 0.14 -2.49 39.83 0.02
Temperature (warm) x clipped x Day 8  -2.28 0.84 -2.72 105.22 0.01
Temperature (cold) x unclipped x Day 8  -1.21 0.42 -2.87 45814 0
Temperature (cold) x unclipped x Day 8  -1.3 0.36 -3.61 45777 0
Temperature (cold) x clipped x Day 10 -2.44 0.84 -2.91 104.8 0
Temperature (warm) x clipped x Day 10  -1.63 0.42 -3.87 45552 0
Temperature (cold) x unclipped x Day 10 -1.47 0.36 -4.07 46123 0
Temperature (cold) x clipped x Day 12 -2.68 0.84 -3.18 107 0
Temperature (warm) x clipped x Day 12 -1.73 0.43 -4.01 456.4 0
Temperature (cold) x unclipped x Day 12 -1.46 0.37 -3.94 46041 O
Temperature (cold) x clipped x Day 16 ~ -1.6 0.84 -1.9 105.14  0.06
Temperature (warm) x clipped x Day 16  -0.66 0.42 -1.57 45356 0.12
Temperature (cold) x unclipped x Day 16 -0.3 0.36 -0.85 45446 04
Temperature (cold) x clipped x Day 35 -0.5 0.74 -0.68 64.59 0.5
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e) Body mass of the females and nestlings along the nesting-provisioning period
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Figure 22. A) Female body mass (g) from the hatching date (day 0) until offspring development
(day 35) between cold (blue boxplots) and warm (red boxplots) ambient temperatures, and
between feather-clipped (open boxplots) and unclipped (filled boxplots). B) Nestling
development under cold (14 °C) and warm (25 °C) conditions and those raised from females
in which they were feather-clipped (open points/boxplots) and unclipped (filled
points/boxplots). Total 153 nestlings on day 0 from total 46 nests (cold; n = 100 and warm; n
= 53), total 142 nestlings from 43 nets on day 6 which feather-clip manipulation took place
(cold and feather-clipped; n = 50, cold and unclipped; n = 45 and warm and feather-clipped; n
= 22, warm and unclipped; n = 25). Total 114 nestlings from 42 nests on day 35 (cold and
feather-clipped; n =44, cold and unclipped; n = 33 and warm and feather-clipped; n = 18, warm
and unclipped; n = 19). (same Figure as Supplementary Figure 5 from Zagkle et al., 2022, an
open-access article distributed under the terms of the Creative Commons Attribution License
(CC BY)).
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CHAPTER Il General Discussion

“After all evolution isn’t about advancement, it’s about survival. It’s about learning to solve
problems of your environment, something birds have done surpassingly well for a long ...long time.”

J. Ackerman, 2017 (The Genius of Birds)



a) Energetics and limitations during reproduction

From Experiment I, | observed female great tits (Parus major) raising enlarged brood size
with higher daily energy expenditure (DEE) by 12.8% compared to females raising control
broods. However, night-time basal metabolic rate (BMR) remained unchanged (Figure 6).
Brood size manipulation typically increases DEE, an outcome previously shown (Sanz and
Tinbergen, 1999; Wiersma and Tinbergen, 2003; Schifferli et al., 2014). Higher DEE and
unchanged BMR suggests that females raising enlarged brood size worked harder to meet the
enhanced offspring demands than the control ones, investing energy expenditure towards the
reproductive demands for offspring provisioning rather than self-maintenance (Vézina et al.,
2006; Welcker et al., 2015). Mothers raising enlarged broods tried to compensate the high
demands and increased DEE but failed to fully compensate as observed by the offspring
development. Nestlings from enlarged broods were smaller in size and lighter in mass in
comparison to the control broods (Figure 9, Figure 11), suggesting parental energetic

limitations.

High DEE in great tit females was not supported with high BMR, contrary to the hypothesis
that increased energy expenditure requires a large metabolic machinery (“increased intake
hypothesis™). Nilsson (2002) applied brood size manipulation in marsh tits (Poecile palustris)
and found a positive relationship between DEE and BMR when chicks were around 14 days
old, according to “increased intake hypothesis”. A handicap experiment inducing workload for
breeding house wrens (Troglodytes aedon) also revealed a positive relationship between DEE
and BMR (Tieleman et al., 2008). On the other hand, kittiwakes (Rissa tridactyla) exhibited
lower free triiodothyronine (fT3) which is a proxy for resting metabolic rate, and increased
DEE in response to brood enlargement (Welcker et al., 2015) compared to control broods,

supporting “compensation” hypothesis as a saving-energy strategy. Pied flycatchers (Ficedula
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hypoleuca) raising enlarged broods decreased BMR compared to those ones raising control
broods but no changes in DEE (Visser et al., 2019), suggesting that female parents were not
able to increase energy for daily activities and applied a saving energy strategy by lowering
demands for self-maintenance. Brood enlargement increased female DEE in great tits while no
changes were detected in BMR (Wiersma and Tinbergen, 2003), a similar outcome to this study
(Figure 6) neither supporting “increased intake” nor “compensation” hypothesis. All the
aforementioned findings, together with this study, lead to the idea that the different directions
in the correlation between DEE and BMR perhaps are caused by species- specific physiological
limitations and/or ecological constraints (Careau et al., 2013; Welcker et al., 2015), a rather

context-dependent relation.

Extrinsic factors such as food availability and temperature (Nilsson, 2002; Speakman et al.,
2003; Schifferli et al., 2014; Welcker et al., 2015), or intrinsic, e.g. digestive capacity for
energy assimilation and utilization (Hammond and Diamond, 1997; Speakman and Garratt,
2014; Welcker et al., 2015), may influence DEE or/and BMR independently. Nilsson (2002)
suggested that the “increased intake” hypothesis emerges when foraging costs are low for
increasing food intake. On the other hand, energy acquisition can be limited by the digestive
or organ capacity, and any physiological changes on the organ capacity may influence BMR
(Weiner, 1992). For instance, kittiwakes even though increased DEE due to enlarged brood,
fT3 —aproxy of BMR —decreased compared to the control brood while food was supplemented
suggesting perhaps limitations due to reduced metabolic intensity in liver and kidney (Welcker
etal., 2015). Visser et al., (2019) reported that in flycatchers BMR was not affected when brood
size manipulation was applied for a long-time period, while BMR decreased with no changes
in DEE measured shortly after brood size manipulation. This outcome rather implies
physiological limitations for increasing energy expenditure, perhaps such as adjusting organ

size (Visser et al., 2019). Apparently, several aspects such as food availability or energy intake
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limitations may drive the relationship of DEE and BMR accordingly to the needs of the
organisms. Here, the reasons are not immediately clear for the absent association between DEE
and BMR. Perhaps, BMR remained unchanged (Figure 6) allowing great tit females to invest
towards reproductive demands, keeping the energetic costs for self-maintenance at regular low
levels - without an increase - and thus avoiding any further costs (i.e. oxidative damage Figure
7 C). Data of this study may support the idea that any modification of metabolic rates during
sustained workload may be adjusted accordingly for mediating the potential costs of

reproduction.

For the second experiment (Experiment I1), | tested whether breeding birds are limited by the
capacity to dissipate the excess body heat produced during sustained energy expenditure.
Reduced egg mass and clutch size at the warm conditions (25°C) compared to the cold (14°C)
imply that both parents already at the beginning of reproduction are limited by the heat
dissipation capacity, in line with the heat dissipation limit hypothesis (HDL, Speakman and
Krdl, 2010b). Breeding pairs at warm temperature were less successful in producing a clutch
compared to the breeding pairs at the cold (Figure 17). Reduced egg production in terms of egg
number and mass at warm ambient temperature (Figure 17), is consistent with previous
findings revealing decreased egg size and mass (Williams and Cooch, 1996; Schaper and
Visser, 2013) with increasing ambient temperatures (although see Griffith et al., 2020).
Breeding zebra finches showed decreased egg mass and clutch size when exposed to a high
foraging cost feeder similar to the one implemented for the Experiment 1l (Yap et al., 2021),
suggesting that energy used was traded-off between foraging costs and egg production. The
reduced clutch size and egg mass in the warm conditions observed in Experiment Il rather
resulted from a combination of both warm temperature and elevated foraging costs. Physical

exercise increases heat production and thus combined with warm ambient temperature during
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reproduction resulted in lower reproductive output suggesting that the capacity of heat

dissipation is indeed important.

By feather-clipping females around the brood patch and the pectoral muscles, heat dissipation
capacity was enhanced up to 0.03 W (9.5%) compared to the unclipped females (See Thermal
conductance, Figure 16). All mothers gradually decreased their body mass during nestling
rearing period (Figure 22), suggesting an energetic investment towards reproduction at the cost
of self-maintenance (life-history trade-off). However, un-manipulated mothers in the warm
revealed lower body mass when nestlings reached 16 days old compared to the other three
groups of mothers eased of heat constrains (Figure 18). This suggests that unclipped mothers
in the warm were limited by the capacity to heat dissipate. The differences in body mass cannot
be explained from the food intake, since food intake, even though dependent on ambient
temperature, was independent of the feather-clip manipulation (Figure 20). Here, food intake
estimation might be masked by the fact that direct measurements of the food acquired from the
female parents and the food passed on to the nestlings are lacking. Body mass loss during
reproduction has been previously observed in birds and it has been formulated as a consequence
of either a consumption of the energy reserves (“cost of reproduction” hypothesis) or an
adaptation to lower the flight costs of adults during nestling rearing (“‘mass-adjustment”
hypothesis) (Hillstrom, 1995). In this study, birds had unlimited access to food during a 13-
hour period of daylight and thus the hypothesis that birds were not able to replenish their energy

stores may not be supported by the “cost of reproduction” hypothesis.

Maternal feather-clip manipulation in blue tits (Cyanistes caeruleus) enhanced heat loss by
0.09 W and revealed lower body mass loss in feather-clipped females compared to the
unclipped ones when nestlings were at 14 days old (Nord and Nilsson, 2019). This is in line to
the results of this present study, even though the difference in heat loss is smaller (0.03 W).

Higher energy expenditure induced by an experimentally enlarged brood size was negatively
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related to body mass in great tits (Parus major) (Nadav, 1984), and Nord and Nilsson (2019)
suggested that unclipped females may have lost more body mass due to the higher energetic
costs of panting to dissipate heat compared to the feather-clipped ones. Panting is a known
mechanism in passerines for heat dissipation and more likely to take place during high ambient
temperatures for increasing heat loss (McKechnie and Wolf, 2019; Pessato et al., 2020; Oswald
et al., 2021). Also, panting requires a high amount of water expenditure causing changes in
blood chemistry (Calder and Schmidt-Nielsen, 1966; Schmidt-Nielsen, 1972), and perhaps
unclipped mothers in the warm in our study may have used more energy to dissipate heat via
panting compared to the clipped mothers in the warm (and both experimental groups in the
cold) explaining the body mass difference. Body temperature rises during exercise (Ward et
al., 1999; Guillemette et al., 2016) and this rise becomes more pronounced with increasing
ambient temperatures (Tucker and Noakes, 2009; Tapper et al., 2020a). When body
temperature reaches lethal levels as shown in tree-swallows during offspring provisioning
period (i.e. 15% of all observations exceeded 43 °C; Tapper et al., 2020a), organisms have
evolved different mechanisms to avoid any irreversible physiological damage. For instance,
pacing strategy is known in human athletes (Tucker and Noakes, 2009), and eider ducks stop
their flights when body temperature rises significantly (Guillemette et al., 2016) pacing strategy
in human athletes; see review in Tucker and Noakes, 2009). Lowering the pace may explain
high body mass loss in unclipped birds at the warm temperature. Unclipped females breeding
in warm conditions, hence with heat dissipation limitations, may have lost body mass as a
strategy to lower metabolic heat production. For instance in humans, runners with lower body
mass revealed an advantage of decreased heat production and thus were able to run faster than
heavy runners under the hot ambient temperature of 35 °C (Marino et al., 2000). In summary,

the body mass changes of mothers in response to two manipulations provide strong
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experimental support that the capacity to dissipate heat may indeed represent a limit during

sustained parental workload.

In conclusion, both experiments indicate that sustained energy expenditure during food
provisioning period is limited and cannot exceed certain levels. In Experiment I, females from
the enlarged broods increased sustained energy expenditure 3.1 x BMR compared to the
females from the control 2.6 x BMR. Breeding females tried to compensate the higher energetic
demands of the enlarged brood size but energy expenditure was not enough since nestlings
were observed with lower body mass, smaller wing length and structural size (Figure 11), in
line with the idea that sustained metabolic scope is limited and cannot exceed certain levels
(Peterson et al., 1990). Data from the Experiment Il, confirm that the capacity to dissipate
heat is a very likely constraining mechanism that may influence energy expenditure during
intensive physical workload. The Experiment Il which took part under controlled laboratory
conditions provides now comprehensive support for the HDL hypothesis especially under
warm conditions and adds up to the current evidence accumulated for free-living birds that also
support HDL hypothesis (Nilsson and Nord, 2018; Nord and Nilsson, 2019; Tapper et al.,

2020b, 2020a).
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b) Oxidative stress during reproduction

Any energy allocation and investment during reproduction may influence the production of
free radicals (Monaghan et al., 2009), increasing the risk for encountering oxidative stress (see
review Table 1). Contrary to the predictions, at the Experiment | oxidative damage did not
differ between the females raising enlarged and control broods (Figure 7). This is not the first
time that oxidative damage is not detected during intensive reproductive activities (see Nussey
et al., 2009; Wilson et al., 2012; Costantini et al., 2010; Costantini et al, 2014a; Markoé et al.,
2011). Actually, reduced oxidative damage is shown in breeding individuals compared to the
non-breeding ones (see meta-analysis Blount et al., 2016). Especially under conditions rich in
food resources (natural conditions: Fletcher et al., 2013 or laboratory: Costantini et al., 2014b)
oxidative damage in breeding individuals is not detected. At the Experiment Il, oxidative
damage was also not detected during reproduction in breeding zebra finches. The absence of
oxidative damage during reproduction observed in some cases, including the present studies,
may be due to the fact that antioxidant repair processes take part in the first line of defense
(Vaanholt et al., 2008). Animals have evolved the ability to cope with environmental and
metabolic changes that promote ROS formation by upregulating endogenous antioxidants (via
activation of an electric transcription factor) (Giraud-Billoud et al., 2019; Ensminger et al.,
2021). Antioxidants, such as uric acid, glutathione, vitamin C and E, participate in a chain
reaction with ROS transforming them to non-reactive and non-harmful products, hence
organisms avoid further oxidative damage. The absence of oxidative damage in both studies
during reproductive activities indicate that antioxidant mechanisms took over for diminishing

oxidative damage produced at the early phase of oxidative cascade.

Several alternative reasons can be put forward to explain the lack of effect on oxidative damage

from increased workload in both experiments (Experiment I, Experiment I1). One reason, for
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example, could be the time of sampling that blood was collected. All blood samples were
standardized and collected early in the morning after night-time resting activity. It has been
proposed that the accumulation of free radicals along the day-time metabolism and activity is
removed and quenched during sleep (Reimund, 1994; Wilking et al., 2013), suggesting that
any oxidative damage occurred during day-time due to the intensive activity for offspring-
rearing could be mitigated during the resting phase. A second explanation could be that
oxidative damage in plasma, as measured here, may not always represent the oxidative damage
in tissues (Speakman and Garratt, 2014). As previously shown, the direction of oxidative
damage may differ between serum and liver (Xu et al., 2014). In Table 1, we may also observe
the contradictory findings on oxidative damage that can be related to the different
measurements of markers or/and tissues. On the other hand, we should not exclude the idea
that high levels of energy expenditure may not necessarily increase reactive oxygen species
(ROS), since ROS are not generated in direct proportion to oxygen consumption but rather the
mitochondrial coupling state can be the key regulator (Speakman et al., 2004, 2015; Barja,
2007; Speakman and Garratt, 2014; Stier et al., 2014). For instance, increased sustained
metabolic rate reduced ROS production (Salin et al., 2015), while reductions in metabolism via
fasting increased oxidative stress in brown trout (Salin et al., 2018), contrary to the expected
positive relationship between aerobic metabolism and ROS production. Consequently, it is
generally important to keep in mind that any type of damage can be reversed and depends on
the capacity to repair or other factors. Such damages and/or the repair rate along reproductive

activities still require to be explored.

Regarding the antioxidant capacity, at Experiment I, we observe a negative relationship
between DEE and the total non-enzymatic antioxidant capacity (Figure 9). This suggests that
females increased energy investment towards reproductive output and reduced energetic

investment in self-maintenance processes. Elevated metabolism perhaps increased the amount
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of free radicals and there was need to counterbalance those radicals via the antioxidant defense
mechanism. Female barn swallows (Hirundo rustica) were detected with decreased antioxidant
capacity when nestlings were 15 days in response to brood enlargement, and no changes in
oxidative damage (Costantini et al., 2014a). Antioxidant capacity decline was also observed in
breeding Seychelles warblers (Acrocephalus sechellensis) during the provisioning period
compared to the stage before even the nesting phase (van de Crommenacker et al., 2012).
Antioxidants, both enzymatic or non-enzymatic, can minimize harmful effects of ROS
production generated through intensive physical activity. Homing pigeons after an endurance
flight of 200 km also revealed a decreased amount of non-enzymatic antioxidants, indicating
the use of antioxidants for compensating the increased amount of ROS production during
intensive physical activity (Costantini et al., 2008). On the other hand, handicapped great tit
males with increased flight costs, had higher non-enzymatic antioxidants than the control non-
handicapped (Casagrande and Hau, 2018). Antioxidants whether enzymatic or non-enzymatic
antioxidants may play a different role given the conditions. Results from Experiment | rather
suggest that the increased energy expenditure (Figure 9 and Figure 8) resulted in a net loss of

antioxidants as they were used for quenching free radicals.

In line with this outcome, non-enzymatic antioxidant capacity of breeding females at the
Experiment 11 was lower towards the end of nestling-rearing period compared to the peak
regardless ambient temperature and feather-clipping (Figure 19 B), confirming that the
antioxidant capacity can be up-regulated for the reproductive activities (Costantini et al.,
2014a). During intensive physical activities such as reproduction, organisms use antioxidants
for maintaining oxidative balance. Ad libitum access to food during laboratory conditions gave
the opportunity of the mothers to upregulate their antioxidant defenses (Speakman and Garratt,
2014), thus avoiding the risk of further oxidative stress. An opposite pattern in uric acid was

detected with higher uric acid towards the end of reproduction. In birds, uric acid has been
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suggested to act as endogenously produced antioxidant when oxidative stress is encountered
(Tsahar et al., 2006; Alan and McWilliams, 2013). For example, uric acid was found to be
positively related with allantoin (its’ oxidative product) in white-crowned sparrows during
intensive exercise (Tsahar et al., 2006). High levels of uric acid were observed in godwits prior
to migratory flight, which perhaps was caused from the breakdown of proteins that originate
from body tissue (Gutiérrez et al., 2019). Perhaps, when antioxidant capacity was reduced, then
the uric acid took over towards the end of the reproduction and most of the variation was
explained mainly by the feather-clip treatment regardless ambient temperature (Figure 19).
Feather-clipped females due to higher energetic investment to raise large and heavier offspring
(higher reproductive output) entailed catabolism of proteins possibly due to lower investment
for self-maintenance, and uric acid increased to diminish any further physiological costs. Both
oxidative stress biomarkers in zebra finches, non-enzymatic antioxidant capacity and uric acid,
suggest that mothers during offspring-provisioning period did encounter oxidative stress and
thus drove changes for the upregulation of antioxidant capacity and uric acid to protect from

further costs.

| also estimated oxidative stress index, as the ratio of d-ROMs and OXY, an informative index
taking account both functions of the pro-oxidants and the antioxidants in plasma as previously
done (Costantini et al., 2006; Marko et al., 2011). For Experiment I, oxidative stress index
was higher for females raising enlarged broods compared to the control females (Figure 7 D).
Moreover, we observed a positive link between sustained metabolic scope and oxidative stress
index (Figure 8); females with increased sustained metabolic scope revealed with higher levels
of oxidative stress. A similar pattern was observed at Experiment 11, where oxidative stress
index was higher at the end of reproduction compared to the peak of food provisioning period.

These findings are in line with the “oxidative cost” hypothesis, that oxidative stress may
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actually act as a physiological cost during reproduction (“oxidative cost” hypothesis), based on

the idea that elevated metabolism generates a high amount of ROS (Monaghan et al., 2009).

To sum up, rearing offspring requires hard work and time is limited to compensate the needs
for soma-maintenance (Tinbergen and Verhulst, 2000; van de Crommenacker et al., 2012).
Breeding females at Experiment | with higher sustained metabolic scope were detected with
lower antioxidant capacity increasing the risk to encounter oxidative stress (Figure 8). Even
though there was no evidence that oxidative stress biomarkers differ between the experimental
groups (feather-clipping and ambient temperature) during reproductive activities, non-
enzymatic antioxidant capacity decreased and oxidative stress index increased for all females
substantially towards the end of reproduction in Experiment Il. When environmental and
metabolic changes increase ROS production, endogenous antioxidants are activated (via a
transcription nuclear erythroid 2-related factor 2; Nrf2) to diminish those ROS (Giraud-Billoud
et al., 2019; Ensminger et al., 2021). Breeding females in both studies worked hard for
reproduction and may have “consumed” the endogenous stored antioxidants (i.e. glutathione,
vitamin C etc.) for deactivating ROS into non-reactive and less harmful products, lowering the

risk for any further oxidative damage.

¢) Thermal limitations and oxidative stress

Since metabolic rate is affected by ambient temperature (Scholander et al., 1950), ROS
production is also likely to be affected by the environmental temperature (Selman et al., 2000;
Blagojevié¢, 2007; Monaghan et al., 2009). At the beginning of Experiment 11, when zebra
finches were sampled just before reproduction revealed higher levels of oxidative damage at
the warm ambient temperature than the cold temperature (Figure 19), and this may resulted
from the combination of increased physical activity and the warm ambient temperature. Acute

exposure in high ambient temperatures and/or simultaneous physical activity may enhance
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oxidative stress (Lin et al., 2006; Mestre-Alfaro et al., 2012). Exercise produces heat and zebra
finches in Experiment Il increased physical activity due to the high foraging cost feeder
(Koetsier and Verhulst, 2011; Yap et al., 2017). The combination of exercise with warm
ambient temperature likely caused a surplus of body heat and this may explain the higher levels

of oxidative damage compared to the cold before the reproductive event (Figure 19 °C).

However, oxidative damage and non-enzymatic antioxidant capacity during food provisioning
period appeared unaffected by both manipulations, such as ambient temperature and feather
clipping. Similarly to this study, Mongolian gerbils (Meriones ungulicatus) exposed to 10, 21
and 30 °C during reproduction also did not reveal differences in various markers of oxidative
stress (Yang et al., 2013). High levels of oxidative damage were detected in zebra finches when
exposed in high temperatures (38 and 42 °C) during their adulthood, but this effect did not
appear in birds that experienced heat-exposure in their early life (Costantini et al., 2012).
Previous experience or duration (acute or chronic) of the exposure to the temperature may
explain the fact that we detected differences in oxidative damage at the early stage of the
experiment but not later during the reproductive events. Perhaps, the oxidative damage that
birds experienced at the beginning, through increased physical activity at warm ambient
temperatures, may have driven changes in the line of the antioxidant defense mechanisms, such

as the non-enzymatic antioxidant capacity and uric acid (Ji, 1999; Stier et al., 2019).

| predicted that feather clipping compared to unclipped treatment would remove the thermal
limitations on reproductive performance at both ambient temperatures, but results confirm this
prediction only for the high and not for the low ambient temperature. Clearly, the difference
between clipped and unclipped birds for the high ambient temperature is in agreement with
HDL hypothesis, but the effect of clipping at the low ambient temperature may rather hint to
opposite thermal constrains. Cold ambient temperature in combination with the feather-clip

manipulation may have enhanced heat dissipation so much that birds now face an additional
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energetic burden for thermoregulation, namely to remain normothermic and not to cool out to
much (Sadowska et al., 2019). Possibly, the activity levels modulate the impact of the feather-
clipping treatment and females in the cold must allocate energy to remain warm when they are
not active. In high ambient temperature clipping would improve the thermoregulation of the
active birds, reducing their costs of thermoregulation. The effects of clipping on the energy
balance of active birds in cold temperature and of inactive birds in high temperature should be
intermediate. While we observed food intake difference only between warm and cold treatment
and not between the feather manipulations, we did observe body mass effects on females and
offspring and structural size effects on offspring only in the difference between clipped and
unclipped females at the warm ambient temperature and not in the cold. Non-enzymatic
antioxidant capacity decreased for all females during nestling-rearing period (Figure 19B), uric
acid increased, but this was more pronounced for the feather-clipped females, both in warm
and cold temperature, than the control (Figure 19A). These results may suggest the
upregulation of the antioxidant defense system could neutralize the adverse effects of oxidative
stress (Alan and McWilliams, 2013; Gutiérrez et al., 2019) but the mechanism may differ
between the ambient temperatures. The association between reproduction and oxidative stress
is rather complex and may also act as a constrain. Experimentally reduction of glutathione, a
key antioxidant, in canaries (Serinus canaria) delayed the hatching date and affected the clutch
size (Costantini et al., 2016), suggesting that indeed oxidative stress may act as a constrain
during reproduction. On the other hand, even if females were able to increase energy towards
reproductive output avoiding oxidative stress, it may not necessarily be an advantage of the
nestlings to gain more mass or develop larger beyond the observed levels (Blanckenhorn,
2000). Thus, it would be interesting to experimentally enhance energetic demands through an
enlarged brood size and investigate whether breeding animals released of thermal constraints

may raise energy expenditure.
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To conclude, this study corroborates HDL hypothesis, but it also indicates that alternative
limitations are likely occurring during reproduction and these may even entail a differential

view of opposing thermal limitations between active and non-active phases.

d) Trade-offs between soma maintenance and reproductive output

Great tit females at Experiment I, even though increased energy expenditure to compensate
the nestling demands of the brood enlargement, it did not come with a benefit of higher mass
of chicks but rather with lower mass of chicks (Figure 11). Nestlings from the enlarged broods
revealed smaller tarsus, wing length, and lower body mass than the nestlings from the control
broods (Table 3), a pattern that has been previously observed at brood size manipulations
(Moreno et al., 1997; Neuenschwander et al., 2003; Losdat et al., 2010). Parents raising more
chicks may not be able to compensate for the high needs of food provisioning, leading to
increased competition for food between the siblings (Nilsson and Svensson, 1996;
Neuenschwander et al., 2003). Body condition of the nestlings is considered to be positively
related to future survival (Linden et al., 1992; Perrins and McCleery, 2001). Heavier in mass
fledglings have a greater chance to survive than the fledglings with lean mass (Smith et al.,
1988; Perrins and McCleery, 2001), although see (Adriaensen et al., 1998). In addition,
competition of food and overall growth rate of the chicks may affect the metabolic costs and
perhaps the level of oxidative stress (Costantini and Dell’Omo, 2006b; Losdat et al., 2010). In
most cases, costs of reproduction affect offspring development, hence their survival, rather than
the survival of the parents (Linden and Mgller, 1989; Moreno et al., 1997), suggesting that
parents encounter trade-offs between their own survival and reproductive success (current

versus future reproduction).

In Experiment 11, we observed that feather-clipping in female adults not only affected their

own body mass over the course of the reproductive event and possibly oxidative stress but also
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nestling development and the interactive effect was only detected at the nestling age of 35 days
old (Figure 21, Figure 22). At the nestling age of 35 days zebra finches reach almost a fully
developed juvenile size and move towards independence from their parents (Zann, 1996).
Nestling zebra finches developed in 30 °C ambient temperature were smaller in body mass and
tarsus length than those in 18 °C; however, these differences were only visible at the age of 28
days, but not at the age of 12 days (Andrew et al., 2017). This outcome is similar to the finding
of Experiment Il, in which reduced offspring mass and size were observed at the warm
temperature raised by unclipped females on day 35, when nestlings reached nearly fully
developed juvenile size, and no differences were observed in the early stages of development.
Parental care and offspring development are closely coupled (Ricklefs, 1984; Zann, 1996) and
it is unclear if the effect during the last stage of development is due to cumulative effects over
the development of the offspring or due to the difficulty to quantify the effects of maternal care
at the early stages of nestling development. For instance, the early stage of development is
characterized by intensive nestling signals, such as begging calls, that may modify and
influence parental care and the level of food provisioning (Leonard and Horn, 2001). Begging
calls take part in young zebra finches up to 14-16 days old and after fledgling young ones are
less active and beg just before a feeding bout (Zann, 1996). Even though mothers were
constrained by the heat dissipation capacity, they were rather modulating maternal care due to
nestling signals, hence masking any effects at the early stage. Perhaps, any effects of thermal
constrains during sustained parental workload are more likely to shape offspring development

at the later stage of development.

Any conditions experienced during a specific biological stage very often impact the
performance of the individuals at the subsequent biological stage (Blomberg et al., 2014).
When zebra finches bred in two ambient temperatures of 18 and 30 °C, nestlings raised in the

hot temperature were lighter and smaller at 28 days than those raised in the cold but the effect
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of body mass was removed when they reached 90 days old (complete juvenile size) and only
the effect in tarsus remained (Andrew et al., 2017), a partial “catch-up”. Here, nestlings raised
by the unclipped mothers in the warm differed significantly in body mass and tarsus length
compared to the other three groups, while wing length remained unchanged (Figure 5B, 5C).
We did not follow their post-juvenile development (as in the study of Andrew et al., 2017) and
we do not know whether nestlings were able to catch up with increasing their body mass. Tarsus
length represents skeletal size in birds and may act as a “thermal window” which may serve
for heat dissipation (Speakman and Ward, 1998). For instance, Allen’s rule suggest that small
morphological traits should rather reflect an adaptive response to cold climates for heat
conservation and large in warm climates for higher heat loss. Reduced body size is associated
with warm climates, while increased with cold ones following Bergmann’s rule (Ashton, 2002;
Cunningham et al., 2013; Kruuk et al., 2015; Andrew et al., 2017; Oswald et al., 2021).
However, here we found that nestlings raised by the feather-clipped females in the warm were
larger than those raised by unclipped, suggesting that the mechanistic link between the climate
experienced during development and the body size is likely driven by the physiological
constrains of parental care and food provisioning. Wing length represents both skeletal size
and feather growth, which depends on other factors like for example nutritional supply (Senar
and Pascual, 1997; Oswald and Arnold, 2012; Andrew et al., 2017). Feathers require necessary
nutrients for growth (Hill and Montgomerie, 1994) and nestlings in this study even though we
observed differences in body mass and tarsus length, wing length was unaffected that may be
explained by the similar amount of nutrients obtained through the seeds. In addition, tarsus size
of the nestlings at this stage (35 days old) was more developed close to adult size (Figure 21,
Figure 18) while wings were not fully developed (see differences in female and offspring wing
length; Figure 21 C, Figure 18 C). Perhaps any effects on wing length could be detected later

when wings are fully developed close to adult size. Low mass and small structural size in
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nestlings implies lower survival probability (Magrath, 1991; Schwagmeyer and Mock, 2008;
Ronget et al., 2018) and Tapper et al., (2020b) show evidence that nestlings with lower mass
and size raised from unclipped mothers were less successful to fledge than those raised from
the feather-clipped mothers. The observed effects on nestling size and mass provide strong
evidence that HDL plays a pivotal role in reproductive success and thus fitness of the

organisms.

Offspring development may be affected indirectly by maternal reproductive performance as
we observe in both studies (Experiment I, I1). Nestlings from the enlarged brood size were
lighter and smaller than the control ones. While nestlings from un-manipulated mothers in the
warm temperature were lighter and smaller compared to the mothers eased of body heat. Warm
ambient temperature may constrain sustained energy expenditure during reproduction and
experimentally releasing the heat burden through feather clipping does relax the thermal
limitations. Heat dissipation capacity appears as limitation of sustained performance. Under
the scenario of contemporary climate change, which is characterized by continuously rising
ambient temperatures and extreme weather events such as heat waves (Ummenhofer and
Meehl, 2017), thermal limitations can be expected to impose even bigger and strenuous

challenges for organisms in general, and during reproduction in particular.
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MAJOR FINDINGS AND CONCLUSION

This research aimed at unravelling the link between energy metabolism and oxidative stress
during reproduction in two model avian species: a free-living and a common captive passerine.
Based on the findings in this study, it can be concluded that reproductive activities are
antioxidant-demanding. This conclusion is supported by the fact that sustained metabolic scope
in great tits (Parus major) was negatively associated with antioxidant capacity; females with
higher metabolic scope had lower antioxidant capacity. If high metabolic costs come at the cost
of lower antioxidant capacity, it may increase the risk of encountering oxidative stress. The
fact that females from the enlarged broods lifted metabolic scope indicates that a parent is
willing to increase energy expenditure for the offspring requirements, but it may come at a cost
of oxidative stress. Also, antioxidant capacity in breeding zebra finches (Taeniopygia guttata)
decreased significantly towards the end of reproduction compared to the peak of offspring-
provisioning period. Since Drent and Daan (1980) have indicated that parents increase energy
expenditures four times basal metabolic rate during offspring-rearing period, reaching an
energetic ceiling, several hypotheses were tested to identify constraints for sustained energy
expenditure. Herein, | suggest that antioxidant depletion during intensive workload may
increase the risk of oxidative stress and any further lift of energy expenditure could cause
oxidative imbalance. Oxidative stress may potentially act as a constraint to maximize sustained

energy expenditure.

| tested heat dissipation limit (HDL) hypothesis under controlled laboratory conditions but
simulating natural foraging costs by constructing a high-foraging cost feeder, hence increasing
physical activity, despite the typical ad libitum access to food. Such a high foraging cost feeder
is an important requirement for meaningful testing of HDL hypothesis in captive animals.
Findings of this study provide comprehensive support for the HDL hypothesis and adds up to

the current evidence accumulated for free-living birds that also corroborate HDL hypothesis
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(Nilsson and Nord, 2018; Nord and Nilsson, 2019; Tapper et al., 2020b, 2020a). Bird
populations decline at the global scale and it is very likely to get worse, given the current
climate change crisis. The continuously increasing ambient temperatures globally and the
extreme weather events may pose challenging conditions for the reproductive success of the
organisms. This thesis provides further and even stronger evidence that the ability to dissipate
heat may indeed constrain individuals to perform at high levels, especially under warn
conditions. Thermal limitations can be expected to impose even bigger and strenuous
challenges for organisms in general, and during reproduction in particular. What is still unclear,
is whether the problem of heat dissipation may jeopardize future maternal or offspring survival.
In this regard, one ought to track individual survival to gauge any physiological or behavioural

adjustments to thermal limitations.

Both ambient temperature and physical exercise may alter metabolic rate and, subsequently,
ROS production, resulting in oxidative damage, if not quenched by the antioxidants. Oxidative
damage was higher in female zebra finches under warm conditions compared to the cold. The
combination of warm ambient temperature and induced physical activity decreased clutch size,
egg mass and egg-laying success but later towards offspring food provisioning, enhancing the
ability to dissipate heat the reproductive output increased. Follow-up research is required to
understand potential trade-offs between management of oxidative stress under thermal
limitations and body condition. Oxidative stress avoidance during reproduction might be the
key to understand the allocation of resources to either current or future reproduction. Any
challenges due to high temperatures during reproductive events may suppress both current and
future reproduction (Andreasson et al., 2020), and thus consequently setting limits to species
distribution. Detailed understanding of what limits species distribution and fitness may enable
us to tailor conservation approaches that are particularly needed under the current global

change scenario.
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cold conditions while red for the warm conditions. Filled symbols and boxplots represent
unclipped mothers (control) while the open symbols and boxplots the feather-clipped mothers.
Boxplots show the median, the range and the inter-quartiles, and the symbols indicate
individual values. Different lower-case letters indicate statistical significance. (same figure as
Figure 2 from Zagkle et al., 2022, an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY)). ..o, 82

Figure 19. A) Uric acid, log-transformed (mmol/L), B) OXY (mmol HCIO neutralized), a
metric for non-enzymatic antioxidant capacity, C) dROM (mmol/H.O> equivalents), a metric
of oxidative damage and D) oxidative stress index, calculated as the ratio of the oxidative
damage to the total non-enzymatic antioxidant capacity multiplied by 1000, in plasma
concentration of the mother zebra finches (Taeniopygia guttata). At the left panel biomarkers
are shown when sampled before reproduction and tested for differences using one-way
ANOVA (factor I: ambient temperature) and at the right panel during offspring rearing period
at nestling age of 13 and 35 days old (blood sample 2 and 3 respectively) tested with linear
mixed effect model (factor I, factor Il and blood sampling as a third factor). Blue color stands
for the cold conditions while red for the warm conditions. Filled symbols and boxplots
represent unclipped mothers (control) while the open symbols and boxplots the feather-clipped
mothers. Boxplots show the median, the range and the inter-quartiles, and the symbols indicate
individual values. Different lower-case letters indicate statistical significance. (same figure as
Figure 3 from Zagkle et al., 2022, an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY)). wooovoiiiieiiiieiie e 86

Figure 20. Food intake within 48-hour period of the mothers between cold and warm conditions
and after the feather-clip manipulation at day 6 food intake between feather-clipped and
unclipped mothers raising chicks at the warm (red color) and cold (blue color) ambient
temperature. Different lower-case letters indicate statistical significance. (same figure as Figure
4 from Zagkle et al., 2022, an open-access article distributed under the terms of the Creative
Commons Attribution LiCeNSe (CC BY)). .uuiiiiiiieiiccie ettt 88

Figure 21. A) Body mass (g), B) tarsus length (mm) and C) wing length (mm) of the nestlings
raised in cold (14 °C, blue color) and warm conditions (25 °C, red color) on day 35. Filled
symbols and boxplots represent nestlings raised by the unclipped mothers (control) while the
open symbols and boxplots nestlings raised by the feather-clipped mothers. Boxplots show the
median, the range and the inter-quartiles, and the symbols indicate individual values. Different
lower-case letters indicate statistical significance. (same figure as Figure 5 from Zagkle et al.,
2022, an open-access article distributed under the terms of the Creative Commons Attribution
Lol (O O3 = ) 4 ) TR ST PPP 89
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Figure 22. A) Female body mass (g) from the hatching date (day 0) until offspring development
(day 35) between cold (blue boxplots) and warm (red boxplots) ambient temperatures, and
between feather-clipped (open boxplots) and unclipped (filled boxplots). B) Nestling
development under cold (14 °C) and warm (25 °C) conditions and those raised from females
in which they were feather-clipped (open points/boxplots) and unclipped (filled
points/boxplots). Total 153 nestlings on day 0 from total 46 nests (cold; n = 100 and warm; n
= 53), total 142 nestlings from 43 nets on day 6 which feather-clip manipulation took place
(cold and feather-clipped; n = 50, cold and unclipped; n = 45 and warm and feather-clipped; n
= 22, warm and unclipped; n = 25). Total 114 nestlings from 42 nests on day 35 (cold and
feather-clipped; n = 44, cold and unclipped; n = 33 and warm and feather-clipped; n = 18, warm
and unclipped; n = 19). (same Figure as Supplementary Figure 5 from Zagkle et al., 2022, an
open-access article distributed under the terms of the Creative Commons Attribution License
(13 = ) TSRS 92
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