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1. INTRODUCTION

1.1 Internal constraints on energy processing in animals

Living organisms need to capture energy from the environment and use this
energy in physiological processes in order to survive and reproduce. Animals
acquire food from the environment, the food is digested and absorbed in the
digestive system, and subsequently, chemical energy from nutrients is captured
in ATP (adenosine triphosphate) — an energy carrier that can fuel physiological
processes in the organism. The majority of ATP is produced via aerobic respi-
ration in mitochondria (Sherwood et al., 2012). However, not all energy stored in
the food can be utilised and is available for metabolism due to inefficiencies in
the digestive system, which for example, can be caused by parasitic infection
(Russell and Ruff, 1978; Sharma and Fernando, 1975). Animals’ energy require-
ments also vary depending on the time of the day, season, life history stage (such
as breeding, migration), environmental conditions, parasitic load, injury or disease
etc. (McEwen and Wingfield, 2003). Rather than simply maximising ATP pro-
duction, it is important to match the output of energy of cellular respiration to the
need for energy (Hill, 2014). Processes that are not essential for survival are inhi-
bited (e.g., reproduction) when animals’ energetic needs exceed the available
energy resources. Hormones of the hypothalamo-pituitary-adrenal (HPA) axis,
such as corticosterone, are important mediators that regulate organisms’ responses
to changing energetic needs (McEwen and Wingfield, 2003). Thus, after the food
is ingested from the environment, animals experience several internal constraints
to energy processing. These include absorption of nutrients in the digestive system,
aerobic respiration in mitochondria, and matching energy expenditure to energy
input.

Explaining why and how individuals differ in their performance is central to
evolutionary and ecological research. Despite unlimited access to energy when
ad libitum food is provided, substantial variation between individuals can still be
observed in captivity. Thus, differences in energy processing between individuals
can integrate several seemingly unrelated components that contribute to animals’
fitness, such as immune function and parasite resistance, behaviour and ornament
expression (Hill, 2014). This highlights the importance of characterising energetic
constraints and their effects on individual phenotypic quality in ecological studies.
Thus, sensitive, individually consistent and non-invasive biomarkers to assess
animals’ energetic constraints are needed.

1.2 Glucocorticoid hormones as energy regulators

The energetic needs of an animal and optimal regulation of physiological
processes can vastly differ depending on the individual’s life history stage and
environmental conditions, for example, whether the animal is breeding, migrating
or is experiencing unexpectedly harsh weather conditions. Allostasis is a process



through which organisms actively adjust to both predictable and unpredictable
events in order to sustain homeostasis, that is, stability of physiological systems
to maintain life (McEwen and Wingfield, 2003). Thus, allostasis can be described
as maintaining stability through change. Allostatic load describes the cumulative
daily and seasonal energetic needs of an animal in order to survive, extra energy
needed to migrate, moult, breed, and energy needed to face any additional unpre-
dictable events in the environment. Allostatic overload occurs when energy
demand exceeds energy supply, which evokes an emergency life-history stage to
restore positive energy balance and physiological responses that help achieve
this. Factors like parasite load, injury, body size, and social status can affect
individuals’ energetic needs and the ability to acquire energy from the environ-
ment resulting in higher allostatic load (McEwen and Wingfield, 2003). For
example, the energetic needs of an individual with parasitic infection are more
likely to exceed available energy resources compared to a healthy individual
when unexpected perturbation occurs, such as low temperatures in winter.

Glucocorticoid hormones (GCs) of the hypothalamo-pituitary-adrenal (HPA)
axis are important regulators of the stress response (Sapolsky et al., 2000), and it
has been suggested that they are also crucial mediators of allostasis (McEwen and
Wingfield, 2003). Elevated GCs levels promote gluconeogenesis (generation of
glucose from lipids and proteins) (Sapolsky et al., 2000), increase appetite and
food-seeking behaviour (Dallman et al., 1993; Sepp et al., 2014), increase
locomotor activity (Landys et al., 2006) and inhibit processes that are not essential
for survival (McEwen and Wingfield, 2003). Thus, in the short term, elevated
GSs levels serve beneficial effects that help to regain positive energy balance and
decrease the allostatic load. However, continuously upregulated GC may have
deleterious effects, which can lead to disease and even death (Blas, 2015; Landys
et al., 2006; McEwen and Wingfield, 2003).

GCs are often referred to as stress hormones, as they are secreted in response
to life-threatening and unpredictable stressful events. However, GCs levels also
fluctuate in response to circadian rhythms (Dallman et al., 1993), different seasons
and life history stages (Landys et al., 2006; McEwen and Wingfield, 2003). It has
been shown that GCs also play an important role in the regulation of metabolism,
feeding behaviour, and locomotor activity (Landys et al., 2006; McEwen and
Wingfield, 2003; Sapolsky et al., 2000) at baseline levels in non-stressful situations,
suggesting that GCs are important regulators of allostasis in response to pre-
dictable daily and seasonal variations in energetic demands.

Cortisol and corticosterone (CORT) are the most common GCs, and both are
expressed in most species. However, most species rely on either one of these —
birds, reptiles, amphibians, and some rodents and fish using CORT, while most
mammals and marine animals rely on cortisol (Blas, 2015). Measuring CORT has
become the main indicator to assess stress in birds (Romero, 2004), but its role
as an energy regulator has often been neglected in ecological studies. Most
commonly, CORT levels are measured from plasma. Circulating CORT levels
can change within minutes in response to a stressor, thus providing a snap-shot
view of CORT levels at the time of the measurement (Bortolotti et al., 2008).



Recently, measuring CORT from feathers or faeces has gained popularity, which
can provide information about cumulative CORT levels over a longer period of
time. However, it remains largely unclear whether CORT levels can reflect some
component of an individual’s phenotype, such as allostatic load, that is consistent
in time.

1.3 Absorption of nutrients in the digestive system

Capability to absorb energy and nutrients from food poses a major internal
constraint to energy processing in animals. Due to the inefficiencies in the digestive
process, not all food that is eaten can be utilised and is available for metabolism,
which may explain why individuals differ in their energy management and
allocation decisions (Klasing, 1998). Damage to the intestinal system and malab-
sorption of nutrients can be caused by intestinal parasites (Russell and Ruff, 1978;
Sharma and Fernando, 1975), and the maintenance of digestive organs contri-
butes considerably to individual variations of the metabolic rate due to its high
metabolic activity and cell turnover rate (Killpack and Karasov, 2012). The
intestinal surface is also a major contact zone between the immune system and
microbial antigens. The animal gut is densely populated with microbes. The gut
microbiome can provide additional nutrients from food and affect various other
host physiological processes (Rosenberg and Zilber-Rosenberg, 2018); thus, it is
important to maintain a balanced microbiome.

Studies in poultry have shown that intestinal damage caused by intestinal
infection resulted in decreased nutrient absorption (Russell and Ruff, 1978;
Sharma and Fernando, 1975). In captive greenfinches (Chloris chloris), gold-
finches (Carduelis carduelis), and Nashville warblers (Vermivora ruficapilla)
that died in captivity, coccidian infection was linked to thickening of the intestinal
wall, which in turn correlated negatively with weight (Gosbell et al., 2020; Swayne
etal., 1991). However, methods traditionally used for studying digestive physio-
logy are often not applicable in ecological studies due to the lethality or com-
plexity of the procedure. Therefore, most ecological studies indirectly suggest
that parasites cause intestinal damage. For example, experimental infection of
greenfinches with coccidian parasites decreased plasma carotenoid and tri-
glycerides, which provides indirect evidence for reduced digestive and absorption
capacity (Horak et al., 2004). Increased plasma triglycerides are related to the
transport of fat to the adipose tissue and energy-consuming organs; thus, they
indicate the amount of lipids absorbed and changes in fat stores (Jenni-Eiermann
and Jenni, 1994).

Many birds express vivid colours in integument in order to attract a mate.
Several pigments that are used for the production of these sexual signals are
absorbed from food (Goodwin, 1984; Hill, 2006). For example, carotenoids are
fat-soluble red and yellow pigments often used in ornaments that must be
acquired from the diet as most animals cannot synthesise carotenoids de novo
(Blount and McGraw, 2008). Intestinal infections have been shown to affect



carotenoid colouration in wild birds (Baeta et al., 2008; Horak et al., 2004), and
poultry studies have linked intestinal damage to reduced circulating carotenoids
(Ruff and Fuller, 1975; Tyczkowski et al., 1991). Thus, the production of some
signals may depend on the integrity of the digestive machinery. However, it
remains unclear whether the effect on carotenoid colouration occurs specifically
due to parasites’ effect on gut integrity or through general condition decline.
The ability to assess digestive efficiency would help to distinguish whether
differences between individuals arise from malabsorption or from the efficiency
of utilising nutrients. The functioning of the digestive system may also provide
information about the animals’ capability to resist infections. However, non-
invasive methods suitable for ecological studies are currently lacking, and feasible
proxies for the assessment of digestive efficiency in wild animals are needed.

1.4 Mitochondrial function and production
of condition-dependent signals

Digestive system poses an important constraint for energy acquisition. The
amount of body fat and weight has been often associated with the animal’s con-
dition — having a large pool of resources available for allocation indicates a better
condition. However, condition is not always synonymous with an animal’s energy
stores. Higher fat stores can hinder flight performance and foraging efficiency
and make an animal an easier prey (Witter and Cuthill, 1993). Therefore, fat
storage patterns are more likely to depend on the relative cost-benefit ratio of fat
storage. It has been suggested that in a healthy organism, energy demand should
be matched with energy output rather than maximising energy reserves. Further-
more, condition-based ornaments might signal the capacity to produce energy
when needed rather than the availability of the energy per se (Hill, 2014).

After the food is ingested and nutrients are absorbed, the chemical energy in
nutrients is captured in ATP or released as heat. The majority of ATP is produced
via aerobic respiration in mitochondria (Sherwood et al., 2012). Therefore, the
functionality of mitochondria and efficiency of aerobic respiration determines
how many ATP molecules can be derived from each unit of food, but also how
many reactive oxidative species are created that can be harmful to the organism
(Shutt and McBride 2013). Furthermore, glucocorticoid receptors are present in
mitochondria, suggesting that the expression of some mitochondrial genes are
under the control of glucocorticoids. Thus, glucocorticoid hormones can regulate
mitochondrial processes and orchestrate meeting the energy demands of the stress
response by increasing the energy production capacity (Lee et al., 2013). There-
fore, energy production in the mitochondria is another major site where internal
constraints to energy processing might occur. Numerous seemingly unrelated
components of condition, such as immune function and parasite resistance,
behaviour, ornament expression, and stress response, all seem to be closely
related to mitochondrial function (Hill, 2014).
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In order to retain honesty, sexual ornaments have to be hard to fake (Zahavi,
1975). It has been often suggested that the production of sexual signals is costly
due to trade-offs that arise from the allocation of resources between the produc-
tion of ornaments and other physiological functions. Alternatively, Hill (2011)
proposed that ornament production can be linked to the functionality of the vital
cellular processes via shared pathways, known as the shared pathway hypothesis.
Accordingly, the expression of condition-dependent traits depends on the capa-
city to maintain optimal functionality of essential systems within the body (Hill,
2011).

In many species, dietary carotenoids are biotransformed in the organism before
they are deposited into ornaments, and it has been suggested that this process
takes place in the inner mitochondrial membrane (Hill et al., 2019; Johnson and
Hill, 2013; Mundy et al., 2016). This would link carotenoid ornamentation to the
functionality of mitochondria via shared pathways, which would make carotenoid
ornaments hard to fake, thus reliable indices of individual quality (Hill, 2011;
Johnson and Hill, 2013). Therefore, carotenoid-based ornaments could signal an
individual’s capacity to produce energy.

1.5 Aims of the thesis

The two main aims of this thesis were (1) to explore internal constraints on energy
processing and (2) to understand how these constraints impact the survival,
behaviour and production of sexually selected ornaments in a passerine bird.
Firstly (1), I studied possible mechanisms which might play a role in energy
processing and estimated their validity and usefulness in ecological studies
(Paper I and IT). Animals’ ability to extract energy and nutrients from food poses
major internal constraints to the resources that are available for physiological
functions. I set out to develop a method to assess the efficiency of fat digestion
for ecological studies based on a method previously used in humans and mice
(Sugai et al., 1994; Tran et al., 1994; Van den Neucker et al., 1997) (Paper I).
Glucocorticoid hormones (GCs) control both stress responses and energy regu-
lation. However, the latter function has received less attention in ecological studies.
Therefore, I tested whether corticosterone levels in feathers (fCORT) signal some
persistent component of an individual’s phenotypic quality (Paper II). Secondly
(2), I focused on how these constraints on energy processing affect ecologically
relevant traits. | tested whether targeting common infections of the digestive
system with antimicrobial drugs affects the production of sexually selected
carotenoid-based ornaments (Paper III) and assessed whether feather corti-
costerone levels are related to behaviour and survival in captivity (Paper II).
Finally, I proposed a novel idea that the gut microbiome can significantly affect
energy regulation by modifying mitochondrial function, which affects carotenoid
colouration (Paper IV).

In more detail, I explored whether the acid steatocrit method, which has been
validated in human studies, could be used to measure fat content in bird facces
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(Paper I). The ability to extract nutrients and energy from food during digestion
poses a major constraint on energy acquisition, which can explain why indi-
viduals differ in their energy management and allocation decisions (Klasing,
1998). Traditional methods that are used to investigate digestive physiology are
mostly unsuitable in ecological studies due to their invasiveness, lethality or
complexity of the procedure. Thus, I tested whether the acid steatocrit method
enables the detection of between-individual differences in fat absorption that are
persistent in time. Secondly, I tested whether this method could be applied in
ecophysiological studies as a marker of intestinal health by experimentally mani-
pulating the infection levels by administering antimicrobial drugs or by experi-
mentally infecting the birds with novel coccidian strains originating from
multiple hosts. I predicted that the treatment with antimicrobial drugs and experi-
mental infection affect fat content in faeces and that these changes are detectable
with the acid steatocrit method. I further predicted that the manipulations of
intestinal infections would affect plasma triglycerides and body mass.

In the second study (Paper II), I set out to explore whether corticosterone
levels in feathers can convey information about an individual’s phenotypic quality.
GCs have crucial roles in adequately regulating metabolism, energy mobilisation,
immune response, behaviour, reproduction, and other physiological functions
(Dallman et al., 1993; Sapolsky et al., 2000). Factors like parasite load, injury,
and social status can affect an individual’s energetic needs leading to individual
differences in baseline and stress-induced GC levels (McEwen and Wingfield,
2003). I predicted that feather corticosterone levels are individually consistent
over a longer period of time, signalling persistent components of an individual’s
phenotypic quality, such as adequate energy regulation and the allostatic load of
the animal. I also hypothesised that fCORT levels are related to survival and
behaviour.

Precursors of pigments that are used in signalling, such as carotenoids, are
absorbed from food (Hill, 2006). Therefore, carotenoid colouration could indicate
energetic constraints posed by the integrity of the digestive system. Interestingly,
it has also been suggested that biotransformation of dietary carotenoids into pig-
ments that are deposited into ornaments takes place in the mitochondrial mem-
brane, which ties this process to the efficiency of cellular processes (Hill, 2011;
Johnson and Hill, 2013). This suggests that carotenoid ornaments might contain
information about an organism’s overall capacity to produce energy. Therefore I
predicted in Paper III that if intestinal tract integrity is the key factor linking
intestinal parasite infection to carotenoid colouration, carotenoid colouration
should be affected by treatment with both antimicrobial drugs — TOLTRA (targets
only intestinal coccidian infection) or METRO (a wide spectrum antibiotic that
targets several infection and anaerobic bacteria). Alternatively, if the key factor
1s the overall health of the individual, then birds treated with METRO would show
a greater increase in plumage carotenoid colouration.

Intestinal infections have been at the centre of attention in immunobiological
research. However, increasing evidence suggests that mutualistic and commensal
members of the microbiome also play an important role in individuals’ health
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(Hanning and Diaz-Sanchez, 2015). Due to the common ancestry (Franco-
Obregodn and Gilbert, 2017), mitochondria and bacteria share many structural and
functional similarities, and growing empirical evidence suggests that bacterial
metabolites can affect mitochondrial function (Clark and Mach, 2017). I con-
ducted a literature review (Paper 1V) and proposed that the intensity of caro-
tenoid ornaments might be related to the gut microbiome via mitochondrial func-
tioning. Thus, the energy regulation of an organism might not only be impaired
by the presence of intestinal pathogens but also by the absence of symbiotic micro-
organisms, with the potential to affect signalling traits.
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2. MATERIALS AND METHODS

2.1 Model system

I used wild-caught captive greenfinches as a model organism. Greenfinches can
tolerate captivity well and have been used often in ecophysiological research as
a model system (Sepp et al., 2010). Using wild animals as opposed to animals
grown in captivity makes the results more extrapolatable to natural situations. In
addition, captivity enables us to control environmental variables which would not
be possible in a natural environment, thus making the model simpler. Carotenoid-
based feather colouration in greenfinches makes them a good model species to
study constraints to energy processing on signalling traits, including nutrient
absorption in the digestive system, biotransformation of carotenoids, and trade-
offs between allocating resources to other physiological functions.

Greenfinches are gregarious medium-sized (c. 28 g) seed-eating, sexually
dichromatic passerines native to the western Palearctic region. Males are more
colourful with yellow, carotenoid-based markings on the sides of the tail feathers,
primaries, primary coverts, and breast, while females are more olive-brown and
lack full yellow tints in their plumage (Cramp and Perrins, 1994; Stradi et al.,
1995). Males with more intense yellow colouration are preferred by the females
(Eley, 1991) and have higher lifetime reproductive success (Cantarero et al.,
2019). Greenfinches incorporate two main carotenoids, canary xanthophylls
A and B, into their feathers to develop yellow colouration (Saks et al., 2003).
Canary xanthophylls A and B are metabolically converted inside the organism
from dietary lutein and zeaxanthin (McGraw et al., 2002; Stradi, 1998).

Gut parasites can cause damage to the intestinal system and decrease the
availability of nutrients, thus decreasing overall energy acquired from food. Green-
finches regularly experience outbreaks of digestive tract infections such as
coccidiosis (Horak et al., 2004) and avian trichomonosis (Lehikoinen et al., 2013).
In our study system, the majority of greenfinches are naturally infected with
coccidian parasites (Sepp et al., 2012), and occasionally, some birds in the aviary
have died with symptoms characteristic of trichomonosis (Manniste and Horak,
2014). All the greenfinches in my studies appeared naturally infected by isosporan
coccidians (Papers I and III). Coccidia are protozoan intracellular parasites, and
their asexual and sexual multiplication takes place inside the intestine’s epithelial
cells (Joyner et al., 1975; Sharma and Fernando, 1975). This can cause extensive
damage to the intestinal villi (Pout, 1967), inflammation of the gut surface,
reduced digestive efficiency (Russell and Ruff, 1978; Sharma and Fernando,
1975), and malabsorption of carotenoids (Ruff and Fuller, 1975; Tyczkowski
et al., 1991) and other nutrients (Joyner et al., 1975; Sharma and Fernando, 1975).

Avian trichomonosis is caused by protozoan Trichomonas gallinae and the
symptoms include lesions in the upper digestive tract, which in severe cases can
block the oesophagus and make the passage of food impossible (Amin et al.,
2014). Avian trichomonosis is an emerging disease in greenfinches in Europe that
has been reported to cause epidemics with high mortality and a decline in wild
greenfinch populations (Chavatte et al., 2019; Robinson et al., 2010).
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2.2 Manipulations of intestinal infection

Infection intensity of coccidia is easy to determine from the faeces and the infection
status is easy to manipulate with anticoccidial drugs or experimental infection,
making it a good parasite-host interaction model to study the effects of intestinal
infection on the absorption of nutrients from food. In order to target coccidian
infection, I used anticoccidial drugs sulfadimethoxine in Paper I, and toltrazuril
in Paper I and Paper III. Toltrazuril is designed specifically for the treatment of
coccidiosis and lacks known effects on microbes other than apicomplexans
(Hackstein et al., 1995; Sepp et al., 2012). Toltrazuril affects the respiratory
mechanism of coccidia by interfering with nuclear division and mitochondrial
activity (Krautwald-Junghanns et al., 2009). Sulfadimethoxine is a broad-spectrum
sulfonamide drug that is effective against protozoans, including coccidians and
also has antibacterial efficacy (Mitrovic and Bauernfeind, 1971).

In Papers I and III I targeted trichomonosis and bacterial infections with
metronidazole, which is a wide spectrum antibiotic with activity against anaerobic
bacteria and protozoans. Metronidazole is widely used for the medication of
trichomonosis (Amin et al., 2014; Samuelson, 1999). Metronidazole is only
active against bacteria with anaerobic metabolisms and some microaerophiles
because aerobic cells lack electron-transport proteins with sufficient negative
redox potential (Lofmark et al., 2010).

In Paper I, I conducted an experimental infection experiment where birds
were inoculated with heterologous coccidian stains from different hosts. Infecting
greenfinches with novel coccidian strains originating from multiple hosts has
shown to cause a decline in body mass and plasma triglyceride levels (Horak et al.,
2006), suggesting a variation of virulence of coccidia strains. Excreted oocytes
were collected from 20 male birds during 3 days and inocula of sporulated oocytes
were prepared as a single stock from all donor individuals as described by Horak
et al. (2004). A dose of 2000 sporulated oocytes diluted in 1 ml tap water, was
administered orally by micropipette to birds in the experimental infection group.

2.3 Acid steatocrit method
and corticosterone measurements

Measuring digestive efficiency would help to distinguish general condition
decline from decreased nutrient absorption from the gut. However, common
methods for studying digestive physiology are mostly unsuitable for ecological
studies involving complex invasive procedures or killing the animal. In Paper I,
I tested the applicability of the acid steatocrit method for use in birds. It is a
simple, cheap, and noninvasive technique based on the centrifugation of a faecal
sample diluted in the acid medium in a hematocrit capillary tube and quantifying
the percentage of fat in faecal matter.

The method was originally developed as a quick technique for diagnosing fat
malabsorption in infants (Phuapradit et al., 1981) and after some improvements,
the method became known as acid steatocrit (Tran et al., 1994). The method has
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been validated and applied in humans and mice to study digestion efficiency
(Takahashi et al., 2007; Weidemann et al., 2015). Steatocrit measurements show
high correlations with the actual fat concentration of faecces (Amann et al., 1997;
Sugai et al., 1994; Tran et al., 1994; Van den Neucker et al., 1997) and faecal
energy content (Van den Neucker et al., 1997). Steatocrit method also shows high
specificity and sensitivity for diagnosing fat malabsorption (Sugai et al., 1994;
Van den Neucker et al., 1997).

Two sheets of A4 paper were placed on the sand bedding of cages 2 h before
the lights turned off for the collection of faecal samples for measuring steatocrit.
I estimated the fat content in bird faeces based on the acid steatocrit method
described by Tran et al. (1994). I diluted and homogenised bird droppings (1:3)
with deionised water. After that, [ added five molar perchloric acid in volume 1:5
to the homogenate and vortexed for 10 s. The homogenate was collected into the
hematocrit capillary tube and centrifuged at 13,000 rpm for 15 min. Subsequently,
the capillary tubes were photographed (Canon 1100D, 1s, f8, ISO100). The
length in pixels was quantified for the upper fat layer (FL) and solid bottom layer
(SL) from the photographs (Figure 1.) using ImageJ software. Steatocrit was
expressed as a percentage of fat in the nonaqueous matter of the sample: the
length of a fat layer (FL) divided by the sum of the lengths of the fat layer (FL)
and solid layer (SL).

Figure 1, adapted from Paper 1. The upper hematocrit capillary tube shows a bird with
severe steatorrhea; the lower capillary tube indicates light steatorrhea. No faecal fat is
visible in the middle capillary tube. Non-fatty faecal solids layer (SL), liquid intermediate
layer (IL), and fatty layer (FL).
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2.4 Measurements of behaviour
and carotenoid feather colouration

Tail damage from flapping against the cage bars is a behavioural trait that has
been shown to correlate with fCORT and has been suggested to indicate captivity
tolerance of wild-caught birds (Sepp et al., 2014; Sild et al., 2011). It has been
previously established from the video recordings that birds with damaged tails
perform flapping flights against cage walls more frequently than birds with intact
tails (Sepp et al., 2014; Sild et al., 2011). We photographed the tails of the birds
under standard conditions at the end of the study before the birds were released
back into the wild in order to assess tail damage (Paper II). 16 observers rated
the photographs of the tails on the five-point scale, ranging from 0 (no damage)
to 4 (maximum extent of damage among the photos presented, Fig. 2) for assess-
ment of damage to the tail feathers in captivity. Average ratings of 16 observers
were used in the analyses. At capture, all the tails of all the birds were in perfect
condition and scored 0.

Figure 2, adapted from Papers II and III. (A) Examples of greenfinches with damaged
(upper) and intact (bottom) tail feathers. (B) Measurement of feather chroma. The arrows
indicate positions where chroma of yellow feather colouration was measured. On the
left — a wild-grown feather, and on the right — a lab-grown feather.

In order to measure the carotenoid colouration of feathers, the left and right outer-
most wild-grown tail feathers (rectrices) were plucked at the beginning (wild-
grown feathers) and at the end (lab-grown feathers) of the study (Paper III).
Collected feathers were stored in a plastic bag in the dark until measurements of
chroma of yellow feather parts were carried out. Chroma can be understood as a
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measure of the ‘purity’ or ‘saturation’ of colour and it has been shown to correlate
with the actual carotenoid concentration of feathers in greenfinches (Saks et al.,
2003). The locations where chroma was measured are indicated in figure 2. The
colour was measured from the feathers placed on a black background, in an area
of approximately one mm?2, of the visible surface of the feather, using a
spectrophotometer (Ocean Optics S2000) and the values of chroma were calcu-
lated as described by (Saks et al., 2003).
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3. RESULTS AND DISCUSSION

3.1 Assessment of digestive efficiency
with faecal steatocrit method

In my first study (Paper I), I tested the reliability and suitability of the acid
steatocrit method to assess fat content in the faeces in birds. This method has been
validated in humans and mice, but this was the first time when the steatocrit
method was applied in birds. Subsequently, I tested whether changes in fat
absorption in response to experimental manipulation of intestinal infections are
detectable by the acid steatocrit method to confirm its applicability in avian
studies. Intestinal parasites can cause damage to the gut wall resulting in decreased
absorption of nutrients (Joyner et al., 1975; Ruff and Fuller, 1975; Sharma and
Fernando, 1975; Tyczkowski et al., 1991). The digestive system also contributes
significantly to individual variations in metabolic rate (Killpack and Karasov,
2012). The vertebrate gut harbours a large microbial community and is a major
contact zone between the immune system and microbial antigens. The functioning
of the digestive system can thus provide valuable information about animals’
physiology and ability to resist infections. However, to study these topics, eco-
logists need feasible methods to assess digestive efficiency in wild animals,
which are currently lacking.

I used 70 male and 41 female greenfinches in my study that were captured in
mist nets and housed indoors in individual cages. Males and females received
separate experimental treatments in order to test different types of antimicrobials
and to keep the models simple. The males were divided into three groups:
treatment with toltrazuril (anticoccidial drug), treatment with metronidazole
(wide-spectrum antibiotic) and the third group served as controls. Experimental
treatment of females involved medication with sulfadimethoxine (sulphonamide
anticoccidial drug), infection with unfamiliar coccidian strains and a control
group. It has been previously shown that both toltrazuril (Sepp et al., 2012) and
sulfonamide (Horak et al., 2004) decrease coccidian infection intensity and
sulfonamide increases plasma triglycerides (a marker of nutritional state)
compared to infected birds (Horak et al., 2004). Experimentally infecting birds
with novel coccidian strains has been shown to decrease body mass and circu-
lating triglycerides (Horak et al., 2006). Faecal samples were collected for assess-
ment of coccidian infection and for steatocrit measurements prior to the treat-
ment, twice in males and once in females after the treatment. The birds were
blood sampled twice, before and after the treatment, in order to determine plasma
triglyceride levels. Birds were weighed at several time points throughout the
experiments.

I detected that the values of steatocrit showed significant individual con-
sistency at least over 20 days in males and over 11 days in females, indicating its
reliability to identify persistent individual differences in fat digestion between indi-
viduals. Males treated with toltrazuril showed a decreased intensity of coccidian
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infection and reduced steatocrit values 8 days after the end of treatment. Metron-
idazole did not have a significant effect on coccidian infection intensity nor on
steatocrit. In females, treatment with sulfadimethoxine significantly reduced the
intensity of coccidiosis but did not affect steatocrit. Steatocrit increased in all
females that were experimentally infected with heterologous coccidian strains.
Interestingly, steatocrit did not decline immediately in males after the end of the
medication period, despite a significant reduction of coccidian infection intensity,
which suggests that damage to the intestinal surface takes at least a week to repair
in greenfinches. This might also explain why we didn’t see a decrease of steatocrit
in females that were medicated with sulfadimethoxine as samples for steatocrit
measures were collected 6 days after the treatment ended.

Interestingly, in females, infection with heterologous parasite strains increased
steatocrit levels in all the birds, but I did not detect any significant effects of
experimental infection on infection intensity, body mass, or plasma triglycerides.
Previous studies in greenfinches have shown that coccidian strains that are
unfamiliar to the host appear to be more virulent (Horak et al., 2006). Strains with
higher virulence might impose more intestinal damage without an observed
increase in infection intensity (Ruff et al., 1981). It is also possible that some
parasite-induced host response was responsible for the impaired fat absorption
rather than damage directly caused by the parasite (Fernando and McCraw, 1973;
Russell and Ruff, 1978). Thus, steatocrit appeared more sensitive to experimental
manipulation of infection in order to detect parasite-caused malabsorption in the
gut than plasma triglyceride levels and body mass.

None of the treatments affected body mass changes or plasma triglycerides
levels, contrary to previous studies in greenfinches (Horak et al., 2004; Sepp
et al., 2012). However, positive correlations occurred between the intensity of
coccidian infection on all measurement occasions and steatocrit levels measured
after the treatments ceased. Steatocrit before the treatment predicted subsequent
body mass loss, Birds whose plasma triglyceride levels declined had increased
steatocrit levels. These correlations support the idea that the capability to digest
fat is reduced in individuals who suffer from more intense coccidian infection
and that individual variation in fat absorption capacity eventually affects circu-
lating triglyceride levels and body mass.

Therefore, I was able to confirm that the steatocrit method could be applied to
assess individual variations in fat digestion efficiency that are consistent in time.
Experimental manipulations of intestinal infections affected fat absorption
capacity, which was detectable with the acid steatocrit method. Detection of dif-
ferences in digestive efficiency makes it possible to distinguish between the
effects of infection on malabsorption and the overall increased energy require-
ments of the organism. Thus, I suggest that this method has broad applicability
in avian studies in order to study the effects of intestinal health on fitness-related
outcomes.
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3.2 Feather corticosterone is related to
the phenotypic quality of the individual
and predicts behaviour and survival

Corticosterone is the predominant glucocorticoid hormone in birds and corti-
costerone levels are often used in order to assess stress levels in birds (Romero,
2004). CORT is secreted in response to stressful and unpredictable environmental
perturbations (Blas, 2015; McEwen and Wingfield, 2003). Elevated CORT levels
regulate physiological responses that help the animal to cope with stress, such as
energy mobilisation and metabolism, immune system, and inhibit growth and
reproduction (Romero and Butler, 2007; Sapolsky et al., 2000). In non-stressful
situations, baseline levels of CORT are crucial for regulating metabolism and
various physiological functions (Dallman et al., 1993; Sapolsky et al., 2000).
Fluctuations in baseline levels can be explained by circadian rhythms (Dallman
et al., 1993), predictable seasonal changes and life-history states (such as breeding)
(Landys et al., 2006). Individual differences in baseline and stress-induced CORT
levels might arise from factors like parasite load, injury, body size and social status,
which affect animals’ energetic needs and thus their allostatic load (McEwen and
Wingfield, 2003). However, the current knowledge about individual differences
in CORT levels and their impact on survival and behaviour is limited.

CORT levels can be measured from plasma, which has so far been the most
popular choice. However, non-invasive methods such as measuring CORT from
feathers (Bortolotti et al., 2008) and facces (Millspaugh and Washburn, 2004) are
gaining popularity in ecological studies. CORT is deposited into the feathers during
the period of feather growth (Bortolotti et al., 2008). Feather CORT (fCORT) is
informative about the cumulative effect of stressors and baseline levels on an
individual’s CORT levels over a longer period of time, while plasma CORT
levels are more fluctuating and can rapidly change in response to an acute stressor
(Romero and Fairhurst, 2016). In my second study (Paper II), I tested whether
CORT levels are individually persistent and reflect individual differences over a
longer period and whether these differences are associated with survival and
behaviour.

Sixty-two male wild-caught captive greenfinches were used in my second
study. CORT levels were measured from plasma, from feathers grown in the wild,
and from lab-grown replacement feathers. Plasma CORT measurements collected
7 days apart intercorrelated positively, but no correlations between plasma CORT
and fCORT were found, which was expected as plasma CORT levels are more
sensitive to acute environmental stressors. fCORT levels correlated positively
between wild-grown and lab-grown feathers — birds who deposited more CORT
into the feathers in one situation did it also in the other. Environmental conditions
are very different during autumnal moult in the wild and during induced moult in
captivity during winter. Animals can experience vastly different conditions in the
wild, such as predation risk, food availability, and temperature fluctuations, as
opposed to the controlled environment in the lab. Thus, despite environmental
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and seasonal differences, the fCORT levels indicated some persistent components
of individuals’ phenotypic quality. However, the environment still had an effect
on fCORT levels as fCORT was on average 20% lower in lab-grown feathers.

Persistent inter-individual differences in fCORT might arise from genetic
differences (Béziers et al., 2019; Jenkins et al., 2014), epigenetics, early life expe-
riences and other factors that can alter the HPA-axis and from individuals’ ability
to find and exploit energy resources and its allostatic load (McEwen and Wing-
field, 2003), but also the gut microbiome can also affect CORT levels (Burokas
et al., 2017; Noguera et al., 2018). Lower fCORT levels in lab-grown feathers
might have been caused by the seasonal differences in circulating CORT (Wing-
field et al., 1992). It is also possible that the bird experienced fewer stressful
events in the lab than in the wild. Alternatively, the lower fCORT levels could be
associated with lower energetic demands in the captivity — less physical activity,
higher ambient temperature and ad libitum food provisioning. It has been
suggested that CORT levels might reflect a variation in energy expenditure as in
zebra finches (Taeniopygia guttata) increase in CORT levels was indistinguish-
able, whether it was caused by a psychological stressor or by lowering the
ambient temperature (Jimeno et al., 2018).

Elevated CORT levels have been related to lower survival (Harms et al., 2015;
Kitaysky et al., 2010; Koren et al., 2012; Romero and Wikelski, 2001), but there
is also evidence that very low CORT levels increase the risk of death (Brown et
al., 2005; Rebolo-Ifran et al., 2015), suggesting an inverted U-shape relationship
between CORT levels and survival. fCORT in wild-grown feathers was signifi-
cantly higher in four birds that died in the lab. The sample size is small and the
results should be interpreted with caution, but at the same time, demonstration of
fCORT association to survival in such a small sample might indicate a robust
relationship between survival and fCORT.

Variations in the CORT levels can have an effect on the behaviour of the
animal. CORT regulates neurobiology, cardiovascular tone and energy mobili-
sation, which can translate into behavioural choices and facilitate behavioural
response to a stressor (McEwen and Wingfield, 2003; Sapolsky et al., 2000). There-
fore, I also tested whether fCORT covaries with tail damage from flapping against
cage bars. This behaviour has been suggested to indicate captivity tolerance of
greenfinches (Meitern et al., 2013; Sild et al., 2011). Higher CORT levels have
been usually associated with increased locomotor activity (Landys et al., 2006).
Contrary to my prediction, tail damage correlated negatively to fCORT. Previous
studies in greenfinches have found a positive relationship between fCORT on tail
damage (Meitern et al., 2013) or no significant relationship between these mea-
sures (Sild et al., 2011). Therefore, the relationship between tail damage and
fCORT levels remains unclear. However, the relationship between activity levels
and CORT levels might not be linear, as the greatest locomotive response has
been observed at intermediate CORT levels (Breuner et al., 1998).
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3.3 Antibiotic treatment increases yellowness
of carotenoid feather colouration

Carotenoid ornaments are important sexual signals that play a crucial role in mate
choice and females often prefer males with brighter and more intense carotenoid
feather colouration (Hill, 1991). In some species, more colourful males live
longer and have higher lifetime reproductive success (Cantarero et al., 2019).
Intestinal infections such as coccidiosis can decrease the absorption of carotenoids
and other nutrients (Ruff and Fuller, 1975; Tyczkowski et al., 1991), which sug-
gests that intestinal integrity could mediate the relationship between carotenoid
ornamentation and individual quality. It has also been proposed that the enzyme
which is responsible for biotransformation of carotenoids prior to deposition to
ornaments resides inside the mitochondrial membrane; thus, carotenoid bio-
transformation is sensitive to the functionality of mitochondria (Hill et al., 2019).
This is one example of the “shared pathway hypothesis”, according to which
signal honesty could also be maintained when the production of the signal is tied
to the functionality of vital cellular processes (Hill, 2011). It was found in a meta-
analysis that in species that bioconvert dietary carotenoids prior to depositing
them into ornaments, carotenoid colouration was related to parasite resistance and
reproductive and parental quality. However, in species that incorporate un-
changed carotenoids into ornaments, these relationships were not found (Weaver
et al., 2018). In the third study (Paper III), I tested whether medicating birds
against infections common in nature, coccidiosis and trichomonosis, affects
carotenoid feather colouration in greenfinches. My study design set out to dif-
ferentiate between the direct effects of gut health on carotenoid colouration by
treating coccidiosis with an anticoccidial drug and the effects of an overall health
state by administration of a wide spectrum antibiotic.

For this study, 70 male greenfinches were captured in mist nets and housed
indoors in individual cages. Birds were divided into three groups. The birds re-
ceived medication treatment with either toltrazuril (TOLTRA) or metronidazole
(METRO); the third group served as controls. The birds were weighed at several
time points throughout the study and blood samples were drawn before and after
the manipulation for measurement of carotenoids and triglycerides in plasma. The
left and right outermost wild-grown tail feathers were plucked at the beginning
of the experiment (wild-grown feathers) and replacement feathers grown in the
lab (lab-grown feathers) were plucked when fully grown and chroma of the
yellow parts of the feathers was measured.

Treatment with METRO resulted in significantly higher chroma of yellow
parts of the feathers, whereas feather colour in TOLTRA and control group did
not differ. Coccidian infection intensity significantly declined in the TOLTRA
group, but not in birds who received METRO. It is possible that METRO
attenuated the negative effects of trichomonosis, or alternatively, the potential
unknown infection of pathogenic bacteria, which could have freed additional
energetic resources that could be invested in ornamentation (del Cerro et al.,
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2010). On a more speculative note, antibiotic METRO might have induced a
change in gut microbiota composition. Some metabolites of microbiota, such as
short-chain fatty acids (SCFAs), can affect mitochondrial function (Franco-
Obregon and Gilbert, 2017; Saint-Georges-Chaumet and Edeas, 2015). It is pos-
sible that although METRO treatment did not result in higher nutrient absorption,
it might have elicited a shift in gut microbiota composition that improved the
host’s cellular processes that also influence the modification and deposition of
carotenoids to the feathers (Hill, 2011). Coccidian infection intensity signifi-
cantly declined in the TOLTRA group, but there was no effect of treatment on
yellow feather colouration in the TOLTRA group. One possible explanation could
be that the birds might have been naturally infected with mildly virulent strains
of coccidia. It has been suggested that wild birds tolerate coccidian parasites well
and more serious illness only occurs under stressful conditions (Gill and Paperna,
2008; Swayne et al., 1991), which may increase their allostatic load. However,
greenfinches have been shown to tolerate captivity well (Sepp et al., 2010); thus,
the captivity stress might not have been severe enough to trigger an exacerbation
of the coccidian infection.

There were no significant differences in plasma carotenoids or plasma tri-
glycerides between the experimental groups after the treatment, indicating that
the treatment eliminated prior differences in absorption or availability of these
nutrients. Yellow feather chroma in lab-grown feathers correlated positively with
plasma carotenoids on both blood-sampling dates. However, similar plasma
carotenoid and triglyceride levels after the treatment indicate that the more satu-
rated yellow feather colouration of birds that received METRO was not only
related to absorption of carotenoids and nutrients in the gut but might have in-
volved a component of increased efficiency in carotenoid modification or
deposition, which is consistent with the shared pathway hypothesis. Thus, it is
possible that METRO improved the general health state and efficiency of vital
cellular processes by targeting trichomonosis or bacterial infections or by altering
the gut microbiome. It has been suggested that the microbiome can modulate
mitochondrial function. However, specific mechanisms on how the microbiome
relates to the production of carotenoid-based ornaments await further
investigation.

3.4 Modulation of mitochondrial function by
the gut microbiome and its effects
on carotenoid colouration

In my fourth paper (Paper 1V), I set out to further investigate the possible
mechanisms that might explain the results from my third study (Paper I1I), where
I found that administration of an antibiotic resulted in higher chroma of yellow
feathers in greenfinches. I conducted a literature review in which I explored the
possibility that the microbiome might modify the mitochondrial function and
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whether these alterations in vital cellular processes could affect the production of
the carotenoid ornaments, as suggested by the shared pathway hypothesis (Hill,
2011). I also explored whether the microbiome could affect the evolution of host
adaptations and the expression of sexual signals.

Maintaining a healthy gut microbiome is crucial for the normal functioning of
the organisms and a suboptimal microbiome has been associated with disease and
reduced fitness of the animal (Wang et al., 2021). Mitochondria descend from
formerly free-living bacteria, (Sagan 1967); thus, mitochondria and bacteria share
several structural and biochemical similarities (Boguszewska et al., 2020).
Mitochondria often appear as a target to many bacterial pathogens (Lobet et al.,
2015), but growing evidence support that mutualistic member of the microbiome
can also affect mitochondrial function and regulate energy production (Clark and
Mach, 2017; Franco-Obregon and Gilbert, 2017). Interestingly, several microbial
metabolites, such as SCFAs, secondary bile acids, 3-Indolepropionic acid, uro-
lithin A and riboflavin, have been shown to affect mitochondria by affecting
transcription factors and transcriptional co-activators that regulate mitochondrial
function and morphology (Gao et al., 2009; Gnainsky et al., 2021; Kang et al.,
2019; Mollica et al., 2017; Owumi et al., 2021; Ryu et al., 2016; Staats et al.,
2018). For example, the expression of mitochondrial regulator peroxisome pro-
liferator-activated receptor gamma coactivator (PGC-1a) is affected by the gut
microbiome (Gao et al., 2009).

It has been hypothesised that the expression of carotenoids is tied to the
mitochondrial function, and therefore carotenoid colouration signals an indi-
vidual’s capacity to produce energy. The enzyme responsible for carotenoid
biotransformation is likely located in the inner mitochondrial membrane (Hill et
al., 2019; Lopes et al., 2016; Mundy et al., 2016). Positive relationships between
carotenoid-based colouration and mitochondrial function have been described in
house finches (Haemorhous mexicanus) (Hill et al., 2019). Also, experimental
manipulation of mitochondria has been shown to affect carotenoid colouration in
birds (Cantarero et al., 2020; Cantarero and Alonso-Alvarez, 2017)). Interestingly,
a study in house finches showed that elevated PGC-1a expression was associated
with duller carotenoid-based colouration (Hill et al., 2019). As the metabolites
produced by the symbiotic microbes can regulate the functionality of mito-
chondria (for example, by affecting PGC-1a levels), it could be possible that these
microbial metabolites may subsequently affect the production of ornaments
which are tied to mitochondrial function. Therefore, I suggest that the expression
of sexually selected ornaments, such as carotenoid colouration, might be sub-
stantially affected by the gut microbiome in addition to other factors.

The gut microbiome might also more directly affect carotenoid levels in tissues
and ornaments. Carotenoids are lipid-soluble and it has been shown that the
availability of the bile acids affects carotenoid absorption in the digestive system
(Bohn et al., 2017). Secondary bile acids, which are produced by gut bacteria, can
regulate the bile acid pool but also mitochondrial function (Gérard, 2014;
Martinot et al., 2017). In some species, carotenoid concentration in muscle tissue
has been associated with significant differences in the gut microbiome and some
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of the microbial groups that are related to higher carotenoid concentrations have
genes for producing carotenoids in their genome (Liu et al., 2020). Also, carote-
noids that are produced by an experimentally administered carotenoid-producing
bacteria can be detected circulating in the host (Stevens et al., 2021). These
examples pose a question of whether some gut microbes may produce carotenoids
in the gut. However, it remains unclear whether these examples of possible
microbial sources of carotenoid are an exception or whether the potential of the
gut microbiome to produce carotenoids have been underestimated in most species.

Few studies have addressed the ecological and evolutionary role of the micro-
biome as a driver of phenotypic plasticity and adaptation, although possible mecha-
nisms have been proposed on a theoretical level (Henry et al., 2021; Kolodny and
Schulenburg, 2020; Shapira, 2016). However, evidence is starting to accumulate
that the microbiome can affect local adaptation (Itoh et al., 2018; Wang et al.,
2021), mate choice (Sharon et al., 2010), gene frequencies, population dynamics
(Rudman et al., 2019) and fitness of the host (Wang et al., 2021). Changes in the
host genotype might help tolerate environmentally driven shifts in the micro-
biome composition (Wang et al., 2021) and the host genome has been described
to determine differences in the microbiome composition (Goodrich et al., 2016;
Ma et al., 2014; Suzuki et al., 2019), which indicates coevolution between the
host and its microbiome. A diverse microbiome might enable the host to out-
source some high-cost-low-gain functions as maintaining these pathways would
be too costly for the host (Kolodny and Schulenburg, 2020). Beneficial microbes
can spread faster in the populations as they can be acquired from the environment
and from non-parental individuals.

Therefore, I proposed that the capability to maintain a beneficial and flexible
microbiome could be advertised to potential mates. Sexual selection can poten-
tially increase the rate of adaptation when substantial positive covariance between
a potential mate’s condition and display occurs (Lorch et al., 2003). As an in-
creasing number of pollutants and xenobiotics are released into the environment,
the ability to recruit bacteria that can neutralise their toxicity would be highly
advantageous. Furthermore, some xenobiotics can cause impairments to mito-
chondria and to the reproductive system. However, it has been shown that some
microbial metabolites can alleviate the negative effect of xenobiotics on mito-
chondria (Owumi et al., 2021). Therefore, I suggest that carotenoid-based orna-
ments have a great potential to signal the microbiome-facilitated ability to adjust to
the environmental perturbation and sustain organisms’ capacity to produce energy.

3.5 Conclusions

One of the central questions in evolutionary ecological research is to understand
why and how individuals differ in their performance and how this affects their
reproductive success and survival. In this thesis, I explored the internal constraints
on energy processing (Papers I, II) and how these constraints can impact survival,
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behaviour (Paper II) and production of sexually selected ornaments in a
passerine bird (Papers I11, IV).

Firstly, I assessed whether two methods, acid steatocrit and measuring feather
corticosterone (fCORT), can be applied to characterise individuals’ phenotypic
quality that is consistent in time and applicability of these methods to study internal
constraints to energy processes in ecological research. I was able to demonstrate
that the acid steatocrit method can be successfully applied to birds and that dif-
ferences in individual fat absorption capacity were reliably captured by the
steatocrit measure (Paper I). In addition, steatocrit enabled the detection of the
effects of experimental manipulations of intestinal infection intensity. Since
Paper I was published, the steatocrit method has been already applied in several
studies in birds in order to study the relationships between fat absorption and
carotenoid colouration (Aratjo et al., 2022; Madonia et al., 2017) and the effect
of light pollution on digestive efficiency (Sepp et al., 2021), which indicates the
broad applicability of this method in ecological studies. Feather corticosterone
(fCORT) levels in lab-grown feathers and wild-grown feathers were consistent in
time, despite vastly different conditions in the wild and lab environment, sug-
gesting that fCORT indicates some persistent component of individuals’ pheno-
typic quality. Furthermore, birds who died in the lab had significantly higher
fCORT. My results also support that fCORT could be used to assess allostatic
load. However, further studies are needed in order to better understand gluco-
corticoids’ role in energy regulation in an ecological context (Paper II).

Secondly, I investigated how energetic constraints can impact some ecologi-
cally relevant traits such as behaviour and production of sexually selected orna-
ments. Contrary to my prediction, fCORT was negatively correlated with tail
damage from flapping against the cage bars (Paper III). Previous studies have
shown a positive relationship (Meitern et al., 2013) and no relationship (Sild et
al., 2011) between tail damage and fCORT. Therefore, it remains unclear whether
fCORT is a suitable predictor of behaviour. It may also be possible that tail
damage is not a good behavioural measure to estimate captivity stress or that the
relationship between fCORT and activity level is nonlinear (Breuner et al., 1998).

Treatment with wide-spectrum antibiotic metronidazole increased the chroma
of yellow parts of the feathers in greenfinches. Despite significantly reducing the
coccidian infection intensity, an anticoccidial drug had no effect on the yellow
feather colour (Paper III). Yellow feather chroma in lab-grown feathers correlated
positively with plasma carotenoids, but my results indicate that more saturated
yellow colouration was not only related to absorption of carotenoids in the gut
but might have involved a component of increased efficiency in carotenoid modi-
fication or deposition. In Paper I, metronidazole did not affect fat content in
faeces as measured by the acid steatocrit method. As carotenoids are fat-soluble,
this further supports that rather than alleviating malabsorption caused by intestinal
infection, metronidazole might have improved the general health state and effi-
ciency of vital cellular processes that resulted in higher yellow feather chroma
(Paper III). One speculative explanation could be that the antibiotic treatment
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elicited a shift in the gut microbiome. Antibiotics are usually associated with dis-
ruption of the healthy microbiome. However, in some cases, antibiotics can
increase the abundance of beneficial bacteria (Ianiro et al., 2016). Also, adminis-
tering antibiotics as growth promoters have a long history in poultry (Miles et al.,
20006).

Due to common ancestry mitochondria and bacteria share several morpho-
logical and functional similarities, which makes mitochondria susceptible targets
for bacterial metabolites (Lobet et al., 2015). There is growing evidence that
bacterial metabolites such as SCFAs, secondary bile acids, Urolithin-A, etc., can
affect mitochondrial function (Clark and Mach, 2017) (reviewed in Paper IV).
Based on that, I proposed in Paper IV that the ability to govern a beneficial and
flexible community of microbes could be advertised to potential mates via sexual
signals. As suggested in Paper III production of the carotenoid-based ornaments
may be affected by both absorption of dietary carotenoid from the diet but also
by the efficiency of vital cellular processes, such as mitochondrial function, which
would make carotenoid ornaments a good candidate to convey information about
a healthy microbiome (Paper 1V) and overall capacity of the individual to pro-
duce energy. Although I focused on carotenoid-based ornaments, microbial modu-
lation of mitochondrial function can potentially also affect the expression of other
condition-dependent traits.

Parasites
(a) Microbiome
Stress etc.
Nutrient Energ¥
(b) absorption production

& mobilzation
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(c) Ornaments Behavior Survival Reproduction

Figure 3. (a) Various factors, such as parasites, environmental perturbations, stress, social
status, microbiome etc., can affect animals’ allostatic load, that is, energy input required
to cover animals’ energetic needs. (b) The amount of energy that is available for carrying
out physiological processes can be affected by the efficiency of nutrient absorption in the
digestive system, but also by the capacity to produce energy in the mitochondria and
proper mobilisation of energy reserves. ¢) The energetic status of the animal can affect its
behavioural choices, expression of condition-dependent ornaments and ultimately survival
and reproduction.
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In conclusion, this thesis provided an integrative overview of constraints to
energy processing related to parasitic infection, digestive efficiency, microbiome
and how these affect survival, behaviour and carotenoid-based sexual signals
(figure 3). An important result of this thesis was the validation of the acid
steatocrit method in birds, which has already proven its value in ecological studies.
However, understanding the aspects that limit an organism’s energy processing
is still poorly understood and the mechanisms discussed here are far from exclu-
sive and need further investigation. Also, I came to the conclusion that the role
of the microbiome in energy processing and expression of condition-based
signals, such as carotenoid ornaments, may be underestimated in ecological studies.
The composition of the gut microbiome was not assessed in this thesis, but
considering the wide variety of anthropogenic stressors and pollutants, investi-
gation of microbiome facilitated ability to adjust to the environmental pertur-
bation could provide a promising avenue for future research. Overall, I suggest
that an integrative view that incorporates animals’ energetic needs, internal
constraints to energy processing, and traits related to survival and reproductive
success (figure 3) is crucial in order to understand why individuals differ in their
performance and fitness.
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SUMMARY

Explaining the reasons why individuals differ in their performance is a central
question in evolutionary and ecological research. Ability to absorb nutrients from
the food, produce energy in the mitochondria and energy mobilisation pose major
internal constraints to energy processing in the organism, which can affect survival
and reproduction. Parasitic infections can reduce nutrient absorption in the diges-
tive system, but several parasites and microbes can also target the mitochondria
and affect their functionality. Energetic needs can vastly differ depending on the
time of the day, season, individual’s life history stage and environmental condi-
tions. Glucocorticoid hormones are important regulators of energy metabolism
and stress response. Glucocorticoids are often used to assess stress in animals,
but their importance in energy regulation and mobilisation has not received much
attention in ecological studies. Rather than maximising the energy stores and
mitochondrial ATP output, an organism’s energy demands should be matched
with energy output. It has been suggested that some condition-based sexual signals,
for example, carotenoid colouration, can indicate the capacity to produce energy
as their production shares pathways with vital cellular processes. Therefore, energy
processing can integrate several seemingly unrelated components that contribute
to the performance of an animal, such as stress response, parasite resistance,
behaviour and ornament expression. This highlights the importance of charac-
terising energetic constraints and their effects on individual phenotypic quality in
ecological studies. In order to do this, sensitive, individually consistent and non-
invasive biomarkers to assess animals’ energetic constraints are needed.

The main goals of this thesis were to (1) study the internal constraints to energy
processing and (2) its impact on survival, behaviour and production of sexually
selected ornaments. [ used greenfinches as my study subjects because wild green-
finches can tolerate captivity well. This enables to conduct the experiments in a
controlled environment, while the results are still relatively well extrapolatable
for natural situations. Greenfinches are infected with coccidian and trichomonas
parasites in nature, which enables us to study constraints for energy absorption in
the gut. Furthermore, male greenfinches have bright yellow sexually selected
carotenoid-based feather colouration.

In order to address the goals of my thesis, I firstly focused on studying the
mechanisms that can pose constraints to internal energy processing and to how to
measure these. Limitations of nutrient absorption in the gut can arise from para-
sitic infection and its damage to the intestinal wall. The majority of the methods
that enable the assessment of digestive efficiency are not suitable for ecological
studies due to invasiveness, lethality or complexity of the procedure. Therefore,
I explored whether a simple and non-invasive acid steatocrit method that has
previously been used in humans and rodents can be applied in ecological studies
in birds. The acid steatocrit method enables to measure the relative amount of fat
in the faeces and thus providing an estimate of the digestive efficiency of fat.
I was able to determine that the values of steatocrit measurements showed signifi-
cant individual consistency and inter-individual variation confirming the method’s

30



suitability in birds. The acid steatocrit method also enabled to detect the effect of
experimental manipulations of intestinal infections on fat absorption capacity.

Corticosterone is a predominant glucocorticoid in birds that has become the
main indicator to assess stress levels in birds. Feather corticosterone (fCORT)
levels can potentially reflect the cumulative effects of environmental stressors
and differences in baseline corticosterone levels. I was able to show that the
fCORT in feathers that grew in captivity correlated positively to fCORT levels in
feathers grown during moult in the wild, showing individual consistency. Thus,
my results indicate that f{CORT may contain information about some persistent
phenotypic quality of the individual. fCORT levels were on average 20% lower
in lab-grown feathers. This might be explained by the lower energy demand in
the lab (less physical activity, higher ambient temperature and ad libitum food),
as it has been suggested that variation in corticosterone levels can indicate
variation in energy expenditure.

Secondly, I investigated how energetic constraints affect ecologically relevant
traits such as survival, behaviour and sexual signals. I found that the fCORT
levels in wild-grown feathers predicted the survival of the birds in the lab several
months after the feathers were grown, further supporting that fCORT can indicate
some persistent component of an individual’s quality. Variation in corticosterone
levels can also affect animals’ behaviour. Higher corticosterone is usually asso-
ciated with a higher locomotive activity. Contrary to my predictions, I found that
birds with more damaged tails from flapping against the cage bars had lower
fCORT levels, which calls for further research to better understand the relations
between fCORT levels and behaviour.

Parasite infections and the gut microbiota can affect nutrient absorption in the
digestive system, including the acquisition of carotenoids. Anticoccidial drug
toltrazuril significantly reduced the infection intensity of coccidiosis but did not
affect carotenoid feather colouration. Administration of wide-spectrum antibiotic
metronidazole which targets trichomonas parasites and anaerobic bacteria resulted
in significantly higher chroma of yellow parts of the feathers. Similar levels of
plasma carotenoids in all groups after the treatment suggests that the feather
colouration was not only related to the amount of carotenoids absorbed from food
but involved a component of the improved mechanism of carotenoid biotrans-
formation and deposition into ornaments. Therefore, the results indicate that
metronidazole might have improved the general health state and efficiency of
vital cellular processes, which resulted in more yellow feathers. It is also possible
that metronidazole induced a change in gut microbiome composition. Assuming
that some microbial metabolites can modulate mitochondrial function, this result
is consistent with the shared-pathway hypothesis by which the production of the
ornaments shares functional pathways with core life-supporting pathways.

Inspired by the results of the last study, I conducted a literature review in order
to explore the possibilities that the gut microbiome could affect carotenoid
colouration via modulation of mitochondrial function. Due to common ancestry
mitochondria and bacteria share several structural and biochemical similarities,
thus making mitochondria more susceptible to bacterial metabolites. There is
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evidence that several commensal members of the gut microbiome produce meta-
bolites, such as short-chain fatty acids, secondary bile acids, urolithin-A and
riboflavin, that can modulate mitochondrial function. Several studies have shown
that microbes can modify traits that are important in mate selection and affect the
host’s allele frequencies and population dynamics. It has been proposed that the
host might outsource high-cost-low gain services from microbes — functions that
yield low reward, but the maintenance of the pathways would be too costly for
the host. Therefore, I hypothesised that microbial metabolites could affect
carotenoid colouration via modulation of mitochondrial function and thus carote-
noids might advertise the ability to ensure the presence of a beneficial micro-
biome to the potential mates

In conclusion, this thesis provided an integrative overview of constraints to
energy processing and how these affect survival, behaviour and production of
carotenoid-based sexual signals. I was able to demonstrate that the acid steatocrit
method, a simple, non-invasive and cheap method for measuring fat content in
the faeces, can be used as a proxy for digestive efficiency in birds in ecological
studies. This method has wide applicability in ecological research and has already
been used in several other studies. I determined that feather corticosterone, which
reflects corticosterone levels over a longer period of time, conveys information
about an individual’s phenotypic quality, which could be potentially related to
animals’ energy status. The integrity of the digestive system, parasitic infection
and microbiome can affect nutrient absorption. However, the gut microbe can
also modulate mitochondrial function. I showed that carotenoid colouration was
not only related to the circulating plasma carotenoids but involved some improved
component of carotenoid modulation or deposition into the feathers. Lastly, I
hypothesised that the ability to ensure the presence of a beneficial and diverse
microbiome might be advertised to the potential mates through sexual signals.
Although carotenoid-based ornaments were in focus, microbial modulation of
mitochondrial function can potentially also affect the expression of other condition-
dependent traits. Considering the wide variety of anthropogenic stressors and
pollutants, investigation of microbiome-facilitated ability to adjust to the environ-
mental perturbation could provide a promising avenue for future research. Overall,
I showed in this thesis that an integrative view that incorporates animals’ energetic
needs, internal constraints to energy processing, and traits related to survival and
reproductive success can help to understand why individuals differ in their per-
formance and fitness.
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SUMMARY IN ESTONIAN

Sisemised piirangud energiakaitlusele:
integratiivne uuring kaitumisest, sugulise valiku
ornamentidest ja seedeslisteemi tervisest rohevintidel

Evolutsioonilise 6koloogia iiks peamisi eesmirke on mdista, millest tulenevad
isenditevahelised erinevused ning kuidas need erinevused mdjutavad sigimis-
edukust ja ellujddmist. S60gist toitainete omastamine, energia tootmine mito-
kondrites ja energiavarude mobiliseerimine on protsessid, mis mdjutavad orga-
nismi sisemist energiakéitlust. Sooleparasiidid voivad védhendada toitainete
imendumist seedesiisteemis ning mitmed infektsioonid vdivad avaldada moju
energiatootmise efektiivsusele mitokondrites. Loomade energiavajadus varieerub
oluliselt soltuvalt kellaajast, aastaajast, elukdigu staadiumist (nt migratsioon,
paljunemine) ja keskkonnatingimustest. Glikkokortikoidhormoonid reguleerivad
organismi stressivastust ning energiametabolismi tavasituatsioonis. Gliikokorti-
koidide taset mdoddetakse tihti selleks, et hinnata loomade stressitaset, kuid gliiko-
kortikoidide roll energiaregulatsioonis on 6koloogilistes uuringutes jadnud tihti
tagaplaanile. Samas pole voimalikult suur ATP-tootmine ja energiavarude kogu-
mine enamasti moistlik. Naiteks voivad rasvavarud suurendada tdendosust, et
loom langeb kiskja saagiks. Seega on olulisem tagada, et energia tootmine vastaks
energiavajadustele. Tulenevalt sellest on vélja pakutud, et signaalid, mis annavad
vastassugupoolele infot isendi kvaliteedist, voivad signaliseerida isendi voimekust
energiat toota, kuna nende signaalide avaldumine on seotud samade biokeemiliste
radadega kui energiatootmine. Uheks niiteks sellistest signaalidest vdivad olla
karotenoidsetel pigmentidel pohinevad tunnused, niiteks kollane ja punane sule-
v0i nahavérvus. Selgem arusaamine organismi energiakiitlust piiravatest tegu-
ritest vOib aidata paremini mdista indiviididevaheliste erinevuste pShjuseid.

Peamisteks eesmarkideks oli (1) uurida sisemisi piiranguid energiakiitlusele
ning (2) selgitada vilja, kuidas need piirangud mdjutavad ellujadmist, kditumist
ja sugulise valiku signaale. Oma uuringus kasutasin mudelorganismina rohevinte.
Loodusest piiiitud rohevindid taluvad hésti vangistust, mis voimaldab katseid 1ébi
viia kontrollitud keskkonnas, samas on tulemused siiski suhteliselt hasti {ildis-
tatavad looduses esinevatele olukordadele. Vabalt elavad rohevindid on nakatunud
koktsidioosi ja trihhomonoosiga, mis vdimaldab uurida piiranguid energia omas-
tamisele soolestikus. Emased rohevindid eelistavad kollasemaid isaseid, seega
sulgede erkkollane karotenoididel pohinev varvus on rohevintidel sugulise valiku
tunnus.

Esmalt keskendusin mehhanismide uurimisele, mis vdivad mdjutada piiranguid
sisemisele energiakditlusele, ning sellele, kuidas neid modta. Parasiitnakkused
soolestikus voivad kahjustada seedesiisteemi ning piirata toitainete imendumist.
Enamus meetodeid, mis voimaldavad hinnata seedimise efektiivsust, ei sobi 6ko-
loogiliste uuringute jaoks, kuna vajavad looma surmamist. Steatokriti meetod on
lihtne, odav ja mitteinvasiivne ning voimaldab mdodta suhtelist rasvasisaldust
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véljaheidetes ning anda hinnangu rasvade seedimise efektiivsusele. Varasemalt
on seda meetodit kasutatud inimestel ja hiirtel. Oma esimeses uuringus néitasin,
et steatokriti meetodit saab kasutada seedeefektiivsuse hindamiseks ka lindudel.
Naitasin, et steatokrit vimaldab tuvastada ajas piisivat isenditevahelist varieeru-
vust. Samuti olid steatokriti meetodi abil tuvastatavad muutused rasvade seede-
efektiivsuses pérast rohevintide nakkustaseme eksperimentaalset manipuleerimist.

Kortikosteroon on lindude peamine stressihormoon. Arvatakse, et kortiko-
sterooni tase sulgedes (SKORT) peegeldab sule kasvamise perioodil kumulatiiv-
selt veres ringleva kortikosterooni baastaset ning stressorite mojul korgenenud
kortikosterooni taset. Teises uuringus leidsin, et vangistuses kasvanud sulgede
sKORT korreleerus positiivselt SKORT tasemega looduses kasvanud sulgedes:
lindudel kellel oli korgem sKORT looduses oli korgem sKORT ka vangistuses.
sKORT tase oli ajas piisiv vaatamata sellele, et tingimused vangistuses ja loo-
duses erinevad olulisel méiiral. Seega voib sKORT anda infot isendi kvaliteedi
kohta. Vangistuses kasvanud sulgede sKORT tase oli keskmiselt 20% madalam,
mis voib olla tingitud lindude vdhenenud energiavajadusest — vdiksem kehaline
aktiivsus, korgem ohutemperatuur ning piiramatus koguses saadaolev toit. Seega
voib sKORT anda infot erinevate indiviidide energiavajaduse kohta.

T60 teine peamine eesmark oli uurida, kuidas energeetilised piirangud mdju-
tavad okoloogiliselt olulisi tunnuseid, nagu ellujddmine, kditumine ja suguliste
signaalide avaldumine. Leidsin, et sKORT tase looduses kasvanud sulgedes
ennustas lindude ellujddmist laboris mitu kuud pérast sulgede kasvatamist, mis
kinnitab, et sKORT voib viidata monele isendi kvaliteedi piisivale komponendile.
Kortikosterooni taseme kdikumine voib samuti mdjutada loomade kditumist ning
kdrgemat kortikosteroonitaset seostatakse tavaliselt suurema aktiivsusega. Vastu-
pidiselt ennustustele oli SKORT tase madalam lindudel, kes puurivarbade vastu
lendamisest oma sabasuled rohkem sassi ajasid. Kuna minu t66 tulemused on
vastuolus varem kirjeldatuga, on vajalik 14bi viia tdiendavaid uuringuid, et mdista
kas ja kuidas sKORT tase seostub kéditumisega.

Toitainete ja karotenoidede imendumist seedesiisteemis vdivad mdjutada
parasiitnakkused (nt nakatumine koktsiididega) ja soolestiku mikrobioom.
Koktsiidivastane ravim viahendas oluliselt koktsiidinakkuse intensiivsust, kuid ei
avaldanud moju sulestiku kollasele vérvusele. Seevastu laia spektriga antibiooti-
kumi manustamine, mis ravib algloomade poolt pdhjustatud trihomonoosi ning
samuti toimib paljude anaeroobsete bakterite vastu, suurendas sulgede kollase
varvi intensiivsust. Karotenoidide tase lindude veres ei erinenud pérast menetlust
katsegruppide vahel, mis viitab, et kollast sulevirvi ei mojutanud mitte ainult
karotenoidide imendumine soolestikus, vaid ka isendi iildine tervislik seisund.
Arvatakse, et karotenoidide modifitseerimine enne ornamentidesse paigutamist
toimub mitokondri membraanis. Seega vois antibiootikumi manustamise taga-
jérjel paraneda mitokondrite energiatootmise vdimekus ning kuna karotenoidide
metabolism on seotud mitokondrite funktsionaalsusega, siis peegeldus see
intensiivsemas sulevérvis. Antibiootikum vois samuti mdjutada seedesiisteemi
mikroobikooslust ning mitmed bakteriaalsed metaboliidid vdivad avaldada mdju
mitokondrite todle.
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Eelmise uuringu tulemustest inspireerituna koostasin kirjanduse pohjal iile-
vaate, uurimaks ldhemalt voimalust, et mikrobioomi toodetud metaboliidid voivad
mitokondrite t66d mdjutades mojutada karotenoididsete tunnuste varvust. Mito-
kondrite eellased olid kunagi vabalt elavad bakterid ning seetdttu on mitokondritel
ja bakteritel mitmeid struktuurseid ja biokeemilisi sarnasusi, mistdttu on mito-
kondrid bakteriaalsetest metaboliitidest kergemini mdjutatavad. Uuringutes on
ndidatud, et mitokondriaalset funktsiooni mdjutavad mitmed kommensaalsete
bakterite toodetud metaboliidid, néiteks lithikese ahelaga rasvhapped, sekun-
daarsed sapphapped ja urolitiin-A. Lisaks on ndidatud, et mikrobioom v&ib mdju-
tada paarilisevalikut, alleelisagedusi populatsioonis ning populatsioonidiinaami-
kat, mis viitab sellele, et mikrobioom avaldab olulist mdju evolutsioonilistele ja
okoloogilistele protsessidele. Naiteks voib peremeesorganism “allhankida” mik-
roobidelt funktsioone, mille tulu on liiga véike, et tasuks dra ise vajalikke bio-
keemilisi radasid t66s hoida, kuid mis siiski on teatud situatsioonides ning aeg-
ajalt kasulikud. Samuti suudavad moned mikroobid teha kahjutuks pestitsiide ja
muid toksilisi aineid. Sellelt tulenevalt piistitasin hiipoteesi, et mikroobsed meta-
boliidid vdivad mitokondriaalse funktsiooni moduleerides mojutada karote-
noidide vérvust ja seega vdivad karotenoidsed ornamendid signaliseerida voimet
hoida alal mitmekesist mikrobioomi, mis voimaldab muuhulgas peremees-
organismil keskkonnamuutustega paremini toime tulla.

Kokkuvdttes andis doktoritdo iilevaate energiaainevahetusele rakenduvatest
piirangutest ning sellest, kuidas need mdjutavad ellujadmist, kditumist ja karote-
noidipdhiseid sugulise valiku signaale. Uheks t66 olulisemaks tulemuseks on
steatokriti meetodi sobilikkuse valideerimine seedeefektiivsuse hindamiseks lin-
dudel. Steatokriti meetodil on lai rakenduspotentsiaal 6koloogiliste uuringutes
ning juba praeguseks on seda meetodit kasutatud teiste teadusgruppide poolt.
Samuti joudsin jareldusele, et mikrobioomi modju on tdenéoliselt evolutsioonilises
okoloogias alahinnatud ning mikrobioomi mdju energiakéitlusele ja keskkonna-
muutustega kohamisele pakub paljutdotavaid voimalusi tulevaste uuringute jaoks.

35



ACKNOWLEDGEMENTS

I would like to express my deepest appreciation to my supervisors Peeter Horak
and Tuul Sepp. This endeavour would not have been possible without their
invaluable feedback, support and patience. I am grateful that Peeter and Tuul
trusted me to develop my own ideas at my own pace. Your advice has always
been very helpful and inspiring.

I am also grateful to everyone in our work group, previous lab members and
students who have greatly contributed to the greenfinch experiments over the
years. [’'m extremely grateful to Richard Meitern, Elin Sild and Ulvi Karu, who
all have taught me many useful skills and have been great companions since I
joined the group during my bachelor studies. Richard also contributed signifi-
cantly to the validation of the acid steatocrit method. Many thanks to Ulvi Karu
for taking care of the aviary and bird maintenance and for all the coffee break
conversations. [ am also thankful to Elin Sild for always being positive and giving
me an opportunity to lead the experiment. I'd like to thank Janek Urvik for
occasionally helping with the experiments and giving advice about the doctoral
studies. I am also thankful to Kristiina StSeglova and Liina Ots for bird main-
tanance, sample collection and analysis.

Thanks should also go to the Evolutionary Ecophysiology Group for really
interesting and inspiring lab meetings: Randel Kreitsberg, Ciara Baines, Jeffrey
Carbillet, Jaanis Lodjak and all the graduate students and undergrads. I’d like to
recognize my colleagues from the Department of Zoology: Raivo Mind, Marko
Maigi, Lauri Saks, Vallo Tilgar, to mention a few. Really big thanks to Margret
Sisask, who has helped with all the administrative matters. I also must mention
my four-legged companions. Office dog Erk is proficient at lowering cortisol
levels and occasional visits from Elin’s dogs always brightened up the day. I'm
extremely grateful to my cat, who made it to 17 years of age, for providing
emotional support throughout most of my studies

And lastly, words cannot express my gratitude to my family and friends for
supporting me on this journey. Thank you for sharing the joy of my accomplish-
ments and keeping my spirits and motivation high.

The thesis was funded by the Estonian Research Council (grants [UT34-8,
PUT653, PSG458, PSG653, PRG1137, European Regional Development Fund
(Dora Plus Short-term mobility grant) and L’OREAL Baltic “For Women In
Science” Program with the support of the Estonian National Commission for
UNESCO and the Estonian Academy of Sciences.

36



REFERENCES

Amann, S.T., Josephson, S.A., Toskes, P.P., 1997. Acid steatocrit: a simple, rapid
gravimetric method to determine steatorrhea. American Journal of Gastroenterology
12, 2280-2284.

Amin, A., Bilic, 1., Liebhart, D., Hess, M., 2014. Trichomonads in birds — a review. Para-
sitology 141, 733-747.

Aragjo, P.M., Dias, M.R., Matos, D.M., Norte, A.C., 2022. Reliability of steatocrit as an
indicator of intestinal health in young birds — Relationships with morphology and
growth rate of canary Serinus canaria nestlings. Zoology 151, 126004.

Baeta, R., Faivre, B., Motreuil, S., Gaillard, M., Moreau, J., 2008. Carotenoid trade-off
between parasitic resistance and sexual display: an experimental study in the blackbird
(Turdus merula). Proceedings of the Royal Society B: Biological Sciences 275, 427—
434,

Béziers, P., San-Jose, L.M., Almasi, B., Jenni, L., Roulin, A., 2019. Baseline and stress-
induced corticosterone levels are heritable and genetically correlated in a barn owl
population. Heredity 123, 337-348.

Blas, J., 2015. Stress in birds, in: Sturkie’s avian physiology. Elsevier, 769—810.

Blount, J.D., McGraw, K.J., 2008. Signal functions of carotenoid colouration, in:
Carotenoids. Springer, 213-236.

Boguszewska, K., Szewczuk, M., Kazmierczak-Baranska, J., Karwowski, B.T., 2020.
The similarities between human mitochondria and bacteria in the context of sructure,
genome, and base excision repair system. Molecules 25, 2857.

Bohn, T., Desmarchelier, C., Dragsted, L.O., Nielsen, C.S., Stahl, W., Riihl, R., Keijer, J.,
Borel, P., 2017. Host-related factors explaining interindividual variability of carote-
noid bioavailability and tissue concentrations in humans. Molecular Nutrition & Food
Research 61, 1600685.

Bortolotti, G.R., Marchant, T.A., Blas, J., German, T., 2008. Corticosterone in feathers is
a long-term, integrated measure of avian stress physiology. Functional Ecology 22,
494-500.

Breuner, C.W., Greenberg, A.L., Wingfield, J.C., 1998. Noninvasive corticosterone treat-
ment rapidly increases activity in Gambel’s white-crowned sparrows (Zonotrichia
leucophrys gambelii). General and Comparative Endocrinology 111, 386-394.

Brown, C.R., Brown, M.B., Raouf, S.A., Smith, L.C., Wingfield, J.C., 2005. Effects of
endogenous steroid hormone levels on annual survival in cliff swallows. Ecology 86,
1034-1046.

Burokas, A., Arboleya, S., Moloney, R.D., Peterson, V.L., Murphy, K., Clarke, G.,
Stanton, C., Dinan, T.G., Cryan, J.F., 2017. Targeting the microbiota-gut-brain axis:
prebiotics have anxiolytic and antidepressant-like effects and reverse the impact of
chronic stress in mice. Biological Psychiatry 82, 472—487.

Cantarero, A., Alonso-Alvarez, C., 2017. Mitochondria-targeted molecules determine the
redness of the zebra finch bill. Biology Letters 13, 20170455.

Cantarero, A., Mateo, R., Camarero, P.R., Alonso, D., Fernandez-Eslava, B., Alonso-
Alvarez, C., 2020. Testing the shared-pathway hypothesis in the carotenoid-based
coloration of red crossbills. Evolution 74, 2348-2364.

Cantarero, A., Pérez-Rodriguez, L., Romero-Haro, A.A., Chastel, O., Alonso-Alvarez, C.,
2019. Carotenoid-based coloration predicts both longevity and lifetime fecundity in
male birds, but testosterone disrupts signal reliability. PLoS One 14, e0221436.

37



Chavatte, J.-M., Giraud, P., Esperet, D., Place, G., Cavalier, F., Landau, 1., 2019. An out-
break of trichomonosis in European greenfinches Chloris chlorisand European gold-
finches Carduelis carduelis wintering in Northern France. Parasite 26, 21-21.

Clark, A., Mach, N., 2017. The crosstalk between the gut microbiota and mitochondria
during exercise. Frontiers in Physiology 8, 319.

Cramp, S., Perrins, C.M., 1994. Handbook of the birds of the Western Palearctic.
Volume IV. Terns to Woodpeckers (ed. Cramp, S.) 353-363.

Dallman, M.F., Strack, A.M., Akana, S.F., Bradbury, M.J., Hanson, E.S., Scribner, K.A.,
Smith, M., 1993. Feast and famine: critical role of glucocorticoids with insulin in daily
energy flow. Frontiers in Neuroendocrinology 14, 303-347.

del Cerro, S., Merino, S., Martinez-de la Puente, J., Lobato, E., Ruiz-de-Castafieda, R.,
Rivero-de Aguilar, J., Martinez, J., Morales, J., Tomas, G., Moreno, J., 2010.
Carotenoid-based plumage colouration is associated with blood parasite richness and
stress protein levels in blue tits (Cyanistes caeruleus). Oecologia 162, 825-835.

Eley, C.C., 1991. Status signalling in the western Greenfinch, Carduelischloris (Doctoral
dissertation, University of Sussex).

Fernando, M.A., McCraw, B.M., 1973. Mucosal morphology and cellular renewal in the
intestine of chickens following a single infection of Eimeria acervulina. The Journal
of Parasitology 493-501.

Franco-Obregon, A., Gilbert, J.A., 2017. The Microbiome-Mitochondrion Connection:
Common Ancestries, Common Mechanisms, Common Goals. Msystems 2, e¢00018-17.

Gao, Z., Yin, J., Zhang, J., Ward, R.E., Martin, R.J., Lefevre, M., Cefalu, W.T., Ye, J.,
2009. Butyrate improves insulin sensitivity and increases energy expenditure in mice.
Diabetes 58, 1509-1517.

Gérard, P., 2014. Metabolism of cholesterol and bile acids by the gut microbiota. Patho-
gens 3, 14-24.

Gill, H., Paperna, I., 2008. Proliferative visceral |sospora (atoxoplasmosis) with morbid
impact on the Israeli sparrow Passer domesticus biblicus Hartert, 1904. Parasitology
Research 103, 493.

Gnainsky, Y., Zfanya, N., Elgart, M., Omri, E., Brandis, A., Mehlman, T., Itkin, M.,
Malitsky, S., Adamski, J., Soen, Y., 2021. Systemic regulation of host energy and
oogenesis by microbiome-derived mitochondrial coenzymes. Cell Reports 34, 108583.

Goodrich, J.K., Davenport, E.R., Beaumont, M., Jackson, M.A., Knight, R., Ober, C.,
Spector, T.D., Bell, J.T., Clark, A.G., Ley, R.E., 2016. Genetic determinants of the
gut microbiome in UK twins. Cell Host & Microbe 19, 731-743.

Goodwin, T., 1984. The biochemistry of the carotenoids. II. Animals. Chapmann and
Hall, London

Gosbell, M.C., Olaogun, O.M., Luk, K., Noormohammadi, A.H., 2020. Investigation of
systemic isosporosis outbreaks in an aviary of greenfinch (Carduelis chloris) and
goldfinch (Carduelis carduelis) and a possible link with local wild sparrows (Passer
domesticus). Australian Veterinary Journal 98, 338-344.

Hackstein, J.H., Mackenstedt, U., Mehlhorn, H., Meijerink, J.P., Schubert, H., Leunissen,
J.A., 1995. Parasitic apicomplexans harbor a chlorophyll a-D1 complex, the potential
target for therapeutic triazines. Parasitology Research 81, 207-216.

Hanning, I., Diaz-Sanchez, S., 2015. The functionality of the gastrointestinal microbiome
in non-human animals. Microbiome 3, 51.

Harms, N.J., Legagneux, P., Gilchrist, H.G., Béty, J., Love, O.P., Forbes, M.R., Borto-
lotti, G.R., Soos, C., 2015. Feather corticosterone reveals effect of moulting con-
ditions in the autumn on subsequent reproductive output and survival in an Arctic
migratory bird. Proceedings of the Royal Society B: Biological Sciences 282, 20142085.

38



Henry, L.P., Bruijning, M., Forsberg, S.K.G., Ayroles, J.F., 2021. The microbiome
extends host evolutionary potential. Nature Communications 12, 5141.

Hill, G.E., 2014. Cellular respiration: the nexus of stress, condition, and ornamentation.
Integrative and Comparative Biology 54, 645—657.

Hill, G.E., 2011. Condition-dependent traits as signals of the functionality of vital cellular
processes. Ecology Letters 14, 625-634.

Hill, G.E, 2006. Environmental regulation of ornamental coloration. Bird Coloration 1,
507-560.

Hill, G.E., 1991. Plumage coloration is a sexually selected indicator of male quality.
Nature 350, 337.

Hill, G.E., Hood, W.R., Ge, Z., Grinter, R., Greening, C., Johnson, J.D., Park, N.R.,
Taylor, H.A., Andreasen, V.A., Powers, M.J., 2019. Plumage redness signals mito-
chondrial function in the house finch. Proceedings of the Royal Society B 286,
20191354.

Horak, P., Saks, L., Karu, U., Ots, 1., 2006. Host resistance and parasite virulence in
greenfinch coccidiosis. Journal of Evolutionary Biology 19, 277-288.

Horak, P., Saks, L., Karu, U., Ots, 1., Surai, P.F., McGraw, K.J., 2004. How coccidian
parasites affect health and appearance of greenfinches. Journal of Animal Ecology 73,
935-947.

laniro, G., Tilg, H., Gasbarrini, A., 2016. Antibiotics as deep modulators of gut micro-
biota: between good and evil. Gut 65, 1906.

Itoh, H., Hori, T., Sato, Y., Nagayama, A., Tago, K., Hayatsu, M., Kikuchi, Y., 2018.
Infection dynamics of insecticide-degrading symbionts from soil to insects in
response to insecticide spraying. The ISME Journal 12, 909-920.

Jenkins, B.R., Vitousek, M.N., Hubbard, J.K., Safran, R.J., 2014. An experimental
analysis of the heritability of variation in glucocorticoid concentrations in a wild avian
population. Proceedings of the Royal Society B: Biological Sciences 281, 20141302.

Jenni-Eiermann, S., Jenni, L., 1994. Plasma metabolite levels predict individual body-
mass changes in a small long-distance migrant, the Garden Warbler. The Auk 111,
888-899.

Jimeno, B., Hau, M., Verhulst, S., 2018. Corticosterone levels reflect variation in meta-
bolic rate, independent of ‘stress’. Scientific Reports 8, 13020.

Johnson, J.D., Hill, G.E., 2013. Is carotenoid ornamentation linked to the inner mito-
chondria membrane potential? A hypothesis for the maintenance of signal honesty.
Biochimie 95, 436-444.

Joyner, L.P., Patterson, D.S.P., Berrett, S., Boarer, C.D.H., Cheong, F.H., Norton, C.C.,
1975. Amino-acid malabsorption and intestinal leakage of plasma-proteins in young
chicks infected with Eimeria Acer Vulina. Avian Pathology 4, 17-33.

Kang, J.D., Myers, C.J., Harris, S.C., Kakiyama, G., Lee, 1.-K., Yun, B.-S., Matsuzaki, K.,
Furukawa, M., Min, H.-K., Bajaj, J.S., Zhou, H., Hylemon, P.B., 2019. Bile acid 7a-
dehydroxylating gut bacteria secrete antibiotics that inhibit clostridium difficile: role
of secondary bile acids. Cell Chemical Biology 26, 27-34.

Killpack, T.L., Karasov, W.H., 2012. Growth and development of house sparrows
(Passer domesticus) in response to chronic food restriction throughout the nestling
period. Journal of Experimental Biology 215, 1806—-1815.

Kitaysky, A.S., Piatt, J.F., Hatch, S.A., Kitaiskaia, E.V., Benowitz-Fredericks, Z.M.,
Shultz, M.T., Wingfield, J.C., 2010. Food availability and population processes:
severity of nutritional stress during reproduction predicts survival of long-lived
seabirds. Functional Ecology 24, 625-637.

39



Klasing, K.C., 1998. Comparative avian nutrition. Cab International.

Kolodny, O., Schulenburg, H., 2020. Microbiome-mediated plasticity directs host evo-
lution along several distinct time scales. Philosophical Transactions of the Royal
Society B: Biological Sciences 375, 20190589.

Koren, L., Nakagawa, S., Burke, T., Soma, K.K., Wynne-Edwards, K.E., Geffen, E.,
2012. Non-breeding feather concentrations of testosterone, corticosterone and cortisol
are associated with subsequent survival in wild house sparrows. Proceedings of the
Royal Society B: Biological Sciences 279, 1560-1566.

Krautwald-Junghanns, M.-E., Zebisch, R., Schmidt, V., 2009. Relevance and treatment
of coccidiosis in domestic pigeons (Columba livia forma domestica) with particular
emphasis on toltrazuril. Journal of Avian Medicine and Surgery 1-5.

Landys, M.M., Ramenofsky, M., Wingfield, J.C., 2006. Actions of glucocorticoids at a
seasonal baseline as compared to stress-related levels in the regulation of periodic life
processes. General and Comparative Endocrinology 148, 132—-149.

Lattin, C.R., Reed, J.M., DesRochers, D.W., Romero, L.M., 2011. Elevated cortico-
sterone in feathers correlates with corticosterone-induced decreased feather quality: a
validation study. Journal of Avian Biology 42, 247-252.

Lee, S.-R., Kim, H.-K., Song, L.-S., Youm, J., Dizon, L.A., Jeong, S.-H., Ko, T.-H.,
Heo, H.-J., Ko, K.S., Rhee, B.D., 2013. Glucocorticoids and their receptors: insights
into specific roles in mitochondria. Progress in Biophysics and Molecular Biology
112, 44-54.

Lehikoinen, A., Lehikoinen, E., Valkama, J., Vidisdnen, R.A., Isomursu, M., 2013. Impacts
of trichomonosis epidemics on Greenfinch Chloris chloris and Chaffinch Fringilla
coelebs populations in Finland. Ibis 155, 357-366.

Liu, H., Tan, K.S., Zhang, X., Zhang, H., Cheng, D., Ting, Y., Li, S., Ma, H., Zheng, H.,
2020. Comparison of gut microbiota between golden and brown noble scallop
Cihlamys nobilisand its association with carotenoids. Frontiers in Microbiology 11, 36.

Lobet, E., Letesson, J.-J., Arnould, T., 2015. Mitochondria: A target for bacteria. Bio-
chemical Pharmacology 94, 173—185.

Lofmark, S., Edlund, C., Nord, C.E., 2010. Metronidazole is still the drug of choice for
treatment of anaerobic infections. Clinical Infectious Diseases 50, 16-23.

Lopes, R.J., Johnson, J.D., Toomey, M.B., Ferreira, M.S., Araujo, P.M., Melo-Ferreira, J.,
Andersson, L., Hill, G.E., Corbo, J.C., Carneiro, M., 2016. Genetic basis for red colo-
ration in birds. Current Biology 26, 1427-1434.

Lorch, P.D., Proulx, S., Rowe, L., Day, T., 2003. Condition-dependent sexual selection
can accelerate adaptation. Evolutionary Ecology Research 5, 867-881.

Ma, J., Coarfa, C., Qin, X., Bonnen, P.E., Milosavljevic, A., Versalovic, J., Aagaard, K.,
2014. mtDNA haplogroup and single nucleotide polymorphisms structure human
microbiome communities. BMC Genomics 15, 1-14.

Madonia, C., Hutton, P., Giraudeau, M., Sepp, T., 2017. Carotenoid coloration is related
to fat digestion efficiency in a wild bird. The Science of Nature 104, 96.

Minniste, M., Horak, P., 2014. Emerging infectious disease selects for darker plumage
coloration in greenfinches. Frontiers in Ecology and Evolution 2, 4.

Martinot, E., Sédes, L., Baptissart, M., Lobaccaro, J.-M., Caira, F., Beaudoin, C.,
Volle, D.H., 2017. Bile acids and their receptors. Molecular Aspects of Medicine 56,
2-9.

McEwen, B.S., Wingfield, J.C., 2003. The concept of allostasis in biology and bio-
medicine. Hormones and Behavior 43, 2—-15.

40



McGraw, K.J., Hill, G.E., Stradi, R., Parker, R.S., 2002. The effect of dietary carotenoid
access on sexual dichromatism and plumage pigment composition in the American
goldfinch. Comparative Biochemistry and Physiology Part B: Biochemistry and
Molecular Biology 131, 261-269.

Meitern, R., Sild, E., Kilk, K., Porosk, R., Horak, P., 2013. On the methodological limi-
tations of detecting oxidative stress: effects of paraquat on measures of oxidative
status in greenfinches. Journal of Experimental Biology 216, 2713-2721.

Miles, R.D., Butcher, G.D., Henry, P.R., Littell, R.C., 2006. Effect of antibiotic growth
promoters on broiler performance, intestinal growth parameters, and quantitative
morphology. Poultry Science 85, 476-485.

Millspaugh, J.J., Washburn, B.E., 2004. Use of fecal glucocorticoid metabolite measures
in conservation biology research: considerations for application and interpretation.
General and Comparative Endocrinology 138, 189-199.

Mitrovic, M., Bauernfeind, J., 1971. Efficacy of sulfadimethoxine in turkey diseases.
Avian Diseases 884-893.

Mollica, M.P., Mattace Raso, G., Cavaliere, G., Trinchese, G., De Filippo, C., Aceto, S.,
Prisco, M., Pirozzi, C., Di Guida, F., Lama, A., Crispino, M., Tronino, D., Di Vaio, P.,
Berni Canani, R., Calignano, A., Meli, R., 2017. Butyrate regulates liver mito-
chondrial function, efficiency, and dynamics in insulin-resistant obese mice. Diabetes
66, 1405-1418.

Mundy, N.I, Stapley, J., Bennison, C., Tucker, R., Twyman, H., Kim, K.-W., Burke, T.,
Birkhead, T.R., Andersson, S., Slate, J., 2016. Red carotenoid coloration in the zebra
finch is controlled by a cytochrome P450 gene cluster. Current Biology 26, 1435—
1440.

Newton, 1., Rothery, P., 2005. The timing, duration and pattern of moult and its relation-
ship to breeding in a population of the European greenfinch Carduelis chloris. Ibis
147, 667-679.

Noguera, J.C., Aira, M., Pérez-Losada, M., Dominguez, J., Velando, A., 2018. Gluco-
corticoids modulate gastrointestinal microbiome in a wild bird. Royal Society Open
Science 5, 171743.

Owumi, S.E., Otunla, M.T., Arunsi, U.O., Najophe, E.S., 2021. 3-Indolepropionic acid
upturned male reproductive function by reducing oxido-inflammatory responses and
apoptosis along the hypothalamic-pituitary-gonadal axis of adult rats exposed to
chlorpyrifos. Toxicology 463, 152996.

Phuapradit, P., Narang, A., Mendonca, P., Harris, D., Baum, J., 1981. The steatocrit: a
simple method for estimating stool fat content in newborn infants. Archives of Disease
in Childhood 56, 725-727.

Pout, D.D., 1967. Villous atrophy and coccidiosis. Nature 213, 306-307.

Rebolo-Ifran, N., Carrete, M., Sanz-Aguilar, A., Rodriguez-Martinez, S., Cabezas, S.,
Marchant, T.A., Bortolotti, G.R., Tella, J.L., 2015. Links between fear of humans,
stress and survival support a non-random distribution of birds among urban and rural
habitats. Scientific Reports 5, 13723.

Robinson, R.A., Lawson, B., Toms, M.P., Peck, K.M., Kirkwood, J.K., Chantrey, J.,
Clatworthy, I.R., Evans, A.D., Hughes, L.A., Hutchinson, O.C., 2010. Emerging in-
fectious disease leads to rapid population declines of common British birds. PLoS
One 5.

Romero, L.M., 2004. Physiological stress in ecology: lessons from biomedical research.
Trends in Ecology & Evolution 19, 249-255.

41



Romero, L.M., Fairhurst, G.D., 2016. Measuring corticosterone in feathers: strengths,
limitations, and suggestions for the future. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 202, 112—122.

Romero, L.M., Wikelski, M., 2001. Corticosterone levels predict survival probabilities of
Galapagos marine iguanas during El Nino events. Proceedings of the National
Academy of Sciences 98, 7366—7370.

Romero, L.M., Butler, L.K., 2007. Endocrinology of stress. International Journal of
Comparative Psychology 20, 2.

Rosenberg, E., Zilber-Rosenberg, 1., 2018. The hologenome concept of evolution after 10
years. Microbiome 6, 78.

Rudman, S.M., Greenblum, S., Hughes, R.C., Rajpurohit, S., Kiratli, O., Lowder, D.B.,
Lemmon, S.G., Petrov, D.A., Chaston, J.M., Schmidt, P., 2019. Microbiome com-
position shapes rapid genomic adaptation of Drosophila melanogaster. Proceedings
of the National Academy of Sciences 116, 20025-20032.

Ruff, M.D., Augustine, P.C., Madden, P.A., 1981. Eimeria meleagrimitis, E. adenoeides,
and E. dispersa: Severity of infection and changes in the intestinal mucosa of the
Turkey. Experimental Parasitology 51, 87-94.

Ruff, M.D., Fuller, H.L., 1975. Some mechanisms of reduction of carotenoid levels in
chickens infected with Eimeria acervulina or E. tenella. The Journal of Nutrition 103,
1447-1456.

Russell, J., Ruff, M.D., 1978. Eimeria spp.: influence of coccidia on digestion (amylolytic
activity) in broiler chickens. Experimental Parasitology 45, 234-240.

Ryu, D., Mouchiroud, L., Andreux, P.A., Katsyuba, E., Moullan, N., Nicolet-dit-
Félix, A.A., Williams, E.G., Jha, P., Lo Sasso, G., Huzard, D., Aebischer, P., Sandi, C.,
Rinsch, C., Auwerx, J., 2016. Urolithin A induces mitophagy and prolongs lifespan
in C. elegans and increases muscle function in rodents. Nature Medicine 22, 879-888.

Sagan, L., 1967. On the origin of mitosing cells. Journal of Theoretical Biology 14, 225-
IN6.

Shutt, T.E., McBride, H.M., 2013. Staying cool in difficult times: mitochondrial dyna-
mics, quality control and the stress response. Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research 1833, 417-424.

Saint-Georges-Chaumet, Y., Edeas, M., 2015. Microbiota—mitochondria inter-talk:
consequence for microbiota—host interaction. Pathogens and Disease 74.

Saks, L., McGraw, K., Horak, P., 2003. How feather colour reflects its carotenoid content.
Functional Ecology 17, 555-561.

Samuelson, J., 1999. Why metronidazole is active against both bacteria and parasites.
Antimicrobial Agents and Chemotherapy 43, 1533—1541.

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and preparative
actions. Endocrine Reviews 21, 55-89.

Sepp, T., Karu, U., Blount, J.D., Sild, E., Méanniste, M., Horak, P., 2012. Coccidian infec-
tion causes oxidative damage in greenfinches. PLoS One 7, e36495.

Sepp, T., Ménniste, M., Kaasik, A., Horak, P., 2014. Multidimensionality of fear in cap-
tive greenfinches (Carduelis chloris). Behavioral Ecology and Sociobiology 68,
1173-1181.

Sepp, T., Sild, E., Horak, P., 2010. Hematological condition indexes in greenfinches:
effects of captivity and diurnal variation. Physiological and Biochemical Zoology 83,
276-282.

4



Sepp, T., Webb, E., Simpson, R.K., Giraudeau, M., McGraw, K.J., Hutton, P., 2021. Light
at night reduces digestive efficiency of developing birds: an experiment with king
quail. The Science of Nature 108, 1-10.

Shapira, M., 2016. Gut microbiotas and host evolution: scaling up symbiosis. Trends in
Ecology & Evolution 31, 539-549.

Sharma, V.D., Fernando, M.A., 1975. Effect of Eimeria acervulina infection on nutrient
retention with special reference to fat malabsorption in chickens. Canadian Journal of
Comparative Medicine 39, 146.

Sharon, G., Segal, D., Ringo, J.M., Hefetz, A., Zilber-Rosenberg, 1., Rosenberg, E., 2010.
Commensal bacteria play a role in mating preference of Drosophila melanogaster.
Proceedings of the National Academy of Sciences 107, 20051-20056.

Sherwood, L., Klandorf, H., Yancey, P., 2012. Animal physiology: from genes to orga-
nisms. Cengage Learning.

Sild, E., Sepp, T., Horak, P., 2011. Behavioural trait covaries with immune respon-
siveness in a wild passerine. Brain, Behavior, and Immunity 25, 1349—-1354.

Staats, S., Rimbach, G., Kuenstner, A., Graspeuntner, S., Rupp, J., Busch, H., Sina, C,,
Ipharraguerre, I.R., Wagner, A.E., 2018. Lithocholic acid improves the survival of
Drosophila Melanogaster. Molecular Nutrition & Food Research 62, 1800424.

Stevens, Y., Pinheiro, 1., Salden, B., Duysburgh, C., Bolca, S., Degroote, J., Majdeddin, M.,
Van Noten, N., Gleize, B., Caris-Veyrat, C., Michiels, J., Jonkers, D., Troost, F.,
Possemiers, S., Masclee, A., 2021. Effect of a carotenoid-producing Bacillus strain on
intestinal barrier integrity and systemic delivery of carotenoids: A randomised trial in
animals and humans. Journal of Functional Foods 80, 104445.

Stradi, R., 1998. The colour of flight: carotenoids in bird plumages. Solei Gruppo
Editoriale Informatico.

Stradi, R., Celentano, G., Rossi, E., Rovati, G., Pastore, M., 1995. Carotenoids in bird
plumage—I. The carotenoid pattern in a series of Palearctic Carduelinae. Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 110, 131—
143.

Sugai, E., Srur, G., Vazquez, H., Benito, F., Maurifio, E., Boerr, L., Bai, J., 1994. Steatocrit:
a reliable semiquantitative method for detection of steatorrhea. Journal of Clinical
Gastroenterology, 19, 206—-209.

Suzuki, T.A., Phifer-Rixey, M., Mack, K.L., Sheehan, M.J., Lin, D., Bi, K., Nachman,
M.W., 2019. Host genetic determinants of the gut microbiota of wild mice. Molecular
Ecology 28, 3197-3207.

Swayne, D.E., Getzy, D., Slemons, R.D., Bocetti, C., Kramer, L., 1991. Coccidiosis as a
cause of transmural lymphocytic enteritis and mortality in captive Nashville warblers
(Vermivora ruficapilla). Journal of Wildlife Diseases 27, 615-620.

Takahashi, N., Li, F., Hua, K., Deng, J., Wang, C.-H., Bowers, R.R., Bartness, T.J., Kim,
H.-S., Harp, J.B., 2007. Increased energy expenditure, dietary fat wasting, and
resistance to diet-induced obesity in mice lacking renin. Cell Metabolism 6, 506-512.

Tran, M., Forget, P., Van den Neucker, A., Strik, J., Van Kreel, B., Kuijten, R., 1994. The
acid steatocrit: a much improved method. Journal of Pediatric Gastroenterology and
Nutrition 19, 299-303.

Tyczkowski, J.K., Hamilton, P.B., Ruff, M.D., 1991. Altered metabolism of carotenoids
during pale-bird syndrome in chickens infected with Eimeria acervulina. Poultry
Science 70, 2074-2081.

Van den Neucker, A., Pestel, N., Tran, T.M.D., Forget, Pp., Veeze, H., Bouquet, J.,
Sinaasappel, M., 1997. Clinical use of acid steatocrit. Acta Paediatrica 86, 466—469.

43



Wang, G.-H., Dittmer, J., Douglas, B., Huang, L., Brucker, R.M., 2021. Coadaptation
between host genome and microbiome under long-term xenobiotic-induced selection.
Science Advances 7, eabd4473.

Weaver, R.J., Santos, E.S., Tucker, A.M., Wilson, A.E., Hill, G.E., 2018. Carotenoid
metabolism strengthens the link between feather coloration and individual quality.
Nature Communications 9, 73.

Weidemann, B.J., Voong, S., Morales-Santiago, F.I., Kahn, M.Z., Ni, J., Littlejohn, N.K.,
Claflin, K.E., Burnett, C.M., Pearson, N.A., Lutter, M.L., 2015. Dietary sodium
suppresses digestive efficiency via the renin-angiotensin system. Scientific Reports 5,
1-10.

Wingfield, J.C., Vleck, C.M., Moore, M.C., 1992. Seasonal changes of the adrenocortical
response to stress in birds of the Sonoran Desert. Journal of Experimental Zoology
264, 419-428.

Witter, M.S., Cuthill, I.C., 1993. The ecological costs of avian fat storage. Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences 340,
73-92.

Zahavi, A., 1975. Mate selection—a selection for a handicap. Journal of Theoretical Bio-
logy 53, 205-214.

44



PUBLICATIONS



CURRICULUM VITAE

Name: Mari-Ann Lind

Date of birth:  18.10.1990

Citizenship: Estonian

E-mail: mari-ann.lind@ut.ee

Education:

2016 Ludwig Maximilian University of Munich, M.Sc. Biology
2013 University of Tartu, B.Sc. Bioloogia cum laude
2010 Hugo Treffneri giimnaasium

Employment history:

2018-2019 Quality assurance specialist, Nortal AS
2021-2022 Junior researcher, University of Tartu

Honours and awards:

2021 L’Oréal Baltic For Women in Science Fellowship
2013 Estonian National Student Research Competition, diploma
2013 Lydia and Felix Krabi Scholarship

Research interests: Evolutionary ecology of animals

Publications:

Lind, M.-A., Sepp, T., St§eglova, K., Horak, P., 2021. Antibiotic treatment
increases yellowness of carotenoid feather coloration in male greenfinches
(Chlorischloris). Scientific Reports 11, 13235.

Lind, M.-A., Horak, P., Sepp, T., Meitern, R., 2020. Corticosterone levels
correlate in wild-grown and lab-grown feathers in greenfinches (Carduelis
chloris) and predict behaviour and survival in captivity. Hormones and
Behavior 118, 104642.

Krasheninnikova, A., Berardi, R., Lind, M.-A., O’Neill, L., von Bayern, A.M.,
2019. Primate cognition test battery in parrots. Behaviour 156, 721-761.

Meitern, R., Lind, M.-A., Karu, U., Horak, P., 2016. Simple and noninvasive
method for assessment of digestive efficiency: Validation of fecal steatocrit in
greenfinch coccidiosis model. Ecology and Evolution 6, 8756—8763.

Meitern, R., Sild, E., Lind, M.-A., Manniste, M., Sepp, T., Karu, U., Horak, P.,
2013. Effects of endotoxin and psychological stress on redox physiology,
immunity and feather corticosterone in greenfinches. PLoS One 8, e67545.

114



Conference theses:

Mari-Ann Lind, Richard Meitern, Peeter Horak “Corticosterone levels correlate
in wild-grown and lab-grown feathers in greenfinches (Carduelis chloris) and are
related to tail damage and survival”, 12th European Ornithologists’ Union
Congress, Cluj Napoca, Romania 2019, oral presentation.

Review work:

I have reviewed papers for journals BMC Zoology, Conservation Physiology and
Zoology.

115



ELULOOKIRJELDUS

Nimi: Mari-Ann Lind

Siinniaeg: 18.10.1990

Kodakondsus:  Eesti

E-mail: mari-ann-lind@ut.ce

Haridus:

2014-2016 Miincheni Ludwig Maximiliani Ulikool, M.Sc Bioloogia
2010-2013 Tartu Ulikool, B.Sc Bioloogia cum laude
2007-2010 Hugo Treffneri glimnaasium
Teenistuskiik:

2018-2019 Tarkvaratestija, Nortal AS

2021-2022 Nooremteadur, Tartu tilikool

Teaduspreemiad ja -tunnustused:

2021  L’Oreal Baltic ja UNESCO stipendium “Naised teaduses”
2013  Lydia ja Felix Krabi stipendium
2013  Diplom, Ulidpilaste teadustdode riiklikul konkursil

Peamine uurimisvaldkond: Loomade evolutsiooniline dkoloogia

Publikatsioonide loetelu:

Lind, M.-A., Sepp, T., Stieglova, K., Horak, P., 2021. Antibiotic treatment
increases yellowness of carotenoid feather coloration in male greenfinches
(Chlorischloris). Scientific Reports 11, 13235.

Lind, M.-A., Horak, P., Sepp, T., Meitern, R., 2020. Corticosterone levels
correlate in wild-grown and lab-grown feathers in greenfinches (Carduelis
chloris) and predict behaviour and survival in captivity. Hormones and
Behavior 118, 104642.

Krasheninnikova, A., Berardi, R., Lind, M.-A., O’Neill, L., von Bayern, A.M.,
2019. Primate cognition test battery in parrots. Behaviour 156, 721-761.

Meitern, R., Lind, M.-A., Karu, U., Horak, P., 2016. Simple and noninvasive
method for assessment of digestive efficiency: Validation of fecal steatocrit in
greenfinch coccidiosis model. Ecology and Evolution 6, 8756-8763.

Meitern, R., Sild, E., Lind, M.-A., Ménniste, M., Sepp, T., Karu, U., Horak, P.,
2013. Effects of endotoxin and psychological stress on redox physiology,
immunity and feather corticosterone in greenfinches. PLoS One 8, e67545.

116



Konverentsiettekanded:

Mari-Ann Lind, Richard Meitern, Peeter Hrak “Corticosterone levels correlate
in wild-grown and lab-grown feathers in greenfinches (Carduelis chloris) and are
related to tail damage and survival”, 12th European Ornithologists’ Union
Congress, Cluj Napoca, Romania 2019, suuline ettekanne.

Muu teadustoo:

Olen retsenseerinud késikirju ajakirjadele BMC Zoology, Conservation
Physiology and Zoology.

117



11.

12.

13.

13.

14.
15.

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion trans-

port and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiiiitsete makrosamblike véirtus Shu saastuse indi-

kaatoritena Hamar-Dobani boreaalsetes magimetsades. Tartu, 1992, 131 1k.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transpos-

able elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli

ribosome. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kaird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.
Lilian Jirvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit
(Parus major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody
taxa. Tartu, 1996, 150 p.

118



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.
36.

37.

38.

39.

40.

41.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor
transcription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transforma-
tion and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle Olli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania:
distribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of
Riga ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

. Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,

galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera
(Lichenized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis
on the competition and coexistence of calcareous grassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keropla-
tidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of
tumor suppressor protein p53. Tartu, 1998, 86 p.

Sulev Ingerpuu. Characterization of some human myeloid cell surface
and nuclear differentiation antigens. Tartu, 1998, 163 p.

119



42.

43.

44.

45.

46.

47.

48.

49

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Poldmaa. Studies in the systematics of hypomyces and allied
genera (Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in en-
vironmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different Oeso-
phagostomum spp. populations in Estonia and Denmark. Tartu, 1998, 104 p.
Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

. Juan Jose Cantero. Plant community diversity and habitat relationships in

central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Kéks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
serotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O3 and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-
encoded small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and trans-
lational strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus
E2 protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS.
Tartu, 2000, 88 p.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu, 2000, 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryo-
phyte vegetation in forest and wooded meadow communities. Tartu, 2000,
122 p.

120



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu, 2000, 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the
inner sea the West-Estonian archipelago. Tartu, 2000, 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000, 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu,
2001, 111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu, 2001, 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu, 2001, 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu, 2001, 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002, 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in Pseudo-
monas putida. Tartu, 2002, 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community.
Tartu, 2002, 74 p.

Kroot Aasamaa. Shoot hydraulic conductance and stomatal conductance
of six temperate deciduous tree species. Tartu, 2002, 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002,
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligonucleo-
tide microarrays. Tartu, 2002, 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003, 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003, 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003, 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003, 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation
to productivity. Tartu, 2003, 159 p

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003, 89 p.

Andres Ménnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu,
2003, 109 p.

121



84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Ivika Ostonen. Fine root structure, dynamics and proportion in net pri-
mary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003, 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003, 199 p.

Ulo Viili. The greater spotted eagle Aquila clanga and the lesser spotted eagle
A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004, 159 p.
Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004, 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004, 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004, 117 p.
Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004, 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004, 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004, 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004,
103 p.

Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004, 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004, 128 p.
Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004, 105 p.

Ulo Maiviili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004, 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004, 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004, 167 p.
IImar Tonno. The impact of nitrogen and phosphorus concentration and
N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004, 111 p.

Lauri Saks. Immune function, parasites, and carotenoid-based ornaments
in greenfinches. Tartu, 2004, 144 p.

Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004, 142 p.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005, 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast
Hansenula polymorpha. Tartu, 2005, 100 p.

122



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005, 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005,
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005, 156 p.

Krista Kaasik. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005, 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005, 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005, 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005, 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005, 106 p.

Mait Metspalu. Through the course of prehistory in India: tracing the
mtDNA trail. Tartu, 2005, 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006, 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006, 126 p.

Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006, 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006, 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006, 90 p.

Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major 1.): Sources of variation and trade-offs in relation to
growth. Tartu, 2006, 94 p.

Toomas Esperk. Larval instar as a key element of insect growth sche-
dules. Tartu, 2006, 186 p.

Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.
Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida albi-
cans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007,
123 p.

Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007, 143 p.

123



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.

Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007, 89 p.

Leho Tedersoo. Ectomycorrhizal fungi: diversity and community struc-
ture in Estonia, Seychelles and Australia. Tartu, 2007, 233 p.

Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007, 135 p.

Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007, 109 p.

Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007, 79 p.

Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007, 171 p.

Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007, 112 p.

Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007, 172 p.

Reedik Migi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007, 96 p.
Priit Kilgas. Blood parameters as indicators of physiological condition
and skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007, 129 p.

Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007, 95 p.

Kirt Padari. Protein transduction mechanisms of transportans. Tartu, 2008,
128 p.

Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008, 125 p.

Ulle J6gar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008, 99 p.

Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008, 133 p.
Reidar Andreson. Methods and software for predicting PCR failure rate
in large genomes. Tartu, 2008, 105 p.

Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008, 175 p.
Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

124



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO, concentration. Tartu, 2008, 108 p.

Janne Pullat. Design, functionlization and application of an in Situ synthe-
sized oligonucleotide microarray. Tartu, 2008, 108 p.

Marta Putrin§. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.

Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.

Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes — the role of land use intensity and land-
scape structure. Tartu, 2009, 112 p.

Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

Jaana Salujée. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.

Ele Vahtmie. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.

Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.

125



166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Pille Sidilik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p.

Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.

Lea Hallik. Generality and specificity in light harvesting, carbon gain
capacity and shade tolerance among plant functional groups. Tartu, 2009,
99 p.

Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.

Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p.

Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p.

Signe Altmie. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.

Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.

Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.

Eero Talts. Photosynthetic cyclic electron transport — measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.

Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.
Kaarel Krjut§kov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,
2010, 129 p.

Egle Koster. Morphological and genetical variation within species comp-
lexes: Anthyllis vulneraria s. 1. and Alchemilla vulgaris (coll.). Tartu, 2010,
101 p.

Erki Ounap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:
Geometridae). Tartu, 2010, 111 p.

Merike Joesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.

Kristjan Herkiil. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.

Maria Pollupiiii. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.

Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.

Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.

126



186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

205.

Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.

Virve Séber. The role of biotic interactions in plant reproductive per-
formance. Tartu, 2010, 92 p.

Kersti Kangro. The response of phytoplankton community to the changes

in nutrient loading. Tartu, 2010, 144 p.

Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.

Helen Tammert. Ecological role of physiological and phylogenetic diver-
sity in aquatic bacterial communities. Tartu, 2010, 140 p.

Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.

Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.

Siim Séber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p.

Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.

Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect.
Tartu, 2011, 134 p.

Tambet Tonissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and
neural function. Tartu, 2011, 110 p.

Helin Réidgel. Multiple faces of cell-penetrating peptides — their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.

Andres Jaanus. Phytoplankton in Estonian coastal waters — variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.

Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.

Signe Virv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.

Kristjan Vilk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

Arno Pollumée. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.

Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Furasia. Tartu, 2011,
143 p.

Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.

127



206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Kessy Abarenkov. PlutoF — cloud database and computing services sup-
porting biological research. Tartu, 2011, 125 p.

Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p.

Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.

Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a
wild passerine. Tartu, 2011, 105 p.

Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.

Pauli Saag. Natural variation in plumage bacterial assemblages in two
wild breeding passerines. Tartu, 2012, 113 p.

Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein sub-
strate: arrangements for the perfect marriage. Tartu, 2012, 143 p.

Mari Jérve. Different genetic perspectives on human history in Europe
and the Caucasus: the stories told by uniparental and autosomal markers.
Tartu, 2012, 119 p.

Ott Scheler. The application of tmRNA as a marker molecule in bacterial
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p.
Anna Balikova. Studies on the functions of tumor-associated mucin-like
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p.

Triinu Kéressaar. Improvement of PCR primer design for detection of
prokaryotic species. Tartu, 2012, 83 p.

Tuul Sepp. Hematological health state indices of greenfinches: sources of
individual variation and responses to immune system manipulation. Tartu,
2012, 117 p.

Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p.
Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-
ferent spatial scales. Tartu, 2012, 165 p.

Annely Lorents. Overcoming the plasma membrane barrier: uptake of
amphipathic cell-penetrating peptides induces influx of calcium ions and
downstream responses. Tartu, 2012, 113 p.

Katrin Minnik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general
population. Tartu, 2012, 171 p.

Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p.

Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas
syringae pv. tomato DC3000: heterologous expression, biochemical
characterization, mutational analysis and spectrum of polymerization pro-
ducts. Tartu, 2012, 160 p.

Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p.

128



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

2309.

240.

241.

242.

243.

244.

245.

Tonu Esko. Novel applications of SNP array data in the analysis of the ge-
netic structure of Europeans and in genetic association studies. Tartu,
2012, 149 p.

Timo Arula. Ecology of early life-history stages of herring Clupea haren-
gus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p.

Inga Hiiesalu. Belowground plant diversity and coexistence patterns in
grassland ecosystems. Tartu, 2012, 130 p.

Kadri Koorem. The influence of abiotic and biotic factors on small-scale
plant community patterns and regeneration in boreonemoral forest. Tartu,
2012, 114 p.

Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria.
Tartu, 2012, 122 p.

Kaupo Kohv. The direct and indirect effects of management on boreal
forest structure and field layer vegetation. Tartu, 2012, 124 p.

Mart Jiissi. Living on an edge: landlocked seals in changing climate.
Tartu, 2012, 114 p.

Riina Klais. Phytoplankton trends in the Baltic Sea. Tartu, 2012, 136 p.
Rauno Veeroja. Effects of winter weather, population density and timing
of reproduction on life-history traits and population dynamics of moose
(Alces alces) in Estonia. Tartu, 2012, 92 p.

Marju Keis. Brown bear (Ursus arctos) phylogeography in northern Eura-
sia. Tartu, 2013, 142 p.

Sergei P6lme. Biogeography and ecology of alnus- associated ecto-
mycorrhizal fungi — from regional to global scale. Tartu, 2013, 90 p.

Liis Uuskiila. Placental gene expression in normal and complicated
pregnancy. Tartu, 2013, 173 p.

Marko Ldoke. Studies on DNA replication initiation in Saccharomyces
cerevisiae. Tartu, 2013, 112 p.

Anne Aan. Light- and nitrogen-use and biomass allocation along pro-
ductivity gradients in multilayer plant communities. Tartu, 2013, 127 p.
Heidi Tamm. Comprehending phylogenetic diversity — case studies in
three groups of ascomycetes. Tartu, 2013, 136 p.

Liina Kangur. High-Pressure Spectroscopy Study of Chromophore-
Binding Hydrogen Bonds in Light-Harvesting Complexes of Photo-
synthetic Bacteria. Tartu, 2013, 150 p.

Margus Leppik. Substrate specificity of the multisite specific pseudo-
uridine synthase RluD. Tartu, 2013, 111 p.

Lauris Kaplinski. The application of oligonucleotide hybridization model
for PCR and microarray optimization. Tartu, 2013, 103 p.

Merli Péarnoja. Patterns of macrophyte distribution and productivity in
coastal ecosystems: effect of abiotic and biotic forcing. Tartu, 2013, 155 p.
Tonu Margus. Distribution and phylogeny of the bacterial translational
GTPases and the Mqsr/YgiT regulatory system. Tartu, 2013, 126 p.

Pille Ménd. Light use capacity and carbon and nitrogen budget of plants:
remote assessment and physiological determinants. Tartu, 2013, 128 p.

129



246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Mario Plaas. Animal model of Wolfram Syndrome in mice: behavioural,
biochemical and psychopharmacological characterization. Tartu, 2013,
144 p.

Georgi Hudjasov. Maps of mitochondrial DNA, Y-chromosome and tyro-
sinase variation in Eurasian and Oceanian populations. Tartu, 2013, 115 p.
Mari Lepik. Plasticity to light in herbaceous plants and its importance for
community structure and diversity. Tartu, 2013, 102 p.

Ede Leppik. Diversity of lichens in semi-natural habitats of Estonia.
Tartu, 2013, 151 p.

Ulle Saks. Arbuscular mycorrhizal fungal diversity patterns in boreo-
nemoral forest ecosystems. Tartu, 2013, 151 p.

Eneli Oitmaa. Development of arrayed primer extension microarray
assays for molecular diagnostic applications. Tartu, 2013, 147 p.
Jekaterina Jutkina. The horizontal gene pool for aromatics degradation:
bacterial catabolic plasmids of the Baltic Sea aquatic system. Tartu, 2013,
121 p.

Helen Vellau. Reaction norms for size and age at maturity in insects: rules
and exceptions. Tartu, 2014, 132 p.

Randel Kreitsberg. Using biomarkers in assessment of environmental
contamination in fish — new perspectives. Tartu, 2014, 107 p.

Krista Takkis. Changes in plant species richness and population per-
formance in response to habitat loss and fragmentation.Tartu, 2014, 141 p.
Liina Nagirnaja. Global and fine-scale genetic determinants of recurrent
pregnancy loss. Tartu, 2014, 211 p.

Triin Triisberg. Factors influencing the re-vegetation of abandoned
extracted peatlands in Estonia. Tartu, 2014, 133 p.

Villu Soon. A phylogenetic revision of the Chrysis ignita species group
(Hymenoptera: Chrysididae) with emphasis on the northern European
fauna. Tartu, 2014, 211 p.

Andrei Nikonov. RNA-Dependent RNA Polymerase Activity as a Basis
for the Detection of Positive-Strand RNA Viruses by Vertebrate Host
Cells. Tartu, 2014, 207 p.

Eele Ounapuu-Pikas. Spatio-temporal variability of leaf hydraulic con-
ductance in woody plants: ecophysiological consequences. Tartu, 2014,
135 p.

Marju Minniste. Physiological ecology of greenfinches: information con-
tent of feathers in relation to immune function and behavior. Tartu, 2014,
121 p.

Katre Kets. Effects of elevated concentrations of CO; and O3 on leaf photo-
synthetic parameters in Populus tremuloides: diurnal, seasonal and inter-
annual patterns. Tartu, 2014, 115 p.

Kiilli Lokko. Seasonal and spatial variability of zoopsammon commu-
nities in relation to environmental parameters. Tartu, 2014, 129 p.

Olga Zilina. Chromosomal microarray analysis as diagnostic tool: Esto-
nian experience. Tartu, 2014, 152 p.

130



265.

266.

267.

268.

2609.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

Kertu Lohmus. Colonisation ecology of forest-dwelling vascular plants
and the conservation value of rural manor parks. Tartu, 2014, 111 p.

Anu Aun. Mitochondria as integral modulators of cellular signaling. Tartu,
2014, 167 p.

Chandana Basu Mallick. Genetics of adaptive traits and gender-specific
demographic processes in South Asian populations. Tartu, 2014, 160 p.
Riin Tamme. The relationship between small-scale environmental hetero-
geneity and plant species diversity. Tartu, 2014, 130 p.

Liina Remm. Impacts of forest drainage on biodiversity and habitat qua-
lity: implications for sustainable management and conservation. Tartu,
2015, 126 p.

Tiina Talve. Genetic diversity and taxonomy within the genus Rhinanthus.
Tartu, 2015, 106 p.

Mehis Rohtla. Otolith sclerochronological studies on migrations, spawning
habitat preferences and age of freshwater fishes inhabiting the Baltic Sea.
Tartu, 2015, 137 p.

Alexey Reshchikov. The world fauna of the genus Lathrolestes (Hyme-
noptera, Ichneumonidae). Tartu, 2015, 247 p.

Martin Pook. Studies on artificial and extracellular matrix protein-rich
surfaces as regulators of cell growth and differentiation. Tartu, 2015, 142 p.
Mai Kukumigi. Factors affecting soil respiration and its components in
silver birch and Norway spruce stands. Tartu, 2015, 155 p.

Helen Karu. Development of ecosystems under human activity in the
North-East Estonian industrial region: forests on post-mining sites and
bogs. Tartu, 2015, 152 p.

Hedi Peterson. Exploiting high-throughput data for establishing relation-
ships between genes. Tartu, 2015, 186 p.

Priit Adler. Analysis and visualisation of large scale microarray data,
Tartu, 2015, 126 p.

Aigar Niglas. Effects of environmental factors on gas exchange in deci-
duous trees: focus on photosynthetic water-use efficiency. Tartu, 2015,
152 p.

Silja Laht. Classification and identification of conopeptides using profile
hidden Markov models and position-specific scoring matrices. Tartu, 2015,
100 p.

Martin Kesler. Biological characteristics and restoration of Atlantic
salmon Salmo salar populations in the Rivers of Northern Estonia. Tartu,
2015, 97 p.

Pratyush Kumar Das. Biochemical perspective on alphaviral nonstruc-
tural protein 2: a tale from multiple domains to enzymatic profiling. Tartu,
2015,205p

Priit Palta. Computational methods for DNA copy number detection.
Tartu, 2015, 130 p.

Julia Sidorenko. Combating DNA damage and maintenance of genome
integrity in pseudomonads. Tartu, 2015, 174 p.

131



284.

285.

286.

287.

288.

2809.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Anastasiia Kovtun-Kante. Charophytes of Estonian inland and coastal
waters: distribution and environmental preferences. Tartu, 2015, 97 p.

Ly Lindman. The ecology of protected butterfly species in Estonia. Tartu,
2015, 171 p.

Jaanis Lodjak. Association of Insulin-like Growth Factor I and Corti-
costerone with Nestling Growth and Fledging Success in Wild Passerines.
Tartu, 2016, 113 p.

Ann Kraut. Conservation of Wood-Inhabiting Biodiversity — Semi-Natural
Forests as an Opportunity. Tartu, 2016, 141 p.

Tiit Ord. Functions and regulation of the mammalian pseudokinase TRIB3.
Tartu, 2016, 182. p.

Kairi Kiiro. Biological Quality According to Macroinvertebrates in
Streams of Estonia (Baltic Ecoregion of Europe): Effects of Human-induced
Hydromorphological Changes. Tartu, 2016, 126 p.

Leidi Laurimaa. Echinococcus multilocularis and other zoonotic parasites
in Estonian canids. Tartu, 2016, 144 p.

Helerin Margus. Characterization of cell-penetrating peptide/nucleic acid
nanocomplexes and their cell-entry mechanisms. Tartu, 2016, 173 p.
Kadri Runnel. Fungal targets and tools for forest conservation. Tartu,
2016, 157 p.

Urmo Vodsa. MicroRNAs in disease and health: aberrant regulation in lung
cancer and association with genomic variation. Tartu, 2016, 163 p.
Kristina Miemets-Allas. Studies on cell growth promoting AKT signa-
ling pathway — a promising anti-cancer drug target. Tartu, 2016, 146 p.
Janeli Viil. Studies on cellular and molecular mechanisms that drive
normal and regenerative processes in the liver and pathological processes
in Dupuytren’s contracture. Tartu, 2016, 175 p.

Ene Kook. Genetic diversity and evolution of Pulmonaria angustifolia L.
and Myosotis laxa sensu lato (Boraginaceae). Tartu, 2016, 106 p.

Kadri Peil. RNA polymerase II-dependent transcription elongation in
Saccharomyces cerevisiae. Tartu, 2016, 113 p.

Katrin Ruisu. The role of RIC8A in mouse development and its function
in cell-matrix adhesion and actin cytoskeletal organisation. Tartu, 2016,
129 p.

Janely Pae. Translocation of cell-penetrating peptides across biological
membranes and interactions with plasma membrane constituents. Tartu,
2016, 126 p.

Argo Ronk. Plant diversity patterns across Europe: observed and dark
diversity. Tartu, 2016, 153 p.

Kristiina Mark. Diversification and species delimitation of lichenized
fungi in selected groups of the family Parmeliaceae (Ascomycota). Tartu,
2016, 181 p.

Jaak-Albert Metsoja. Vegetation dynamics in floodplain meadows:
influence of mowing and sediment application. Tartu, 2016, 140 p.

132



303.

304.

305.

306.

307.

308.
309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

Hedvig Tamman. The GraTA toxin-antitoxin system of Pseudomonas
putida: regulation and role in stress tolerance. Tartu, 2016, 154 p.

Kadri Pirtel. Application of ultrastructural and molecular data in the
taxonomy of helotialean fungi. Tartu, 2016, 183 p.

Maris Hindrikson. Grey wolf (Canis lupus) populations in Estonia and
Europe: genetic diversity, population structure and -processes, and hybridi-
zation between wolves and dogs. Tartu, 2016, 121 p.

Polina Degtjarenko. Impacts of alkaline dust pollution on biodiversity of
plants and lichens: from communities to genetic diversity. Tartu, 2016,
126 p.

Liina Pajusalu. The effect of CO, enrichment on net photosynthesis of
macrophytes in a brackish water environment. Tartu, 2016, 126 p.

Stoyan Tankov. Random walks in the stringent response. Tartu, 2016, 94 p.
Liis Leitsalu. Communicating genomic research results to population-
based biobank participants. Tartu, 2016, 158 p.

Richard Meitern. Redox physiology of wild birds: validation and appli-
cation of techniques for detecting oxidative stress. Tartu, 2016, 134 p.
Kaie Lokk. Comparative genome-wide DNA methylation studies of healthy
human tissues and non-small cell lung cancer tissue. Tartu, 2016, 127 p.
Mihhail KuraSin. Processivity of cellulases and chitinases. Tartu, 2017,
132 p.

Carmen Tali. Scavenger receptors as a target for nucleic acid delivery
with peptide vectors. Tartu, 2017, 155 p.

Katarina Oganjan. Distribution, feeding and habitat of benthic sus-
pension feeders in a shallow coastal sea. Tartu, 2017, 132 p.

Taavi Paal. Immigration limitation of forest plants into wooded landscape
corridors. Tartu, 2017, 145 p.

Kadri Ounap. The Williams-Beuren syndrome chromosome region protein
WBSCR22 is a ribosome biogenesis factor. Tartu, 2017, 135 p.

Riin Tamm. In-depth analysis of factors affecting variability in thiopurine
methyltransferase activity. Tartu, 2017, 170 p.

Keiu Kask. The role of RIC8A in the development and regulation of mouse
nervous system. Tartu, 2017, 184 p.

Tiia Méller. Mapping and modelling of the spatial distribution of benthic
macrovegetation in the NE Baltic Sea with a special focus on the eelgrass
Zostera marina Linnaeus, 1753. Tartu, 2017, 162 p.

Silva Kasela. Genetic regulation of gene expression: detection of tissue-
and cell type-specific effects. Tartu, 2017, 150 p.

Karmen Siild. Food habits, parasites and space use of the raccoon dog
Nyctereutes procyonoides: the role of an alien species as a predator and
vector of zoonotic diseases in Estonia. Tartu, 2017, p.

Ragne Oja. Consequences of supplementary feeding of wild boar — concern
for ground-nesting birds and endoparasite infection. Tartu, 2017, 141 p.

Riin Kont. The acquisition of cellulose chain by a processive cellobio-
hydrolase. Tartu, 2017, 117 p.

133



324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

3309.

340.

341.

342.

Liis Kasari. Plant diversity of semi-natural grasslands: drivers, current
status and conservation challenges. Tartu, 2017, 141 p.

Sirgi Saar. Belowground interactions: the roles of plant genetic related-
ness, root exudation and soil legacies. Tartu, 2017, 113 p.

Sten Anslan. Molecular identification of Collembola and their fungal
associates. Tartu, 2017, 125 p.

Imre Taal. Causes of variation in littoral fish communities of the Eastern
Baltic Sea: from community structure to individual life histories. Tartu,
2017, 118 p.

Jiirgen Jalak. Dissecting the Mechanism of Enzymatic Degradation of
Cellulose Using Low Molecular Weight Model Substrates. Tartu, 2017,
137 p.

Kairi Kiik. Reproduction and behaviour of the endangered European mink
(Mustela lutreola) in captivity. Tartu, 2018, 112 p.

Ivan Kuprijanov. Habitat use and trophic interactions of native and
invasive predatory macroinvertebrates in the northern Baltic Sea. Tartu,
2018, 117 p.

Hendrik Meister. Evolutionary ecology of insect growth: from geo-
graphic patterns to biochemical trade-offs. Tartu, 2018, 147 p.

Ilja GaidutSik. Irc3 is a mitochondrial branch migration enzyme in
Saccharomyces cerevisiae. Tartu, 2018, 161 p.

Lena Neuenkamp. The dynamics of plant and arbuscular mycorrhizal
fungal communities in grasslands under changing land use. Tartu, 2018,
241 p.

Laura Kasak. Genome structural variation modulating the placenta and
pregnancy maintenance. Tartu, 2018, 181 p.

Kersti Riibak. Importance of dispersal limitation in determining dark
diversity of plants across spatial scales. Tartu, 2018, 133 p.

Liina Saar. Dynamics of grassland plant diversity in changing landscapes.
Tartu, 2018, 206 p.

Hanna Ainelo. Fis regulates Pseudomonas putida biofilm formation by
controlling the expression of lapA. Tartu, 2018, 143 p.

Natalia Pervjakova. Genomic imprinting in complex traits. Tartu, 2018,
176 p.

Andrio Lahesaare. The role of global regulator Fis in regulating the
expression of lapF and the hydrophobicity of soil bacterium Pseudomonas
putida. Tartu, 2018, 124 p.

Mirt Roosaare. K-mer based methods for the identification of bacteria
and plasmids. Tartu, 2018, 117 p.

Maria Abakumova. The relationship between competitive behaviour and
the frequency and identity of neighbours in temperate grassland plants.
Tartu, 2018, 104 p.

Margus Vilbas. Biotic interactions affecting habitat use of myrmecophi-
lous butterflies in Northern Europe. Tartu, 2018, 142 p.

134



343.

344.

345.

34e6.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

3509.

360.

361.

Liina Kinkar. Global patterns of genetic diversity and phylogeography of
Echinococcus granulosus sensu stricto — a tapeworm species of significant
public health concern. Tartu, 2018, 147 p.

Teivi Laurimie. Taxonomy and genetic diversity of zoonotic tapeworms
in the species complex of Echinococcus granulosus sensu lato. Tartu,
2018, 143 p.

Tatjana Jatsenko. Role of translesion DNA polymerases in mutagenesis
and DNA damage tolerance in Pseudomonads. Tartu, 2018, 216 p.

Katrin Viigand. Utilization of a-glucosidic sugars by Ogataea (Hanse-
nula) polymorpha. Tartu, 2018, 148 p.

Andres Ainelo. Physiological effects of the Pseudomonas putida toxin
grat. Tartu, 2018, 146 p.

Killu Timm. Effects of two genes (DRD4 and SERT) on great tit (Parus
major) behaviour and reproductive traits. Tartu, 2018, 117 p.

Petr Kohout. Ecology of ericoid mycorrhizal fungi. Tartu, 2018, 184 p.
Gristin Rohula-Okunev. Effects of endogenous and environmental factors
on night-time water flux in deciduous woody tree species. Tartu, 2018,
184 p.

Jane Qja. Temporal and spatial patterns of orchid mycorrhizal fungi in
forest and grassland ecosystems. Tartu, 2018, 102 p.

Janek Urvik. Multidimensionality of aging in a long-lived seabird. Tartu,
2018, 135 p.

Lisanna Schmidt. Phenotypic and genetic differentiation in the hybridizing
species pair Carex flava and C. viridula in geographically different regions.
Tartu, 2018, 133 p.

Monika Karmin. Perspectives from human Y chromosome — phylogeny,
population dynamics and founder events. Tartu, 2018, 168 p.

Maris Alver. Value of genomics for atherosclerotic cardiovascular disease
risk prediction. Tartu, 2019, 148 p.

Lehti Saag. The prehistory of Estonia from a genetic perspective: new
insights from ancient DNA. Tartu, 2019, 171 p.

Mari-Liis Viljur. Local and landscape effects on butterfly assemblages in
managed forests. Tartu, 2019, 115 p.

Ivan Kisly. The pleiotropic functions of ribosomal proteins eL.19 and eL.24
in the budding yeast ribosome. Tartu, 2019, 170 p.

Mikk Puustusmaa. On the origin of papillomavirus proteins. Tartu, 2019,
152 p.

Anneliis Peterson. Benthic biodiversity in the north-eastern Baltic Sea:
mapping methods, spatial patterns, and relations to environmental gradients.
Tartu, 2019, 159 p.

Erwan Pennarun. Meandering along the mtDNA phylogeny; causerie and
digression about what it can tell us about human migrations. Tartu, 2019,
162 p.

135



362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.
375.

376.

377.

378.

379.

380.

Karin Ernits. Levansucrase Lsc3 and endo-levanase BT1760: characteri-
zation and application for the synthesis of novel prebiotics. Tartu, 2019,
217 p.

Sille Holm. Comparative ecology of geometrid moths: in search of contrasts
between a temperate and a tropical forest. Tartu, 2019, 135 p.

Anne-Mai Ilumie. Genetic history of the Uralic-speaking peoples as seen
through the paternal haplogroup N and autosomal variation of northern
Eurasians. Tartu, 2019, 172 p.

Anu Lepik. Plant competitive behaviour: relationships with functional
traits and soil processes. Tartu, 2019, 152 p.

Kunter Tétte. Towards an integrated view of escape decisions in birds
under variable levels of predation risk. Tartu, 2020, 172 p.

Kaarin Parts. The impact of climate change on fine roots and root-
associated microbial communities in birch and spruce forests. Tartu, 2020,
143 p.

Viktorija Kukuskina. Understanding the mechanisms of endometrial
receptivity through integration of ‘omics’ data layers. Tartu, 2020, 169 p.
Martti Vasar. Developing a bioinformatics pipeline gDAT to analyse
arbuscular mycorrhizal fungal communities using sequence data from
different marker regions. Tartu, 2020, 193 p.

Ott Kangur. Nocturnal water relations and predawn water potential disequi-
librium in temperate deciduous tree species. Tartu, 2020, 126 p.

Helen Post. Overview of the phylogeny and phylogeography of the
Y-chromosomal haplogroup N in northern Eurasia and case studies of two
linguistically exceptional populations of Europe — Hungarians and
Kalmyks. Tartu, 2020, 143 p.

Kristi Krebs. Exploring the genetics of adverse events in pharmaco-
therapy using Biobanks and Electronic Health Records. Tartu, 2020, 151 p.
Kirt Ukkivi. Mutagenic effect of transcription and transcription-coupled
repair factors in Pseudomonas putida. Tartu, 2020, 154 p.

Elin Soomets. Focal species in wetland restoration. Tartu, 2020, 137 p.
Kadi Tilk. Signals and responses of ColRS two-component system in
Pseudomonas putida. Tartu, 2020, 133 p.

Indrek Teino. Studies on aryl hydrocarbon receptor in the mouse granu-
losa cell model. Tartu, 2020, 139 p.

Maarja Vaikre. The impact of forest drainage on macroinvertebrates and
amphibians in small waterbodies and opportunities for cost-effective
mitigation. Tartu, 2020, 132 p.

Siim-Kaarel Sepp. Soil eukaryotic community responses to land use and
host identity. Tartu, 2020, 222 p.

Eveli Otsing. Tree species effects on fungal richness and community
structure. Tartu, 2020, 152 p.

Mari Pent. Bacterial communities associated with fungal fruitbodies.
Tartu, 2020, 144 p.

136



381.

382.

383.

384.

385.

386.

387.

388.

3809.

390.

391.

392.

393.

394.

395.

396.

397.

Einar Kirgenberg. Movement patterns of lithophilous migratory fish in
free-flowing and fragmented rivers. Tartu, 2020, 167 p.

Antti Matvere. The studies on aryl hydrocarbon receptor in murine
granulosa cells and human embryonic stem cells. Tartu, 2021, 163 p.
Jhonny Capichoni Massante. Phylogenetic structure of plant commu-
nities along environmental gradients: a macroecological and evolutionary
approach. Tartu, 2021, 144 p.

Ajai Kumar Pathak. Delineating genetic ancestries of people of the Indus
Valley, Parsis, Indian Jews and Tharu tribe. Tartu, 2021, 197 p.

Tanel Vahter. Arbuscular mycorrhizal fungal biodiversity for sustainable
agroecosystems. Tartu, 2021, 191 p.

Burak Yelmen. Characterization of ancient Eurasian influences within
modern human genomes. Tartu, 2021, 134 p.

Linda Ongaro. A genomic portrait of American populations. Tartu, 2021,
182 p.

Kairi Raime. The identification of plant DNA in metagenomic samples.
Tartu, 2021, 108 p.

Heli Einberg. Non-linear and non-stationary relationships in the pelagic
ecosystem of the Gulf of Riga (Baltic Sea). Tartu, 2021, 119 p.

Mickaél Mathieu Pihain. The evolutionary effect of phylogenetic neigh-
bourhoods of trees on their resistance to herbivores and climatic stress.
Tartu, 2022, 145 p.

Annika Joy Meitern. Impact of potassium ion content of xylem sap and
of light conditions on the hydraulic properties of trees. Tartu, 2022, 132 p.
Elise Joonas. Evaluation of metal contaminant hazard on microalgae with
environmentally relevant testing strategies. Tartu, 2022, 118 p.

Kreete Liill. Investigating the relationships between human microbiome,
host factors and female health. Tartu, 2022, 141 p.

Triin Kaasiku. A wader perspective to Boreal Baltic coastal grasslands:
from habitat availability to breeding site selection and nest survival. Tartu,
2022, 141 p.

Meeli Alber. Impact of elevated atmospheric humidity on the structure of
the water transport pathway in deciduous trees. Tartu, 2022, 170 p.
Ludovica Molinaro. Ancestry deconvolution of Estonian, European and
Worldwide genomic layers: a human population genomics excavation.
Tartu, 2022, 138 p.

Tina Saupe. The genetic history of the Mediterranean before the common
era: a focus on the Italian Peninsula. Tartu, 2022, 165 p.



	Lind2.pdf
	Corticosterone levels correlate in wild-grown and lab-grown feathers in greenfinches (Carduelis chloris) and predict behaviour and survival in captivity
	Introduction
	Materials and methods
	Study system
	Measurement of feather corticosterone
	Measurement of plasma corticosterone
	Tail damage scores
	Statistics

	Results
	Discussion
	Acknowledgements
	References


	Lind3.pdf
	Lind3.pdf
	Antibiotic treatment increases yellowness of carotenoid feather coloration in male greenfinches (Chloris chloris)
	Methods
	Study system and ethics statement. 
	Measurement of chroma. 
	Infection intensity and blood analyses. 
	Statistics. 

	Results
	Treatment’s effect on feather chroma. 
	Infection intensity, plasma biomarkers, and body mass. 

	Discussion
	References
	Acknowledgements






