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Environmental challenges, such as fluctuations in food availability, could influence
reproductive investment. If resource availability is poor, individuals need to decide
in which life-history process they invest more energy and vital compounds, which
determine the cost of reproduction. In resource allocation, the physiological pathways
have important roles. The aim of our study was to examine whether food availability
influenced physiological traits (insulin-like growth factor-1 (IGF-1) concentration,
antioxidant capacity (OXY), level of oxidative damage (ROM) and haematocrit value)
prior to egg-laying in female canaries Serinus canaria. We also tested whether these
physiological traits were associated with traits reflecting the reproductive investment
in egg macro- (egg mass and yolk mass) and micronutrient content (eggshell biliver-
din- and protoporphyrin-based colouration). To test these questions we conducted a
food restriction experiment with control and food-restricted (72% of control food)
groups. Our study showed that food-restricted canary females delayed egg-laying and
the physiological traits differed between the groups. At the pre-laying period, after
9—11 days of treatment, a reduction in plasma IGF-1 concentration, ROM level and
haematocrit value was detected in the control group, whereas in the food-restricted
group plasma IGF-1 concentration increased, while ROM level and haematocrit value
did not change. Plasma level of OXY was not influenced by treatment or breeding
period. Plasma concentration of IGF-1, haematocrit value and oxidative status before
egg laying did not affect the egg characteristics. Our study highlights the importance
of breeding stage when studying and interpreting the effects of food restriction on
physiological traits of breeding birds. Moreover, our data suggest that nutritional limi-
tation had an effect on the timing of egg-laying that could be mediated by changes in
physiological variables.
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Introduction

Environmental challenges, such as fluctuations in food avail-
ability before and during the breeding period, could influ-
ence reproductive investment. If resource availability is poor,
individuals need to decide in which life-history process they
invest more energy and vital compounds, which underlie the
concept of the cost of reproduction (Stearns 1989). These
resource allocation trade-offs are mediated by physiologi-
cal traits, such as circulating levels of hormones and other
important biomolecules, which are affected by several envi-
ronmental factors, including food availability. These environ-
mental factors could represent a proximate constraint and
may exert an influence on the female’s investment in the cur-
rent reproduction, which in turn may affect the physiological
status of females after breeding due to the cost of reproduc-
tion. Nonetheless, our knowledge is still scarce regarding the
physiological mechanisms and molecular signalling pathways
underlying such costs and constraints (Zera and Harshman
2001, Ricklefs and Wikelski 2002).

Food restriction may affect several physiological mecha-
nisms, including the circulating levels of various hormones,
proteins, lipids and micronutrients (Harvey et al. 1981,
Totzke et al. 1999, Buyse et al. 2000), which could influ-
ence reproductive investment. An important circulating
compound that is responsive to nutritional limitation and
could exert an influence on reproduction is insulin-like
growth factor-1 (IGF-1). IGF-1 is a pleiotropic peptide
hormone regulating growth, body size, sexual maturation,
reproductive investment and lifespan across a broad range
of species (Baker et al. 1993, Holzenberger et al. 2003,
Van Heemst et al. 2010, Dantzer and Swanson 2012,
Lodjak et al. 2018, Lendvai et al. 2021, Lodjak and Verhulst
2020). Fasting or low dietary protein intake was shown to
decrease plasma IGF-1 concentrations in various species
including dairy cattle Bos taurus (Zulu et al. 2002), Steller
sea lions Eumetopias jubatus (du Dot et al. 2009), domestic
fowl Gallus gallus domesticus (Lauterio and Scanes 1987) and
great tits Parus major (Lodjak et al. 2014). It was observed
that passerine nestlings showed lower IGF-1 levels when food
availability was limited, and this resulted in reduced growth
rates and poorer body conditions (Lodjak et al. 2014, 2017).
In contrast, under some circumstances, food restriction
may induce an increase in IGF-1 levels, as reported in fish,
chickens and humans (Hocking et al. 1994, Rasmussen et al.
1994, Ayson et al. 2007). The physiological effects of IGF-1
have also been suggested to vary according to body condition
(Lodjak et al. 2016). In line with a context-dependent IGF-1
regulation, a recent study has reported that captive bearded
reedlings Panurus biarmicus showed a highly plastic IGF-1
response to food restriction: IGF-1 levels either decreased,
increased or did not change and this response remained con-
sistent within individuals (Téth et al. unpubl.).

IGEF-1 plays an important role in the growth and matu-
ration of reproductive tissues and gonadal steroidogenesis
in fish (Weber and Sullivan 2000) and mammals (Daftary
and Gore 2005, Pitetti et al. 2013). Moreover, it is associated

with life-history variation in reptiles (Sparkman et al. 2009,
2010), birds (Lodjak et al. 2018) and mammals (Swanson
and Dantzer 2014). However, very little is known about how
IGF-1 levels influence reproductive traits in birds, and the few
studies so far have focused on poultry (Hocking et al. 1994,
McMurtry et al. 1997, Onagbesan et al. 1999, Kim et al.
2004). In free-living passerines, there was one study that
detected an association between plasma IGF-1 levels and egg
weight, and the direction of the association depended on the
species’ body weight (Lodjak et al. 2018). Furthermore, it
was reported that IGF-1 could play a role in the development
of sexually selected ornaments in a sexually dichromatic pas-
serine species, the bearded reedling (Mahr et al. 2020).

Limited food intake is expected to reduce the availability of
dietary antioxidants, which could result in lower antioxidant
capacity and increased levels of oxidative stress (Catoni et al.
2008, Fletcher et al. 2013, Giordano et al. 2015), as well as
a lower investment in reproduction (Costantini et al. 2016,
Montoya et al. 2016). Reactive oxygen species (ROS), by-
products of normal aerobic metabolism, have deleterious
effects on cellular biomolecules, and when they overcome the
organism’s ability to metabolize them by antioxidants, oxi-
dative stress occurs (Finkel and Holbrook 2000, Speakman
and Selman 2011). The antioxidant defence system acts
through several pathways against the produced ROS, includ-
ing endogenous, synthesized antioxidant molecules (e.g.
enzymes, proteins) and exogenous, ingested antioxidants (e.g.
carotenoids, vitamins, polyphenols; Surai 2002, Halliwell
and Gutteridge 2007). Limited protein availability could lead
to elevated levels of oxidative damage and decreased antioxi-
dant capacity, probably through reduced levels of glutathione
and uric acid (Cohen et al. 2009, Swennen et al. 2011, Alan
and McWilliams 2013), as well as through the decline in the
synthesis of some antioxidant enzymes (Feoli et al. 2006).
Therefore, food-restricted individuals may experience a lower
total antioxidant capacity. Nonetheless, caloric restriction
could decrease mitochondrial ROS production, reducing the
level of oxidative damage (Sohal et al. 1994, Yu 1996, Barja
2002). Therefore, although the antioxidant capacity may be
reduced due to nutrient limitation in food-restricted animals,
it is unclear whether the level of oxidative stress is elevated.

The environmental influence on haematocrit value, a
measure of the relative volume of red blood cells compared
with total blood volume, was also demonstrated in experi-
ments where nutritional stress decreased the haematocrit
value (Boismenu et al. 1992, Merili and Svensson 1995,
Webb et al. 2017). Haematocrit value also varies in female
birds during the breeding period. Erythropoiesis is generally
suppressed, while blood plasma volume is increased during
egg laying due to the effects of oestrogen hormones, caus-
ing reproductive anaemia of egg-producing females (Morton
1994, Williams et al. 2004, Wagner et al. 2008).

The aim of our study was to examine in female canaries
Serinus canaria whether experimental food restriction prior
to egg laying influenced physiological traits that could be
related to the nutritional condition of the female and that
may also affect her reproductive decisions. For this purpose



we conducted new analyses based on a dataset obtained dur-
ing our earlier food-restriction experiment (Hargitai et al.
2018). In that study, we found that food limitation did not
affect yolk mass and eggshell blue-green colouration, but
it increased the intensity of brown eggshell colouration in
canaries (Hargitai et al. 2018); therefore, the effects of treat-
ment on egg traits are not presented in this paper. Here, we
studied four physiological variables that may be affected by
nutritional condition: circulating IGF-1 level, plasma anti-
oxidant capacity, plasma level of oxidative damage and hae-
matocrit value; these variables were not examined in our
earlier paper of the same experiment (Hargitai et al. 2018).
We tested whether these physiological traits were associated
with traits reflecting the reproductive investment in egg
macro- (egg mass and yolk mass) and micronutrient content
(eggshell biliverdin- and protoporphyrin-based colouration).
Biliverdin pigment causes the blue-green colouration of bird
eggs, while red-brown maculation is caused by protoporphy-
rin pigment (Kennedy and Vevers 1976, Miksik et al. 1996).
Biliverdin shows an antioxidant activity (McDonagh 2001,
Kaur et al. 2003), whereas protoporphyrin possesses pro-oxi-
dant properties (Afonso et al. 1999).

We hypothesised that food-restricted females would have
reduced plasma IGF-1 level, antioxidant capacity and hae-
matocrit value than control females, but it is unclear how
the treatment would change the level of oxidative damage.
Moreover, we expected that plasma IGF-1 level and anti-
oxidant capacity at the pre-laying period would be posi-
tively related to reproductive investment of female birds.
Haematocrit value before reproduction may be suppressed
(Morton 1994, Williams et al. 2004, Wagner et al. 2008),
but it may also show a positive association with nutritional
condition (Boismenu et al. 1992, Merili and Svensson
1995, Webb et al. 2017), therefore, the direction of its
association with reproductive investment is not clearly pre-
dictable. To our knowledge, the associations among plasma
physiological variables during the pre-breeding period and
their possible relationships with reproductive investment
under food restriction have not yet been investigated in a
songbird species.

Material and methods

Animals and housing conditions

The experiment was conducted with 2—4 year-old domes-
ticated canaries at Edtvds Lordnd University, Budapest,
Hungary, in 2015 (details in Hargitai et al. 2018). Birds
were kept at 23°C and under natural light conditions sup-
plemented with artificial light in a light cycle of 12L:12D.
Water, cuttlefish bone and grit were provided ad libitum
to the birds. All birds were identified with a numbered
ring. Females were kept in individual cages (45 X 27 X 43
cm), while males were kept individually out of the breed-
ing period (cage size: 40 X 25 X 32 cm), but shared a cage
with a female during breeding. The National Food Chain

Safety Office (NEBIH) provided permissions for this
study (PEI/001/824-4/2015). All applicable international,
national and institutional guidelines for the care and use of
animals were followed.

Experimental design

We weighed females with a Pesola spring balance (to the
nearest 0.1 g), and measured the length of their tarsus with
a calliper (to the nearest 0.1 mm) before the start of the
experiment. We assigned females to one of the two groups
(20 treated and 15 control) so that the average body mass,
tarsus length and distribution of age categories were similar
in the two groups. We included more females in the treated
group as we expected lower egg-laying activity due to food
restriction (Meijer and Langer 1995). All birds were main-
tained on a standard diet for canaries (a mixture of grains;
DaCapo Zichter-spezial, Hesa). Control females received
4.5 g of seed and 1 g of grated boiled egg white per day,
while food-restricted females received 3.25 g of seed (72% of
control food) and 0.25 g of grated boiled egg white per day
(Hargitai et al. 2018). Prior to the experiment (‘before treat-
ment’) we weighed all females and we took blood samples
(50-200 pl) by puncturing the brachial vein. We collected
blood samples in heparinized capillaries, and centrifuged the
capillaries at 10 000 g for 10 min. We separated plasma from
cells and stored the plasma at —80°C until later analyses.
We weighed females again and took a second blood sample
9-11 days after the beginning of the treatment (‘pre-laying
period’) (females were not sampled on the same day due to
logistical reasons). We found that body condition showed
a more pronounced reduction in the treated group than
in the control group after the beginning of the experiment
(Hargitai et al. 2018).

Then, we provided a nest pan with felt liner and nesting
material, and placed a male canary in the cage. Each male
bird was paired with one control and one treated female,
and males were switched every two days between the female
pairs. If no egg-laying occurred in the treated female during
two weeks, we introduced the male into the cage of another
treated female. Males were removed from the cage when egg
laying was finished.

We checked the cages daily to determine the initiation
of egg laying and the laying order of the eggs. A higher
proportion of control females started egg-laying than food-
restricted females (Hargitai et al. 2018). We numbered the
eggs with a waterproof marker according to laying order
and they were collected on the day of laying. Collected
eggs were replaced by plastic dummy eggs of similar size
and appearance, which are regularly used by breeders as
well. We collected whole clutches (1-4 eggs; mean: 2.0
eggs); the clutch size distribution was as follows: 1 egg:
n=0 nests, 2 eggs: n =7 nests, 3 eggs: =5 nests, 4 eggs:
n=1 nest. We weighed the eggs with a balance (to the
nearest 0.01 g) and measured eggshell colouration with a
spectrophotometer. We opened the eggs and weighed the
yolk (to the nearest 0.01 g).



Eggshell spectrophotometric analyses

Canaries lay blue-green eggs speckled with brown pig-
ment spots. Eggshell colouration was measured using a
portable spectrometer with a bifurcated fibre-optic probe
(QR400-7-SR-BX, Ocean Optics Europe) and a DH-2000
deuterium-halogen light source (Ocean Optics Europe)
on three background and three spotted areas, as described
in a previous study (Hargitai et al. 2018). OOIBase32
software (Ocean Optics Europe) was used to record the
reflectance spectra. We calculated blue-green chroma as
(Rigonm—Rironm)/Rygo because the eggshell spectra showed
peak reflectance at 480 nm and lowest reflectance at 370 nm
(Hargitai et al. 2016), which corresponds to the absorption
spectra of biliverdin (Singleton and Laster 1965). Brown
chroma was calculated as Ry, 500,/ Rss0 700mms a8 protopor-
phyrin reflects the light at this spectrum region (Konig and
Meyer 1992), while biliverdin has a reflectance minimum
around 660 nm (Singleton and Laster 1965). In previous
studies, it was shown that eggshell biliverdin concentration
positively correlated with eggshell background blue-green
chroma (Hargitai et al. 2018), while eggshell protopor-
phyrin concentration correlated with eggshell spot brown
chroma (Hargitai et al. 2016).

Plasma IGF-1 concentration analyses

Plasma IGF-1 levels were measured by a competitive ELISA at
the University of Debrecen described in detail in Mahr et al.
(2020). Briefly, 96-well microplates were coated at 4°C
overnight with 100 pl of an antibody raised against IGF-1
in rabbits. The coated plate was incubated for 2 h at room
temperature with either 20 pl of standard (known concentra-
tions of synthetic chicken IGF-1 in serial dilutions starting
at 500 ng ml™") or 20 pl of sample and 100 pl of biotinyl-
ated IGF-1 as a tracer. After incubation, the microplate was
washed three times with 250 pl of PBS containing 0.025%
Tween 20. After washing, 100 pl of streptavidin-horseradish
peroxidase conjugate was added to all wells and incubated
at room temperature for 30 min. After washing, 100 pl of
tetra-methyl-benzidine was added to the wells and incubated
at room temperature for 30 min. The enzymatic reaction was
stopped by adding 100 pl of 1 M H,SO,, and optical den-
sity was measured at 450 nm (reference at 620 nm) using a
microplate reader.

Plasma antioxidant capacity test

Total plasma antioxidant capacity was measured by the OXY-
Adsorbent test (Diacron, Grosseto, Italy). The OXY test mea-
sures the ability of the antioxidant compounds of the plasma
(e.g. carotenoids, vitamins A, C and E, proteins, thiols) to
cope with the oxidizing action of hypochlorous acid (HOCI).
Samples were tested in duplicates and results were expressed
as millimolar HOCI neutralized (see for details Hargitai et al.
2016). Mean intraplate coefficient of variation was 2.4%,
mean inter-plate coefficient of variation was 9.0%.

Plasma oxidative damage test

Plasma levels of reactive oxygen metabolites (ROMs, primarily
hydroperoxides, ROOH) were measured by the d-ROM assay
(Diacron International, Grosseto, Italy), which is a reliable assay
for the quantification of plasma oxidative damage (Costantini
2016). ROMs are intermediate oxidative damage compounds,
which are generated by the peroxidation of macromolecules
by ROS. We did not use duplicates of samples, as the CV of
the serum standards was very low (mean: 1.6%), and previous
studies also showed similarly low CV for bird plasma samples
(Hargitai et al. 2016), and we had limited amount of plasma.
ROM concentration was calculated using a calibration curve
of lyophilized serum standard supplied by the manufacturer.
Plasma ROM concentration is expressed as mM of hydrogen
peroxide (H,0,) equivalents (details in Hargitai et al. 2016).

Haematocrit value

Capillary length occupied by red blood cells or total blood
was measured following centrifugation (10 000 g for 10 min)
with a ruler (to the nearest 0.5 mm), and haematocrit value
was calculated as capillary length occupied by red blood cells
divided by capillary length occupied by total blood. If blood
was collected to more than one capillary from a bird at a given
sampling event, average haematocrit value was calculated.

Statistical methods

Sample sizes differ for each physiological trait as we could
not measure all of them from each blood sample. Number
of days (9, 10 or 11) that elapsed from the beginning of
the treatment until the second sampling event (pre-laying
period) had no significant effect on the measured physiologi-
cal variables at that period (IGF-1: p=0.71; OXY: p=0.07;
ROM: p=0.12; haematocrit: p=0.27), therefore, we did not
include this variable in further models. We analysed the effect
of treatment on the time to egg laying (the number of days
that elapsed from the beginning of the treatment until the
laying of the first egg) with a general linear model. Altogether
11 control and 8 treated females started egg laying, these
birds were regarded as ‘breeders’.

We tested the effects of treatment and breeding period
(before treatment versus at 9—11 days of treatment or pre-laying
period) as fixed factors on plasma levels of IGF-1, antioxidant
capacity (OXY), oxidative damage (ROM) and haematocrit
value with general linear mixed models (GLMMs), includ-
ing female breeding status (breeder versus nonbreeder) as a
cofactor, and the interaction between the fixed factors, enter-
ing female identity as a random factor. The effects of breeding
status were non-significant in all cases (not shown).

We tested the relationships between female physiological
traits at the pre-laying period and the number of days that
elapsed from the pre-laying period until egg-laying with gen-
eral linear models (GLMs) with female trait (plasma IGF-1
concentration, plasma antioxidant capacity, plasma level of
oxidative damage, haematocrit value) as dependent variable,



number of days and treatment as fixed effects, including the
interaction between fixed effects.

The relationships between haematocrit value and female
physiological traits (IGF-1, OXY, ROM) were tested with
GLMMs, including treatment, breeding period (pre-treat-
ment versus pre-laying periods), breeding status, and a female
physiological trait as covariate, and interactions between pre-
dictor variables in the models. Female identity was the ran-
dom factor. Associations between IGF-1 level and plasma
levels of OXY and ROM were also tested in similar models.

We analysed the relationships between female physiological
traits (plasma IGF-1 concentration, plasma antioxidant capac-
ity, plasma level of oxidative damage, haematocrit value) and
reproductive investment with GLMMs with the clutch mean
of an egg trait (egg mass, yolk mass, eggshell background blue-
green chroma, eggshell spot brown chroma) as the dependent
variable, treatment as factor and a female physiological trait
at the pre-laying period as a continuous predictor variable,
including the interaction between predictor variables. Number
of days that elapsed from the pre-laying period until egg laying
and clutch size were also included as covariates in the mod-
els. We performed separate models of each egg trait with each
female trait, as sample size was not high enough to include all
female traits in one model. Female identity was the random
factor. Two-way interactions between predictor variables were
included in the models, but all of them were not significant
(not shown). We also tested the association between female
physiological traits and clutch size using GLMs with the same
predictor variables as in the GLMM:s above.

In all models, backward stepwise selection procedure was
used, removing non-significant variables from the model one
by one in decreasing order of p-value. Normality of the residuals
was checked with Shapiro—Wilk test and graphical verification,
homoscedasticity was tested with Levene’s test. Non-significant
variables were re-introduced to the final model one by one, and
these F- and p-values were presented. Analyses were performed

in SPSS ver. 19.0 and STATISTICA ver. 5.5.

Results

Effect of food restriction on the timing of breeding

We found that treatment delayed egg laying (F, ,=4.55,
p=0.049; control group: 20.9 + 6.6 days; food-restricted
group: 27.6 + 6.7 days).

Effects of food restriction and breeding period on
female physiological traits

IGF-1

We found a significant interaction between treatment
and breeding period on plasma IGF-1 concentrations
(Fl2613=16.95, p < 0.001). Before treatment, there was no
difference in plasma IGF-1 concentrations between the groups
(F,,s=1.29, p=0.27; control: n=11, treated: n=14). At the
pre-laying period, we found a significant difference between
the control and treated groups (F, ,,=6.27, p=0.019; control:

n=12, treated: n=14): IGF-1 levels were significantly lower
in the control group than in the food-restricted group
(Fig. 1). We found that plasma IGF-1 levels declined between
the pre-treatment and pre-laying periods in the control group
(F, 115,=8.66, p=0.013), but showed a significant increase in
the food-restricted group (F, ;5,,=8.95, p=0.009; Fig. 1).

We also observed that female plasma IGF-1 level at the
pre-laying period showed a negative association with the
number of days until egg-laying, indicating that females with
lower IGF-1 levels laid eggs sooner (F, ,=9.64, p=0.008;
beta=—0.64, n=16; Fig. 2). Plasma IGF-1 level and hae-
matocrit value did not correlate (F, , ,=1.07, p=0.31). In
addition, we tested the correlation of plasma IGF-1 level
with plasma antioxidant capacity and oxidative damage level,
but neither plasma antioxidant capacity (OXY: F, ,=0.01,
p=0.91), nor plasma level of oxidative damage (ROM:
F, 530=0.09, p=0.76) showed a significant association with
plasma IGF-1 concentration.

(0)¢4

We found no significant interaction between treatment
and breeding period on plasma level of antioxidant capac-
ity (OXY; F, ;4=0.70, p=0.41; control, before treatment:
n=13; control, pre-laying period: n=12; treated, before
treatment: n=16; treated, pre-laying period: n=17). There
was no difference in plasma antioxidant capacity between
treatment groups (F, ,=0.53, p=0.47) and breeding peri-
ods (F, ;,=0.77, p=0.38). We observed no significant rela-
tionship between plasma level of antioxidant capacity and the
number of days until egg-laying from the pre-laying period
(F,;;=1.25, p=0.28, n=19). Haematocrit value and OXY
level showed a marginally significant negative association
(F519=3.90, p=0.057).

ROM

We found a significant interaction between treatment
and breeding period on plasma level of oxidative damage
(F|,,55=4.82, p=0.039; Fig. 3). Before treatment, there
was no difference in the plasma level of oxidative damage
between the groups (F,,;=0.01, p=0.96; control: n=11,
treated: n=14). At the pre-laying period, the plasma level of
oxidative damage was significantly lower in the control group
than in the food-restricted group (F, ,;=7.03, p=0.016;
control: n=12, treated: n=7). We found that plasma level
of oxidative damage decreased significantly between the two
periods in the control group (F,,, =19.27, p=0.001), but
showed no significant change in the food-restricted group
(F, 1, =0.01, p=0.92; Fig. 3).

We detected no significant relationship between plasma
level of oxidative damage and the number of days until egg-
laying at the pre-laying period (F, ;;=2.66, p=0.13,n=15).
Plasma level of oxidative damage and haematocrit value
showed a marginally significant correlation before treatment
(F,,,=4.15, p=0.054, beta=0.40), and a strong positive
correlation at the pre-laying period (F, |, =45.23, p < 0.001,
beta=0.80; interaction between ROM level and breeding
period: F, ,=9.63, p=0.009).
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Figure 1. Mean =+ SE of plasma insulin-like growth factor-1 (IGF-1) concentration (ng ml™') in female canaries of control (blue) and treated
(food-restricted; red) groups at the first sampling event (before treatment) and the second sampling event (pre-laying period, after 9-11 days

of treatment).

Haematocrit value

We found a significant interaction between treatment and
breeding period on female haematocrit value (F, ;;=6.39,
p=0.016). Before treatment, there was no difference in the
haematocrit value between the groups (F, ;;=0.50, p=10.49;
control: n=13, treated: n=20). At the pre-laying period, the

30

haematocrit value was significantly lower in the control group
than in the food-restricted group (F,;;=4.57, p=0.040;
control: n=13, treated: n=20; Fig. 4). Haematocrit value
declined significantly between the two periods in the control
group (F, ;=24.99, p < 0.001), but showed no significant
change in the food-restricted group (F,,;=2.91, p=0.10).
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Figure 2. Relationship between number of days until egg laying (laying date=0) from the second sampling event (pre-laying period) and
plasma insulin-like growth factor-1 (IGF-1) concentration (ng ml™") at the pre-laying period in female canaries.
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treatment).

We also detected that haematocrit value at the pre-laying
period showed a negative association with the number of days
until egg-laying in the control group, indicating that con-
trol females with lower haematocrit value laid eggs sooner
(F,,=22.81, p=0.001; beta=—0.85, n=11; Fig. 5), but
this relationship was not significant in the food-restricted
group (F, (=1.23, p=0.31, n=8; Fig. 5; interaction between
treatment and number of days until egg-laying: F, , =28.48,
p=0.011).

Relationships between female physiological traits
and reproductive investment

We found no significant associations between clutch size,
the clutch mean of an egg trait (egg mass, yolk mass, egg-
shell background blue-green chroma, eggshell spot brown
chroma) and female physiological traits, such as plasma
IGF-1 concentration (all p > 0.71), plasma antioxidant
capacity (OXY; all p > 0.17), plasma level of oxidative
damage (ROM; all p > 0.11) and haematocrit value (all p
> 0.11) (see full models in the Supporting information).
In these models, the effects of clutch size and the num-
ber of days between pre-laying sampling and laying date
were not significant (Supporting information). Treatment
had a significant effect only on eggshell spot brown
chroma (Supporting information), as already reported in
Hargitai et al. (2018).

Discussion

Our study showed that in response to food restriction canary
females delayed egg-laying, similarly as it was reported in
food-restricted poultry hens (Hocking et al. 1994, Eitan et al.
1998). Moreover, we found differences in physiological traits
between treated and control females at the pre-laying period.
Reductions in plasma IGF-1 concentrations, ROM levels
and haematocrit values were detected in the control group
before egg-laying, but in the food-restricted group, plasma
IGF-1 concentrations increased, while ROM levels and hae-
matocrit values did not change. We suggest that the detected
differences in plasma IGF-1 concentrations, ROM levels and
haematocrit values between the control and food-restricted
groups were related to differences in their breeding stages that
were influenced by food availability.

Control canary females at the pre-laying period had
lower plasma IGF-1 concentration than 9-11 days earlier
and we also found that females with lower IGF-1 levels at
the pre-laying period laid eggs sooner. These results sug-
gest that circulating IGF-1 level declines as laying date
approaches, which seems to be in contrast to the findings
that IGF-1 plays an important role in the growth and mat-
uration of reproductive tissues and gonadal steroidogen-
esis in several taxa (Weber and Sullivan 2000, Daftary and
Gore 2005, Pitetti et al. 2013). We presume that circulating
oestradiol levels increased in canary females as laying date
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approached similarly as shown in starlings Sturnus vulgaris  production, and consequently on plasma IGF-1 concentra-
at the period of nest-building (Dawson 1983) and domes-  tion was previously demonstrated in humans (Helle et al.
tic hens before egg laying (Eitan et al. 1998), although 1996, Ho et al. 1996, Malarkey et al. 1997), and it was
we did not measure plasma oestradiol levels in this study.  also found that IGF-1 level declined prior to egg-laying in
A direct inhibitory effect of oestrogen on hepatic IGF-1  snakes (Sparkman et al. 2010).
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Food restriction delayed egg laying in canaries and also
resulted in higher plasma IGF-1 concentration at the pre-lay-
ing period. Similar to our findings, food restriction resulted
in high plasma IGF-1 concentration and delayed egg laying
as compared to ad libitum fed control birds in broiler chick-
ens (Hocking et al. 1994). Moreover, the expression of IGF-1
in the liver of food-restricted fish was significantly higher 3—-6
days after starvation than in control fish (Ayson et al. 2007).
It needs further studies to elucidate the physiological mecha-
nisms that caused these differences due to food restriction. A
possible mechanism may be that food restriction delayed the
increase in oestrogen production, similarly as it was reported
in poultry (Eitan et al. 1998, Onagbesan et al. 2006), and
thus, the inhibitory effect of oestrogen on IGF-1 production
is reduced, leading to higher circulating IGF-1 concentra-
tions. This hypothesis requires further investigations.

In contrast to our expectations, food restriction did not
alter plasma antioxidant capacity (OXY) of female canaries.
By contrast, other studies reported that reduced food intake
resulted in lower antioxidant capacity in birds and mam-
mals (Feoli et al. 2006, Cohen et al. 2009, Swennen et al.
2011, Alan and McWilliams 2013, Fletcher et al. 2013,
Giordano et al. 2015). It is possible that in the case of lower
dietary antioxidant uptake, female canaries utilized their
antioxidant stores and allocated them to the circulation
(Monaghan et al. 2009).

We observed that plasma level of oxidative damage
(ROM) of female canaries declined in the control group
between the pre-treatment and pre-laying periods. In a pre-
vious study of canaries (Hargitai et al. 2016), a reduction
in ROM level between the pre-laying and egg-laying peri-
ods was also observed, while plasma level of OXY remained
constant. Our results showed that the decline in ROM value
in the pre-laying period in the control group was related to
the reduction in haematocrit value. As haematocrit value
declines before breeding due to a higher blood plasma vol-
ume (Williams et al. 2004), the decline in plasma level of oxi-
dative damage might be a consequence of a higher dilution
of reactive oxygen metabolite molecules. Alternatively, the
reduction in both haematocrit value and ROM level before
egg-laying may be the consequence of the effect of a back-
ground variable (possibly a sex hormone). Reduced levels of
oxidative damage in breeding females may be caused by the
action of oestrogens, which was shown to increase antioxi-
dant enzyme activities (Persky et al. 2000, Vifia et al. 2005,
Kireev et al. 2007). This change in the level of oxidative
damage before egg-laying could be adaptive. Oxidative stress
could be deleterious for the production of eggs, as specific
proteins, lipids and micronutrients required by the offspring
could be damaged (Blount et al. 2016). It was suggested that
transition to the reproductive stage triggers a reduction in
levels of oxidative damage in order to shield females and in
particular their developing eggs from oxidative harm (oxida-
tive shielding hypothesis’; Blount et al. 2016, Vitikainen et al.
2016, Viblanc et al. 2018). It is noteworthy that a similar
decline in ROM level was not found in the treated group,
where plasma IGF-1 level increased. High levels of IGF-1

were shown to be related to increased levels of oxidative dam-
age (Holzenberger et al. 2003, Vigisi et al. 2020), therefore it
is possible that the increased IGF-1 level in the treated group
prevented the adaptive preparation for an improved oxidative
balance before breeding. However, here we could not dem-
onstrate a correlation of plasma IGF-1 concentration with
plasma OXY or ROM levels, thus, other physiological traits
may have played important roles in these associations.

A decrease in haematocrit value in reproducing female
birds has been commonly observed between pre-breeding and
egg-laying (Morton 1994, Williams et al. 2004, Wagner et al.
2008). The reduction in haematocrit value is connected to
the elevated blood volume due to osmoregulatory adjust-
ments (i.e. haemodilution) to the increased levels of circula-
tory yolk precursors (e.g. vitellogenin) (Morton et al. 1994,
Williams et al. 2004). High levels of oestrogens could also
suppress erythropoiesis, leading to anaemia (Williams et al.
2004, Wagner et al. 2008). We found a significant reduction
in haematocrit value in the control group from pre-treatment
to pre-laying periods, while in the food-restricted group hae-
matocrit value did not decline. This is the opposite of what
was found in several studies, showing that nutritional stress
reduced haematocrit value (Boismenu et al. 1992, Merilid and
Svensson 1995, Webb 2017). Our study suggests that food-
restricted canary females delayed breeding possibly owing to
the suppression of hormonal changes in females, causing that
haematocrit value showed no decline in that period. Thus,
we suggest that the breeding stage of birds should be taken
into consideration in interpreting the changes in haematocrit
value under stressful conditions.

Female physiological traits (plasma concentration of IGF-1,
oxidative stress level and haematocrit value) before egg laying
were not related to our measures of reproductive investment
(egg mass, yolk mass, eggshell blue-green and brown chroma).
Except for eggshell brown colouration, treatment did not influ-
ence reproductive investment either (Hargitai et al. 2018). It
has been shown that IGF-1 has a positive effect on reproduc-
tion in birds (Onagbesan et al. 1999, Kang et al. 2000). For
example, the effect of gonadotropins (luteinizing hormone
and follicle-stimulating hormone) on follicle development
is mediated by intraovarian growth factors, such as IGF-1,
which regulate the responsiveness of the ovary to the effect
of gonadotropin hormones (Onagbesan and Peddie 1995,
Onagbesan et al. 1999). Thus, we hypothesised that females
with higher circulating IGF-1 levels before laying would invest
more in the egg macro- and micronutrient contents, but we
failed to find such results. Lodjak et al. (2018) reported that
in passerines there was a negative association between plasma
IGF-1 level and egg weight in species with smaller body size
and shorter duration of parental care, while the association
was the opposite in bird species with larger body size and
longer duration of parental care, indicating that the effect of
IGF-1 on specific reproductive traits could be plastic. It is pos-
sible that IGF-1 level influenced other, unstudied components
of the reproductive investment in the canary.

In some bird species, positive associations were reported
between female antioxidant status and egg traits. For



example, in the brown booby Sula leucogaster, females with
higher level of oxidative stress before egg-laying laid smaller
eggs (Montoya et al. 2016). In the blue-footed booby Sula
nebouxii and the mallard Anas plaryrhynchos, antioxidant-
supplemented females laid eggs with more intense blue
colouration (Morales et al. 2011, Butler and McGraw 2013).
Moreover, a positive association was reported between female
antioxidant capacity and eggshell blue colour intensity in
the grey catbird Dumetella caroliensis (Hanley et al. 2008).
Our previous study reported that antioxidant-supplemented
canary females laid eggs with more intense blue-green colou-
ration (Hargitai et al. 2016). However, here we could not
find support for our hypothesis that the female’s plasma level
of oxidative status would be related to egg traits, as female
OXY and ROM levels before egg-laying were not related
either to clutch mean egg mass, yolk mass or eggshell colou-
ration in the canary.

Conclusions

Our results showed that food restriction delayed egg-laying
in canaries, and also caused changes in plasma physiologi-
cal traits (plasma IGF-1 and ROM levels, haematocrit value)
at the pre-laying period. Our results suggest that nutritional
limitation caused a shift in the timing of egg-laying that could
be mediated by concomitant changes in physiological vari-
ables, therefore our study highlights the importance of breed-
ing stage when studying and interpreting the effects of food
restriction on physiological traits of breeding birds. However,
we did not find support for the hypothesis that plasma physi-
ological traits at the pre-laying period would influence invest-
ment in egg traits in the canary. Further research may focus
on whether investment in egg traits during stressful condi-
tions exerts a cost of reproduction on female birds.
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