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Most organisms have to cope with unpredictable environmental challenges such as
fluctuations in nutritional resources. Insulin-like growth factor-1 (IGF-1) is an evolutionarily
conserved hormone that is highly sensitive to the individual nutritional status and
regulates major life-history traits including lifespan and reproduction across vertebrates.
We investigated the role of IGF-1 during periods of food shortages by altering between
two feeding regimes (110 and 70% of daily food intake) after a period of ad libitum
feeding in captive bearded reedlings (Panurus biarmicus). Each dietary treatment was
repeated twice. Birds lost mass under food restriction, but the magnitude of mass
change depended on the preceding dietary conditions. Moreover, bearded reedlings
showed large, repeatable individual differences in their IGF-1 reaction norms with some
individuals increasing IGF-1 levels in response to a restricted diet, whereas others
showed no responses or decreased IGF-1 levels. This variation was explained by
differences in average body mass: heavier individuals had higher IGF-1 levels during
the control treatment and were more likely to decrease IGF-1 levels in response to the
dietary restriction than did lighter ones. This result uncovers an individual by environment
interaction (I × E) and may have important implications for the evolution of IGF-1 related
hormonal phenotypes in this species.

Keywords: insulin-like growth factor-1 (IGF-1), stress, Panurus biarmicus, body mass, endocrinology, nutrition

INTRODUCTION

Unpredictable fluctuations in the availability of food (e.g., because of droughts, cold winters)
are ubiquitous and organisms have developed an array of morphological, physiological and
behavioral adaptations to cope with such environmental challenges (Groscolas and Robin, 2001;
Harshman and Zera, 2007; Killen et al., 2011). The role of the endocrine system is particularly
interesting in this context, because hormones are highly plastic traits that integrate external
(environmental) and internal (e.g., nutritional status) information to respond to stochastic
environments (Harshman and Zera, 2007; Regan et al., 2020). Across their responsiveness,
hormones show a reaction norm (i.e., differential phenotypic expression of a given genotype due to
changing environments), which is highly variable within and among individuals (Pigliucci, 2001;
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Cockrem, 2013). The among-individual variation in reaction
norms (individual by environment interaction, I × E) shape
phenotypically plastic responses to resource availability in a
given environment (Williams, 2008; Baugh et al., 2014; Lendvai
et al., 2014; Hau and Goymann, 2015; Madliger and Love, 2016;
Vitousek et al., 2018; Houslay et al., 2019). The degree of plasticity
influences not only the individual but also the ability of the
populations to respond to small immediate changes, such as food
shortages or predator attacks, and to long-term effects, such as
climate change (Reed et al., 2006; Visser, 2008).

One of the hormonal systems that evolved to respond
to the variation in food availability is the insulin/insulin-like
signaling pathway (IIS) (Regan et al., 2020). IIS is known to
have a prominent role in regulating energy metabolism and is
directly integrated with nutrient-sensing cellular mechanisms
(Saltiel and Kahn, 2001). In vertebrates, the main ligand of this
system is insulin-like growth factor-1 (IGF-1), one of the key
factors regulating the organism’s metabolism and development
in relation to its nutritional status (Dantzer and Swanson, 2012;
Lodjak and Mägi, 2017). These effects might be tightly linked
to how IGF-1 determines the transition from the catabolic to
the anabolic state. Low nutrient/energy availability is suggested
to decrease IGF-1 production and secretion, which leads to
increased cell recycling, autophagy, and apoptosis (Bitto et al.,
2010; Adler and Bonduriansky, 2014). These processes can
have direct and indirect fitness effects by down-regulating
reproduction, growth, and the immune response (Wang and
Levine, 2010; Gao et al., 2019). On the other hand, up-regulation
of IGF-1 can delay muscle atrophy (i.e., an excessive amount
of apoptosis of cells) during food restriction and reduce overall
weight loss (O’Sullivan et al., 1989; Cleveland et al., 2009; Abe
et al., 2019).

Even though fluctuations in food availability frequently occur
in nature and IGF-1 might facilitate adaptations toward these
conditions (O’Sullivan et al., 1989), our knowledge about the role
of IGF-1 in shaping responses to such events in wild animals is
limited. The majority of literature presents the findings of medical
and agricultural sciences, focusing on humans and laboratory or
farmed animals (Robinson et al., 2006; Berryman et al., 2008;
Valente et al., 2013; Mauch et al., 2016; Rahmani et al., 2019).
There are only a few examples from wild, free-living animals,
such as a study in Eastern fence lizard (Sceloporus undulatus)
which shows that food-restriction decreased plasma IGF-1 levels
(Duncan et al., 2015). Another study on nestlings of a passerine
species discusses the possibility that the growth-enhancing effects
of IGF-1 during early development might be affected by parental
food supply (Lodjak et al., 2014). Hence, to understand the
variation in IGF-1 responses to current food availability and its
contribution to shaping physiological phenotypes, it is important
to aim for experimental studies on wild-type animals originating
from natural populations.

To explore the role of the IGF-1 response to variation in food
availability in a wild animal, we conducted a food-restriction
experiment, using captive adult bearded reedlings (Panurus
biarmicus). We repeatedly exposed individuals to changing
dietary regimes, by alternating between control (110% of the
daily intake) and restricted diet (70% of the daily intake). After

each dietary treatment, we measured body mass and circulating
IGF-1 levels of the birds. Our experimental design allowed us
to disentangle among- and within-individual hormonal variation
and to make predictions at both levels. Considering that IGF-1
levels are regarded to reflect the individual nutritional status, we
made two predictions. First, we predicted that among individuals,
larger (heavier) birds would have higher circulating IGF-1 levels.
Second, we predicted that within individuals, circulating IGF-1
levels would decrease in response to the restricted dietary regime
and this decrease would be proportional to body mass loss under
the restricted diet.

MATERIALS AND METHODS

General Methods
In July 2017, we caught 24 Bearded reedlings (Panurus biarmicus)
at Hortobágy-Halastó, (47◦38’13.7 N and 21◦04’42.8 E, Hungary)
using mist-nets. At the time of capture, all birds were juveniles
(yearlings). The age and sex were determined by examining
plumage and bill coloration (Svensson, 1992). All birds were
ringed with a standard aluminum ring, and we measured
tarsus length (to the nearest 0.01 mm) and body mass (to
the nearest 0.1 g).

Immediately after the capture and the subsequent
measurements, the birds were transferred into an outdoor
aviary (3.65 × 3.35 × 2.75 [L × W × H] m) located at the
University of Debrecen (47◦33’32.9 N and 21◦37’14.6 E).
The aviary was furnished with reed bundles, branches, and a
pool (1 m2 water surface). Food (a mixture of grated apple,
carrot, quark, a commercial soft food mixture for insectivorous
birds, ground dry cat food as a protein supplement and live
mealworms) and water were provided ad libitum. The birds
remained for seven months in the aviary before the onset of
the experiment (5 February 2018) to habituate to the captive
conditions. By the time the experiment started, all individuals
had completed their post-juvenile molt and the reproductive
period had not yet begun.

We followed all applicable international, national, and
institutional guidelines for the use of animals. All procedures
performed in studies involving animals were in accordance with
the ethical standards of the institution and approved by the
Regional government agency (license no HBB/17/00870-3/2015).

Experimental Protocol
The experimental protocol was based on Lendvai et al. (2014),
with modifications. Two weeks prior to the experiment, the birds
were captured, weighed and transferred into individual cages
(measuring 30 × 26 × 32 [L × W × H] cm), located in the
outdoor housing facilities.

During the acclimation period, individuals received ad libitum
food (as described above) and water. Mealworms were not
provided, because live mealworms can leave the feeder, which
could have affected the dietary treatments (see below). After
2 weeks of acclimation in the individual cages, we measured the
daily food intake (DFI) for each individual for five consecutive
days. We fed the birds every morning between 09:00 and 10:00
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by filling their feeder with 38 g of food. A 24 h later, we removed
the bottom tray and the feeder from each cage and measured the
weight of the remaining, and spilled food with a digital scale. The
DFI was calculated as the difference between the initial weight in
the feeder and the weight of remaining food plus spillage. This
procedure was performed twice over 2 weeks, and the average
daily food intake (ADFI) was calculated as the average of 10-day
DFI values for each individual.

After measuring the food intake, birds were kept under
ad libitum food regime for one additional week. After this period,
individuals were randomly assigned to one of the treatment
groups: food-restricted (70% of their individual ADFI) or control
(110% of their individual ADFI). The treatment was based on
previous studies showing that a 30% reduction in food is sufficient
to trigger changes in hormone levels (e.g., Valle et al., 2015, 2020).
The ad libitum diet differs from the control diet in that it is
available in large quantities without any restriction throughout
the day. In contrast, the control diet is only slightly more than
the individuals’ daily food requirement measured under plentiful
food conditions (note that food consumption was measured
on an ad libitum diet). Therefore, the control diet (i.e., 110%
of ADFI) can still be considered as limited dietary regime if
an individual’s daily energy requirement is increased (e.g. for
strategic fattening or regaining mass; Gosler, 1996). We used
a randomized block design during the experiment, with each
block containing one food-restricted and one control individual.
We tested four blocks (i.e., 8 birds) per day, to minimize the
bleeding time. Each treatment lasted for three consecutive days
(trial; Figure 1).

The order of treatments was randomized so that 12 birds
received the control and 12 birds the food-restricted treatment
during the first trial. After the first trial, each individual received
the opposite treatment for three consecutive days (trial 2). After
two trials, all birds received the resting diet (ad libitum food
enriched with mealworms) for 3 days before trials 3 and 4, for
which we reversed the order of the treatments for each individual
to separate the effect of the treatment sequence from a group
effect. At the end of each trial, we measured the body mass,
and took a blood sample (into a heparinized capillary tube) for
hormone analyses. We did not sample the birds at the end of

the resting period to minimize the number of blood samplings
while focusing on the hormonal responses to the restricted vs. the
control diet. We refer to the first part of the experiment (trials 1-
2) as “week 1” and the second part of the experiment (trials 3-4)
as “week 2” (Figure 1).

On each sampling day, we randomized the sampling order
for individuals. Blood sampling was always carried out by two
experimenters and two assistants. The assistants caught the
particular birds following the previously randomized sampling
order and gave them to the experimenters, who were blind to
the treatment. The assistants also recorded the bleeding time
and morphometric variables measured by the experimenters.
Bleeding was carried out by puncturing the brachial vein with a
26G sterile needle. We took a maximum of 140 µl blood from
each individual, which corresponds with the international ethical
standards in blood sampling (Owen, 2010). The bleeding of the
first birds always started at 09:00. We recorded when the first
person entered the housing facilities and when the blood sample
was collected (bleeding time average: 5 min 36 s [min: 1 min 7 s,
max: 11 min 48 s]). Preliminary analyses showed that IGF-1 levels
were not related to bleeding time, and adding bleeding time never
improved the model fit, therefore, this variable was discarded
from subsequent analyses. All birds were fed immediately after
blood sampling. Blood was kept on ice and centrifuged within
one hour to separate plasma from erythrocytes. We stored the
samples at −20◦C until further processing.

To minimize observer bias, all measurements (during the
experiment and hormone assays) were performed blindly for the
individuals’ treatment.

IGF-1 Assay
Plasma IGF-1 levels were measured in a competitive ELISA
developed in our laboratory at the University of Debrecen, which
was validated for Bearded reedlings and described previously
in Mahr et al. (2020). Briefly, 96-well microplates were coated
overnight at 4◦C with 100 µl of an antibody raised against IGF-
1 in rabbits. The capture antibody was incubated for 2 h at
room temperature (24◦C) with 20 µl known concentrations of
synthetic chicken IGF-1 in serial dilutions starting at 500 ng/ml or
20 µl of sample and 100 µl biotinylated IGF-1. After incubation,

FIGURE 1 | Schematic illustration of the experimental design. Every treatment lasted for three consecutive days, and we called these periods “trials”. Every bird
received the control and the food-restricted treatment twice. We refer to the first replicate as “week 1” and to the second replicate as “week 2”. The syringe icon
denotes blood sampling and body mass measurements, whereas the balance icon indicates only body mass measurements.
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the microplate was washed three times with 250 µl of PBS
buffer containing 0.025% Tween 20, and 100 µl of streptavidin-
horseradish peroxidase conjugate was added to all wells and
incubated at room temperature for 30 min. After washing, 100 µl
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 µl of 1 M H2SO4, and optical density
(OD) was measured at 450 nm (reference at 620 nm) using
a Tecan F50 microplate reader. We used chicken plasma in
quadruplicates to determine intra- and inter-assay coefficient of
variation (6.8 and 10.88%, respectively). We were not able to
calculate the concentration from three samples of IGF-1 because
of insufficient plasma volume.

Statistical Analysis
We analyzed our data in a Bayesian framework, using R version
3.6.2 (R core team, 2019) and the package “MCMCglmm”
(Hadfield, 2010). First, we analyzed how the treatment affected
the body mass of the birds. We fitted a trivariate mixed-effects
model, where body mass measured after each treatment period
(ad libitum, control, or food-restricted) was used as response
variable. The experimental week and the order of treatments
(food restriction followed by control “RC” or control followed
by food restriction “CR”) and sex were used as fixed effects.
Random intercepts were included for individual identity. This
trivariate model allowed us to estimate the individual variance
in body mass for ad libitum, control, and food-restricted diets
separately, and the covariance between these terms. Based on
these values, we calculated the among-individual cross-context
(cross-treatment) correlations, which indicate intra-individual
variation in the response given to the treatment (Dingemanse and
Dochtermann, 2013; Houslay and Wilson, 2017). A high cross-
context correlation (r close to 1) indicates consistent differences
between individuals, e.g., a heavy bird under an ad libitum diet is
likely to remain the heaviest (albeit with lower body mass) in the
control and food-restricted diet as well. However, a lower r-value
indicates that individuals react to different conditions differently
(i.e., reaction norms cross over).

Second, we analyzed how the treatment affected IGF-1
concentrations. We used a univariate mixed-effects model with
IGF-1 as the response variable, individual identity as the random
intercept, and experimental week, treatment order group,
treatment, and body mass as fixed effects. However, because
body mass varies both among- and within-individuals, in this
model, we partitioned the variance explained by body mass into
among-individual and within-individual components (van de Pol
and Wright, 2009). Among-individual body mass specifies the
individual-specific average body mass, which explains variance
due to consistent differences among individuals (e.g., a generally
heavy vs. a light bird). On the other hand, the within-individual
body mass component expresses the changes in body mass due to
the specific dietary treatments.

Finally, we analyzed the covariation between IGF-1 and
body mass. To do so, we built a multivariate model containing
standardized body mass and IGF-1 (i.e., zero-centered and
divided by the standard deviation), each included as a separate
variable at each treatment level. Because blood samples were only
collected after food-restricted and control (but not ad libitum)

diets, this model contained four response variables (food-
restricted and control treatment levels for both body mass and
IGF-1). Individual identity was included as a random intercept.
Experimental week, treatment order group, and sex were added
as fixed factors. As above, in the trivariate model for body
mass, this model also assumed a multivariate normal distribution
full variance-covariance matrix that estimated all specific level
variances and covariances. We also built alternative models with
identical random and fixed structures, where specific parts of
the variance-covariance matrix were constrained to zero. The
model fit of these alternative models was compared using the
Deviance Information Criterion, the Bayesian alternative of the
Akaike Information Criterion. In this multivariate model, we
also calculated the conditional among-individual variance for
treatment-induced IGF-1 levels as variance in IGF-1 levels minus
the square of the body mass∼IGF-1 covariance divided by the
variance in body mass, for each food treatment level. This
value represents the among-individual variance in IGF-1 that
is not accounted for by variation in body mass due to the
food restriction (Dingemanse and Dochtermann, 2013). When
credible intervals of the estimate do not overlap zero, it can be
interpreted as a “significant” variation among individuals. To
facilitate interpretation, we also provide Bayesian p-values for
fixed effects (Hadfield, 2010). As for the body mass model, we also
estimated the cross-context correlation for the IGF-1 response,
which indicates whether individual reaction norms cross over
(if lower than 1).

RESULTS

Body Mass
Males were heavier than females, but sex did not interact with
any other variables. The dietary treatment affected body mass in
a complex manner, where body mass differed between treatments,
the week, the order of treatments and the interaction between
order and treatment (Table 1). Experimental food restriction
had a strong effect: body mass declined in all individuals
(Figure 2 and Supplementary Figure 1). However, this body
mass loss during food restriction was stronger when it followed
the ad libitum diet than when it followed the control diet.
This difference in the severity of body mass loss depending
on the food availability in the preceding period was similar
in both groups that differed in the order they received the
treatments (Figure 2 and Supplementary Figure 1). The dietary
conditions that the birds experienced in the preceding period
also affected body mass change during the control treatment.
Despite having access to 110% of their daily food requirement,
birds lost body mass during control treatment if it followed
the ad libitum diet. However, if the control treatment followed
the restricted (70%) diet, birds regained mass during this
period (Supplementary Figure 1). These effects resulted in a
pattern that when birds received the control treatment after
ad libitum (order “CR”), then body mass after control treatment
was mid-way between ad libitum and restricted diet. However,
when the control treatment followed the food restriction (order
“RC”), the difference between body mass measured after control
and restricted diet was more pronounced (Figure 2). Also,
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TABLE 1 | The trivariate mixed-effects model showed that the experimental food
restriction strongly affected the birds’ body mass.

estimate 95% CI (lower, upper) pMCMC

Mass (AL) 0.215 −0.247, 0.662 0.340

Mass (C) −0.355 −0.791, 0.073 0.109

Mass (FR) −1.115 −1.533, −0.698 <0.001

Sex (M) 0.509 0.030, 0.982 0.037

Week 0.456 0.193, 0.721 0.002

Group (RC) −0.170 −0.440, 0.100 0.206

Mass (C) × Week −0.108 −0.420, 0.192 0.482

Mass (FR) × Week −0.004 −0.283, 0.285 0.964

Mass (C) × Group (RC) 0.329 0.019, 0.649 0.043

Mass (FR) × Group (RC) −0.350 −0.645, −0.073 0.020

All birds lost weight due to food restriction. Furthermore, body mass loss was
stronger if it happened after an ad libitum period. Mass (AL) is the body mass
during ad libitum period, Mass (C) is the body mass during control diet, Mass
(FR) is the body mass during the restricted diet. Group (RC) is when control
diet followed the restricted diet and Group (CR) is the opposite. Body mass was
standardized (mean = 0, SD = 1) before the analyses. CI denotes 95% Bayesian
credible intervals, pMCMC denotes the Bayesian p-value.

during the mid-experiment recovery (ad libitum) phase, birds
increased their body mass so much that they became heavier
by the beginning of week 2 compared to the beginning of the
experiment (week 1). The latter effect was especially pronounced
in the group that finished week 1 with the restricted diet
(Supplementary Table 1; Figure 2; Supplementary Figure 1).
These results were corroborated by univariate Bayesian analyses
(Supplementary Table 1).

While individuals differed in their average body mass, the
change in body mass was mostly parallel across feeding regimes
among individuals (Supplementary Figure 2). Individual
correlation of body mass across treatments was very high
(ad libitum – control: 0.95, control - food-restricted: 0.94),
indicating that consistent differences in body mass between
the individuals remained unchanged despite the experimentally
induced changes in body mass (Supplementary Figure 2).

IGF-1
Univariate analyses of IGF-1 showed that IGF-1 levels were
higher during the food-restricted diet than during the control
(4.40 [0.39; 8.22], p = 0.02) once we controlled for variation
in body mass (Figure 3). To investigate this effect further,
we divided body mass into two variance components: among-
individual body mass (reflecting average mass differences among
birds) and within-individual changes in body mass (reflecting
experimentally induced loss and regain of body mass). This
model showed that while among-individual body mass was
positively related to IGF-1 (4.95 [0.75; 9.01], p = 0.02), within-
individual changes in body mass tended to be in the opposite
direction: i.e., body mass loss was associated with an increase
in IGF-1 levels (resulting in a negative slope: −29.85 [−63.21;
2.05], p = 0.06), and this effect was the strongest in birds with
low average body mass (1.81 [−0.27; 3.80], p = 0.07, Figure 4).
However, the effects of within- and among individual body mass
on IGF-1 had wide credible intervals that slightly encompassed 0
and were considered statistically marginally non-significant.

Males tended to have higher IGF-1 levels than females (5.92
[−0.25; 12.15], p = 0.062). Since males were also heavier than
females, we repeated the above model by including sex as an
additional variable. Controlling for sex did not improve model
fit (1DIC = −0.2), and sex did not explain significant variation
in IGF-1 levels (4.17 [−2.6; 10.57], p = 0.182). At the same
time, the other estimates remained similar, indicating that the
effects of sex were driven mainly by the higher body mass of
males. This was further supported by a model showing that
individuals heavier than the median body mass of their sex
were more likely to decrease their IGF-1 levels in response
to the treatment (−6.87 [−12.12; −1.95], p = 0.009), whereas
individuals lighter than the average showed the opposite pattern
and were more likely to increase their IGF-1 levels (5.09 [1.66;
8.52], p = 0.003), (Figure 4).

When body mass and IGF-1 were analyzed together in a
multivariate model (Table 2), we found significant positive
covariance between body mass and IGF-1 under the control
diet, corroborating results from the univariate analysis that
birds with higher average body mass also had higher IGF-1
levels. The model that estimated covariance between body mass
and IGF-1 had better support than the one where body mass
was not allowed to covary with IGF-1 levels (1DIC = 5.2).
IGF-1 levels after food restriction tended to be related to
treatment-induced body mass, although this effect remained
marginally non-significant (0.19 [−0.06; 0.49]). Furthermore,
we found that individuals differed significantly in their IGF-1
levels in response to the food restriction. Still, this difference in
individual IGF-1 response was independent of the body mass
change caused by food restriction (conditional among-individual
variance = 0.36 [0.01; 0.94], repeatability = 0.44). The analysis of
change in IGF-1 levels from control to food restriction revealed
significant individual variation and crossing reaction norms
(Supplementary Figure 3), indicating that some individuals
decreased, whereas others increased IGF-1 in response to the
treatment (cross-context correlation: r = 0.70, this model is
considerably better supported than the model, where the cross-
context correlation was fixed to 1: 1DIC = 19.6).

DISCUSSION

Our experiment revealed that in response to food restriction,
bearded reedlings showed marked individual differences in their
IGF-1 reaction norms. While, as predicted, in some individuals,
IGF-1 levels decreased in response to a restricted diet, the
majority of the birds showed no response or even an increase.
We also showed that heavier individuals had higher overall IGF-
1 levels, and were more likely to decrease IGF-1 in response
to the food-restriction. These results uncover the presence of
an individual by environment interaction (I × E) and may
have important implications for the evolution of IGF-1-related
hormonal phenotypes in this species.

All birds lost weight during the restricted dietary regime,
demonstrating that the experimental treatment was sufficient
to simulate low food availability. Furthermore, during the mid-
experiment ad libitum diet, birds increased their body mass to
a higher level than their initial body mass at the beginning of
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FIGURE 2 | Mean ± SE body mass in bearded reedlings after different dietary treatments. The x-axis shows the type of dietary treatments while the two panels
show in which order the birds received these treatments (see also Supplementary Figure 1). (A) Indicates control diet followed by restricted diet, and (B) means
restricted diet followed by control diet. Solid and dashed lines indicate week 1 and 2 of the experiment, respectively. Note that body mass variation was affected by
treatment, week, the order of treatments and the treatment × order interaction.

FIGURE 3 | Birds with higher average body mass have higher IGF-1 levels. Blue and orange solid lines show the among-individual relationships for control and
food-restricted treatment, respectively.
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FIGURE 4 | IGF-1 reaction norms in response to food restriction show large among-individual variation. Each panel represents an individual; dots or triangles
connected by a line denote IGF-1 levels measured after control (C) or food-restricted (FR) treatment during the first and the second half of the experiment (week 1:
dots, week 2: triangles). The text above the panel show the sex (M: males, F: females) and the average body mass (g) for each individual. Light and dark panels
indicate individuals lighter and heavier than the median mass of their sex, respectively. For three individuals, one of the samples are missing.

TABLE 2 | Variance-covariance matrix from the multivariate MCMCglmm model including IGF-1 and body mass under each treatment (control, “C” or food restricted,
“FR”).

IGF1 (C) IGF1 (FR) Mass (C) Mass (FR)

IGF1 (Control) 0.72 [0.13; 1.33]

IGF1 (FR) 0.40 [0.04; 0.86] 0.62 [0.04; 1.19]

Mass (Control) 0.33 [0.03; 0.71] 0.17 [−0.11; 0.52] 0.46 [0.09; 0.86]

Mass (FR) 0.32 [0.05; 0.67] 0.19 [−0.06; 0.49] 0.29 [0.04; 0.55] 0.32 [0.06; 0.61]

The diagonal shows the variances, while off-diagonal elements correspond to the covariance between the variables. Significant covariance terms are
highlighted in bold font.

the experiment. Finally, the decrease in body mass was stronger
when the restricted diet followed the ad libitum feeding regime
than when it followed the control regime (Figure 2). Our findings
are in line with the adaptive regulation hypothesis, namely that
individuals should maintain their current energetic status during
low food availability and regain reserves during periods of high
food availability to reduce the future risk of starvation (Witter
et al., 1995; Fauchald et al., 2004).

The results on body mass resemble findings on House
sparrows by Lendvai et al. (2014), even though the duration of

the food-restriction period was shorter (3 days vs. 1 week) and
the severity of the food restriction was lower in the current study
(30 vs. 40% restriction). Our study design allowed us to separate
the effects of the treatment sequence from a group effect because,
at the midpoint of the experiment, the order of treatments
was reversed in each experimental group (Figure 1). These
results emphasize that individual responses to a standardized
food restriction depend on previously experienced resource
availability (Acquarone et al., 2002; Cucco et al., 2002; Fokidis
et al., 2012). During the transition from ad libitum to control diet,
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birds were presented with less food in their feeder. Although they
could still meet their daily energetic requirements (the control
diet consisted of 110% of their individual daily food intake,
measured under conditions when food was available in plentiful
conditions), the lower amount of food left in the feeder at the
end of the day may have been a visual cue for anticipating
a deterioration of nutritional conditions. On the contrary, the
110% of daily food requirement may be seen as a significant
improvement for birds who switched from the restricted
treatment. As a consequence, while birds entering the control
treatment from ad libitum conditions lost body mass during the
control regime, birds previously experiencing food restriction
regained body mass during the same treatment (Supplementary
Figure 1). These responses indicate that birds may anticipate
future resource availability based on previous experiences.

The perception of potential shortages in food resources might
also determine individual physiological responses that allow
individuals to mitigate the costs of low nutrient availability if
they anticipate a decrease in nutritional conditions. While these
dynamic changes in body mass were strong and consistent among
individuals (Supplementary Figure 2), we found that changes in
IGF-1 levels were markedly different among individuals (Figure 4
and Supplementary Figure 3). First, IGF-1 levels were repeatable
within individuals and positively related to the average body
mass, i.e., heavier birds had higher IGF-1 levels. Males were
heavier than females and tended to have higher IGF-1 levels [as
shown before in Tóth et al. (2018)], but once we controlled for
body mass, the sex difference in hormone levels disappeared. Our
findings on the positive relationship between body mass and IGF-
1 are consistent with the available (albeit scarce) literature on
fish (Cameron et al., 2007), reptiles (Crain et al., 1995; Sparkman
et al., 2009), and mammals (Lewin et al., 2016; Tighe et al., 2016),
although our result alone does not imply a causal relationship.

Second, individuals differed in their hormonal response to
food restriction. While some individuals decreased their IGF-1
levels when food became scarce, others showed little response
or even increased their IGF-1 levels (Figure 4). This difference
remained after controlling for individual variation in body
mass changes. Intriguingly, the variation in reaction norms was
associated with the average body mass: relatively lighter birds
were more likely to increase IGF-1 levels, while heavier birds
were more likely to show a reduction in IGF-1. The restricted
dietary regime is expected to decrease IGF-1 expression and
secretion across invertebrates and vertebrates (Morishita et al.,
1993; Schew et al., 1996). In contrast with our predictions and
previous findings, we did not observe a consistent decrease in
IGF-1 levels during food restriction, but we found significant
among-individual variation (I × E) in the IGF-1 response to food
restriction. Therefore, the question arises why food restriction
had diverse effects on IGF-1 levels in adult bearded reedlings
and whether this physiological response might facilitate survival
under conditions of low food availability and constitute a possible
coping mechanism to unpredictable environmental cues?

IGF-1 strongly affects energy metabolism including the
elevation of glucose uptake without lowering free fatty acid
levels (Kastin, 2013; Aguirre et al., 2016). It also promotes
the formation of fat reserves via regulation of preadipocyte

differentiation and increased lipogenesis (Smith et al., 1988; Scavo
et al., 2004), which allows organisms to preserve energy to survive
harsh environmental conditions. However, after preadipocytes
differentiate, they stop expressing IGF-1 receptors. Therefore, in
adipose tissues, only a high concentration of IGF-1 can effectively
prevent lipolysis, and stimulate glucose transport (DiGirolamo
et al., 1986). Based on our study and the role of IGF-1 in anabolic
processes, we suggest that individuals might express different
strategies when confronted with reduced food resources based
on their initial energy status. Lighter (i.e., lean) individuals might
produce more IGF-1 to maintain their energy homeostasis and
mitigate the adverse effects of apoptosis and protein degradation,
such as muscle atrophy (Musarò et al., 1999; Timmer et al.,
2018). Furthermore, increasing IGF-1 during moderate or early
stages of fasting might prevent protein degradation and facilitate
the maintenance of cell growth and proliferation until energy
becomes available (Scavo et al., 2004). On the contrary, heavier
(i.e., fat) birds with decreased IGF-1 levels may be able to
suppress insulin activity and increase blood glucose levels via
gluconeogenesis, which is enough to maintain their normal life
processes during harsh conditions and favor survival (Yakar et al.,
2004). This hypothesis remains to be tested.

Only a few studies have suggested that food restriction may
increase IGF-1. For example, Ayson et al. (2007) observed in
rabbitfish that the hepatic IGF-1 mRNA level was higher in the
starved (no food for 15 days) group than in the control group,
albeit only in the early part of starvation (2nd and 3rd days).
During prolonged starvation (15th –18th days), the IGF-1 mRNA
level became significantly lower in the starved group compared
with the controls. Ayson et al. (2007) suggested that previous
studies may have missed the early increase of IGF-1 in response
to starvation. However, another study on broiler chicken found
that food restriction resulted in higher IGF-1 levels than controls
throughout the study (from 15 to 28 weeks of age) (Hocking
et al., 2007). We also found that female canaries responded
to food restriction by increasing IGF-1 levels during breeding
(Hargitai et al., 2022). These studies only analyzed the overall
response to food-restriction, but here we show that within a single
population, individuals may differ markedly in their physiological
response to changes in nutritional conditions.

IGF-1 can also interact with other physiological parameters
to modulate phenotypic responses. For example, Lodjak et al.
(2016) showed in pied flycatcher nestlings that IGF-1 and
glucocorticoid levels are positively related under high food
abundance, while this relationship turns negative under low
food abundance. They hypothesized the existence of a threshold
level in physiological conditions over which the relationship
between the two hormones can change. Our finding that heavier
birds were more likely to decrease IGF-1 levels under food-
restriction, whereas light birds were more likely to increase
it may support the existence of such a physiological turning
point, which may explain the variance of IGF-1 reaction
norm during food-restriction. Accordingly, the relationships
between IGF-1 and other physiological traits such as glucose
levels, glucocorticoids and a marker of oxidative stress can
be reorganized during environmental challenges (Vágási et al.,
2020). These results suggest that the relationship between IGF-1
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and other physiological factors is context- and condition-
dependent and their joint effect on life-history or fitness-related
traits is still unexplored in natural populations.

It should also be considered that with few exceptions, most
of our knowledge about the effects of food availability on
circulating IGF-1 levels comes from experiments conducted on
model organisms (e.g., mice) in controlled laboratory settings
and/or farm or breeding facilities (Puig and Tjian, 2006; Dantzer
and Swanson, 2012). The feeding patterns of these animals
(e.g., maintained unlimited access to food in lab condition)
may not reflect the natural feeding habits of wild populations.
Furthermore, laboratory and farm animals have been artificially
selected on specific traits, such as rapid growth and an early
onset of the reproduction, and therefore display different life
histories and physiological phenotypes (e.g., metabolism) from
wild animals (Petersson et al., 1996; Leili et al., 1997; Geiser
et al., 2007; Auer et al., 2016; Bolstad et al., 2017). Considering
that these traits correlate positively with IGF-1 levels (Frystyk
et al., 1999), the measured physiological responses to low food
availability may not reflect those of natural populations. Even
though we conducted our experiments in captive animals, our
study animals came from a natural population, therefore, it
can represent the natural variation in IGF-1 response to food
restriction.

Here, we uncovered large individual variation in the IGF-
1 reaction norms, and the next step is to identify how these
phenotypic differences are related to fitness. Dietary restriction
is the most robust intervention that extends lifespan and delays
ageing in various organisms, and it has been suggested that
adaptive plasticity in the insulin/insulin-like signaling pathway
underpins the physiological basis of this effect (Regan et al.,
2020). Indeed, variation in IGF-1 levels has been connected to
various life-history traits in vertebrates (Dantzer and Swanson,
2012). While IGF-1 is most often studied during post-natal
growth, there is growing evidence that variation in IGF-1 is
connected to fitness-related traits, such as lifespan and fecundity
(Lodjak and Mägi, 2017), oxidative stress (Vágási et al., 2020)
and ornament expression (Mahr et al., 2020; Lendvai et al.,
2021) in adult birds. Given these relationships and that after an
initial challenge IGF-1 levels do not return immediately to the
baseline level (Gabillard et al., 2006), we expect that the way
individuals react to variation in food availability may have longer-
term, adaptive consequences. Therefore, the temporary lack of
food could have a prolonged effect on reproduction via condition
dependent IGF-1 regulation.

In conclusion, our study provides novel information on the
existence of repeatable individual variation and multiple reaction
norms in IGF-1 levels in response to food restriction. The
variability of reaction norms can contribute to maintaining the
genetic diversity within populations. This has a major ecological
and evolutionary consequence because high genetic diversity
reduces bottlenecks caused by environmental challenges and
also involves the possibility of fast adaptation to the new
circumstances (Fisher, 1930; Bouzat, 2010). IGF-1 showed a
highly plastic response to one of the major environmental
challenges (food deprivation). Therefore, we propose that IGF-1
might hold a prominent role in shaping adaptive responses

to environmental changes, among other physiological variables,
which remains to be tested.
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