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Animal life requires hard work but the ability to endure such workload appears to
be limited. Heat dissipation limit (HDL) hypothesis proposes that the capacity to
dissipate the excess of body heat during hard work may limit sustained energy
use. Experimental facilitations of heat loss rate via feather-clipping in free-living birds
seem to support HDL hypothesis but testing of HDL through laboratory experiments
under controlled conditions is not reported. We employed a two-factorial experimental
design to test HDL hypothesis by manipulating the capacity to dissipate heat through
exposure of captive zebra finches (Taeniopygia guttata) to a cold and warm ambient
temperature (14◦C and 25◦C), and through manipulation of the insulating layer of
feathers around the brood patch in females (clipped and unclipped). To simulate foraging
costs encountered in the wild we induced foraging effort by employing a feeding
system that necessitated hovering to access food, which increased energetic costs
of reproduction despite ad libitum conditions in captivity. We quantified the outcome of
reproductive performance at the level of both parents, females, and offspring. Thermal
limitations due to warm temperature appeared at the beginning of reproduction for
both parents with lower egg-laying success, smaller clutch size and lower egg mass,
compared to the cold. After hatching, females with an enhanced ability to dissipate heat
through feather-clipping revealed higher body mass compared to unclipped females,
and these clipped females also raised heavier and bigger nestlings. Higher levels for
oxidative stress in plasma of females were detected prior to reproduction in warm
conditions than in the cold. However, oxidative stress biomarkers of mothers were
neither affected by temperature nor by feather-clipping during the reproductive activities.
We document upregulation of antioxidant capacity during reproduction that seems to
prevent increased levels of oxidative stress possibly due to the cost of female body
condition and offspring growth. Our study on reproduction under laboratory-controlled
conditions corroborates evidence in line with the HDL hypothesis. The link between
temperature-constrained sustained performance and reproductive output in terms of
quality and quantity is of particular interest in light of the current climate change, and
illustrates the emerging risks to avian populations.

Keywords: heat dissipation limit, reproduction, oxidative stress, sustained energy, nestling provisioning,
laboratory avian model, temperature manipulation
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INTRODUCTION

Energy is fundamental for life, its availability and use determines
the reproductive success and survival of organisms (Carey, 1996).
Along the annual cycle, animals often face challenging conditions
requiring particularly high levels of energy. During reproduction
for instance, adults spend an increased amount of energy for a
sustained period to establish a territory, find a mate, build a nest,
lay and incubate eggs, and finally raise their offspring (Drent
and Daan, 1980). While it is generally accepted that the rate
at which animals can expend energy is limited we lack detailed
understanding of such limitations (Drent and Daan, 1980;
Peterson et al., 1990; Weiner, 1992; Hammond and Diamond,
1997; Speakman and Król, 2010a). Several hypotheses suggest
that energy limitations can be imposed by either external (e.g.,
food availability; Speakman et al., 2003) or internal physiological
and morphological factors (Drent and Daan, 1980; Hammond
and Diamond, 1997; West et al., 1999). For instance, the capacity
to process and digest the incoming energy (“central limitation
hypothesis,” Drent and Daan, 1980; Koteja, 1996; Thurber et al.,
2019), to deliver nutrients to organs and tissues limits energy
(“metabolic theory of ecology,” West et al., 1999), or even
the working capacity of the organs themselves (“peripheral
limitation hypothesis,” Hammond and Diamond, 1997), may
constrain maximum and sustained energy expenditure. Lately,
it has been proposed that the capacity to dissipate the excess
of body heat may limit the use of energy, forwarded as the
heat dissipation limit (HDL) hypothesis (Król et al., 2007;
Speakman and Król, 2010b).

First observations of cold exposure as experimental
manipulation that enhances the rate heat is dissipated from
the body revealed that the capacity to thermoregulate in order to
avoid overheating may constrain reproductive performance and
thus optimization of energy use (Johnson and Speakman, 2001;
Król and Speakman, 2003). When exposed to a cold ambient
temperature of 8◦C during lactation (i.e., the most energetic
demanding phase) mice (outbred MF1, Mus musculus) increased
food intake, produced more milk and raised heavier offspring
compared to mice exposed to a higher ambient temperature of
21◦C (Johnson and Speakman, 2001; Król et al., 2007). Avian
heat production during reproduction seems less directly affected
as in mammals during lactation, but chick-rearing requires an
intensive physical workload for food provisioning. Zebra finches
(Taeniopygia guttata) raised offspring heavier in mass and a more
advanced in structural size (tarsus length at day 28 post hatching)
when exposed to a cold temperature of 14◦C than those, exposed
to 30◦C (Andrew et al., 2017) a temperature considered within
the thermoneutral zone (TNZ in zebra finches varies from
30◦C to 38◦C; Calder, 1964). Further studies have provided
support for HDL hypothesis by manipulating and enhancing
heat dissipation via decrease of insulation, either through fur
removal in mammals (Król et al., 2007), or feather-clipping in
birds (Nilsson and Nord, 2018). Increased ability to dissipate heat
via a feather-clipping in female blue tits (Cyanistes caeruleus)
seemed to have relaxed energetic limitations compared to
un-manipulated control birds (Nilsson and Nord, 2018); feather-
clipped females could minimize body mass loss compared to

controls and also raised heavier nestlings (Nilsson and Nord,
2018). Feather-clipped tree swallows (Tachycineta bicolor) raised
nestlings with higher body mass and maintained higher workload
and lower day-time body temperature, compared to controls
(Tapper et al., 2020a). Those effects of ambient temperature and
treatment with increased heat loss rate in both mammals and
birds seem to be consistent with HDL hypothesis in endotherms
(although see Thurber et al., 2019 for humans, Rogowitz, 1998;
Yang et al., 2013), resulting in high reproductive performance
and output. So far, evidence supporting HDL hypothesis in birds
exists only under field conditions while laboratory studies in
birds are yet to be implemented. Understanding the costs of
oxidative stress associated with thermal limitations, as well as the
costs associated with avoiding oxidative stress during periods of
high workload, is also required.

Aerobic metabolism results in reactive oxygen species
(ROS) production, and any imbalance between ROS and
the antioxidant defense mechanism toward ROS may come
with a consequence of oxidative stress damaging biomolecules
(Sies, 1997; Finkel and Holbrook, 2000; Alonso-Alvarez et al.,
2006; Rahal et al., 2014). However, organisms may employ
different ways to maintain oxidative balance. The first line
of protection tries to minimize ROS production within cells
either through membrane composition or uncoupling of oxygen
consumption and ATP production (Monaghan et al., 2009;
Alan and McWilliams, 2013). Antioxidant defense system comes
as a second line with antioxidants to counteract ROS and
plays a significant role in protection against oxidative stress
(Halliwell and Gutteridge, 1999; Garratt et al., 2011; Speakman
and Selman, 2011; Yang et al., 2013; Brzęk et al., 2014).
Antioxidants may occur in enzymatic and non-enzymatic form
in the intracellular and extracellular environment (Nimse and
Pal, 2015). Maintaining oxidative balance might be a challenge
when organisms face metabolic changes due to exposure to low
or high ambient temperatures or increased physical activities
during reproduction. For instance, current evidence shows that
breeding adults are rather confronted with a reduced amount of
antioxidant capacity (Wiersma et al., 2004; Losdat et al., 2011; van
de Crommenacker et al., 2012; Costantini et al., 2014a) implying
perhaps that breeding adults may not be able to invest enough
for self-maintenance (i.e., by self-feeding and hence increasing
antioxidant capacity with exogenous antioxidants) or reflecting
the antioxidant response to oxidative stress (Costantini, 2011).
On the other hand, oxidative damage is not always detected due
to elevated reproductive performance in both birds and mammals
(Ołdakowski et al., 2012; Brzęk et al., 2014; Costantini et al.,
2014b). Exposure to high ambient temperature may also cause a
series of physiological costs, such as increased body temperature
and metabolic rate and oxidative stress (Lin et al., 2006; Mestre-
Alfaro et al., 2012; Khan et al., 2021). Given the suite of benefits
of experimentally enhancing the excess of body heat during
reproduction, it is reasonable to suggest simultaneous benefits for
self-maintenance investing toward current reproduction. To the
best of our knowledge, there are only a few studies investigating
the consequences of ambient temperature in oxidative stress
during reproduction (lactating Mongolian gerbils; Yang et al.,
2013, see review in broiler chickens; Khan et al., 2021), and
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no study has been conducted until now to investigate the
benefits or costs in terms of oxidative stress under experimental
facilitations of the capacity to dissipate heat in endotherms
during hard work.

To test HDL hypothesis, we employed two separate
manipulations of the capacity to dissipate heat in captive
zebra finches (Taeniopygia guttata). In a two-factorial
experimental design, we manipulated the capacity to dissipate
heat through exposure of zebra finches to cold and a warm
ambient temperature (factor I, 14◦C and 25◦C respectively;
established 1 month before hatching), and through manipulation
of the insulating layer of feathers around the brood patch
(factor II, feather-clipped versus unclipped; applied on day 6
post-hatching). Initially, we estimated the effects of ambient
temperature on both parents by following egg-laying and egg
production. Female reproductive performance was determined
by measuring body mass and food intake during offspring
provisioning. Additional maternal measurements of several
oxidative stress biomarkers were implemented to increase our
knowledge on the potential costs or benefits when removing the
problem of heat dissipation. Reproductive output was estimated
by measuring body mass of the nestlings several times along
their development, tarsus (an indicator of skeletal development)
and wing length (a predictor for bone development and feather
growth) when nestlings reached almost a fully juvenile size
(35 days old). If indeed the metabolic performance is limited
by the capacity to dissipate body heat, we formulated several
predictions: (a) feather-clipped females will show higher body
mass and food intake than unclipped females, (b) the enhanced
ability to dissipate heat will enable females to invest more in
self-maintenance resulting in lower oxidative stress than the
unclipped controls, and this effect will be more pronounced in
warm compared to cold conditions, (c) females with increased
heat loss rate (either through cold exposure or feather-clip
treatment) will raise heavier and more developed nestlings than
the unclipped control females.

MATERIALS AND METHODS

Individuals and Temperature Set-Up
For this study, we applied two separate manipulations of the
capacity to dissipate heat using captive zebra finches (Taeniopygia
guttata) in a two-factorial experimental design. Temperature
manipulations influence the capacity to transfer body heat since
heat loss depends on the difference between the body and the
ambient temperature (Speakman and Król, 2010b), and thus,
before reproduction, we exposed total 82 pairs of birds to
14◦C and 25◦C with 39 and 43 pairs, respectively (factor I).
Both temperatures are considered below the thermoneutral zone
(TNZ) in zebra finches, which ranges from 30◦C to 38◦C (Calder,
1964; Briga and Verhulst, 2017). In the breeding season, zebra
finches under natural conditions may experience temperatures
ranging from 10◦C to 30◦C (even in some cases above 36◦C) but
most frequently they lay eggs at ambient temperatures of 18◦C
to 20◦C (Griffith et al., 2017). In laboratory conditions, ambient
temperature for breeding zebra finches is set from 18◦C to 22◦C

(Rutkowska et al., 2005; Williamson et al., 2008; Arct et al.,
2010; Olson et al., 2014) for high reproductive success. For this
reason, we applied two ambient temperatures with a difference
of at least ten degrees, one below 18◦C and one above 22◦C,
considering them as cold and warm, respectively. We monitored
egg-laying success and hatching success between the two ambient
temperatures. About 82% of the 39 pairs (32 out of 39) laid eggs
in the cold conditions, while about 51% of the 43 pairs (22 out
of 43) laid eggs in warm conditions. From those pairs that laid
eggs, a total of 26 out of 32 chicks hatched in cold conditions
and 18 out of 22 in the warm (χ2

= 0.002, p = 0.95). During
reproduction, and more specifically on day 6 post-hatching,
we applied our second manipulation of heat dissipation via
manipulation of the insulating layer of feathers around the brood
patch (factor II, feather-clipped versus unclipped females). At the
end, 26 out of 26 pairs successfully raised fully developed chicks
until independence at the cold conditions (14 feather-clipped,
12 unclipped), while 14 pairs out of 18 raised fully developed
chicks at the warm (7 feather-clipped, 7 unclipped) (χ2

= 6.35,
p= 0.01).

In each chamber, the ambient temperature was recorded
with six data loggers (thermochrons, DS1921H-F5, iButtonLink,
Maxim Integrated products, United States) and the humidity with
one additional (hygrochron, DS1923-F5, iButtonLink, Maxim
Integrated products, United States) to monitor and maintain
the ambient temperature and humidity within established levels.
All data loggers were synchronized at the same time to
record three times when lights were on (“daytime”) and three
times when lights off (“nighttime”). Temperature significantly
differed between daytime and nighttime for both chambers
(F1,7789 = 6.03, p < 0.001). Humidity significantly differed
between daytime and nighttime (F1,940 = 46.71, p < 0.001) but
it did not differ between the two chambers (F1,940 = 0.001,
p = 0.97). The summary of the statistics of temperature and
humidity separated for day and night for each chamber is shown
in Supplementary Table 1.

Acclimation Period
Our laboratory colony of zebra finches is usually habituated
in a common outdoor aviary at the Institute of Environmental
Sciences, Jagiellonian University, Krakow. Thus, at the beginning
of the experiment we moved the experimental birds and
separated them into the two indoor climatic chambers. Birds
were initially housed in individual cages (70 × 70 × 45 cm;
L × W × H) with two birds of the same sex in each cage and
visually separated from other birds. We let birds to acclimatize
for 2 weeks at the new laboratory conditions with a photoperiod
13:11 (L:D) with lights on at 7 AM and lights off at 8 PM. After
2 weeks of acclimation, we implemented a new feeding system
for every cage to increase physical activity and foraging costs for
all birds (see details below). The training procedure lasted for
2 months. When all birds were trained to the new feeding system,
we left them for 3 weeks at the ambient temperatures of 14◦C
and 25◦C before the mating (see a summary of the experimental
timeline in Supplementary Figure 1).

For this experiment, we implemented a feeding system for
every cage comparable to the “high foraging cost feeders” of
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Koetsier and Verhulst (2011). Such high foraging costs feeders
may increase foraging effort by increasing time for foraging and
the flights for obtaining food as it was previously shown for
zebra finches (Koetsier and Verhulst, 2011; Yap et al., 2017),
simulating foraging costs in field conditions. Female zebra finches
revealed to have increased flight muscle mass, lung mass and
heart mass in response to high foraging cost feeders compared to
females exposed to regular feeders (although no differences were
detected in males, Yap et al., 2017). Therefore, we constructed
a similar feeding system using a transparent plastic feeder and
opened one hole fitted with a tube. The feeder was mounted
40 cm from the floor of the cage and initially a wooden stick
of 15 cm was attached for perching. After 4 days, we gradually
shortened the wooden stick size down to 7 cm. Birds continued
to have access to food by perching on the wooden stick for a
total of 9 days, thereafter which we removed the perch to start
training the birds to fly toward the foraging hole and hover
briefly to collect the seeds (see Supplementary Figure 2 and
uploaded video at Supplementary Material). On the floor of
the cage, below the feeder, a plastic container and a covered
glass tube collected all the spilled seeds. This prevented the
birds to collect any spilled seeds on the floor and the containers
were emptied every second day. During the whole experiment
and reproduction, all birds had unlimited access to food (a
mixture of different millet species; Megan, Poland), but as
outlined we did increase their physical exercise for foraging to
simulate natural conditions. Birds were trained to the new high
foraging cost system for 12 days. For more information of the
training procedure and the hovering behavior of the birds, see
Supplementary Material.

Experimental Procedure
After the training to the new feeding system and 3 additional
weeks of acclimation period, we randomly mated the birds
with unrelated partners and randomly separated the pairs in
four different blocks. Each block was assigned for mating with
4 days of interval. On the mating day, each individual cage
was equipped with an internal carton-made nest box and nest-
material (wood wool and shredded toilet paper) which was
replaced every day until birds stopped using it. After the mating,
nest boxes were checked every morning between 10 AM and 11
AM in order to inspect the nest-building stage, the egg laying
date (females lay one egg per day early in the morning) and the
start of incubation. During the egg-laying period, we marked
all eggs alphabetically with a pen, in the sequence they were
laid, and each was weighed with an electronic balance (Kern
MM 60 2N ± 0.01, Kern & Sohn GmbH, Germany). When
incubation started, birds were supplied three times per week
with a small spoon of a mix of chopped hard boiled eggs (with
the shell), grated carrot and supplementary vitamins. Birds also
had unlimited access to water and to a piece of cuttlebone for
the entire period.

Adult Measurements
Just before mating, we caught all birds early in the morning to
measure initial body mass using an electronic balance (±0.1 g;
KERN 440-45N, Kern & Sohn, GmbH, Germany). When first

eggs hatched, which we assigned as day 0, we also measured
female body mass just after lights on, and repeated the body mass
measurement on day 4, 6, 8, 10, 12, 16, and day 35 (see also
Supplementary Figures 1, 5). At the same time that we caught
each female from the cage, we also measured nestlings to follow
growth rate (more details on nestling measurements see below).
On day 4, we removed the male from the cage to increase the
physical activity of the female, assuring that the reproductive
effort is only operated from a single parent. On day 6, we
applied the feather clip manipulation by trimming the feathers
around the brood patch and those covering the pectoral muscles.
We established two manipulation groups: feather-clipped and
unclipped females, which were handled and measured in the
same way but not feather-clipped (sham-manipulation). On day
12, just before lights off, we captured the females from inside
the nest-box and we performed respiratory measurements to
estimate thermal conductance of the females (for more details
see Supplementary Material). Feather-clipped females revealed
significantly higher thermal conductance, hence heat loss (up
to 9.5% increase), than the unclipped ones (Supplementary
Figure 4). Last, females were blood-sampled three times during
the experiment: (a) just before mating (after taking initial body
mass), (b) on day 13 just after respiratory measurements, and (c)
at the end of the experiment, on day 35, when chicks reached
full independence.

Nestlings
During the expected hatching date, we monitored the nests
every day between 10 AM and 11 AM to inspect for possible
newly fresh hatchlings. We distinguished day of hatching based
on the presence of eggshells’ leftovers and the appearance of
the hatchlings, since fresh hatchlings are reddish and wet. The
true hatching date was recorded as day 0 and the true age
of each hatchling was assigned accordingly. We immediately
weighed each hatchling with an electronic balance (Kern MM 60
2N± 0.01, Kern & Sohn GmbH, Germany), marked them by nail
clipping their claw and returned them to the nest. Body mass of
the nestlings was measured several times during mornings (from
7 AM to 10 AM) until they reached adult size to capture growth
rate (day 0, 4, 6, 8, 10, 12, 16, and day 35, see also Supplementary
Figure 5). On day 16, just before fledgling, we also ringed chicks
with an individually numbered aluminum ring and measured
tarsus and wing length. As a part of a different study, we collected
blood sample from all nestlings on day 16. Nestling survival
was followed up to 35 days of age, which was the last time we
measured their body mass, tarsus and wing length to estimate
their final adult size.

Food Intake
We estimated food intake by measuring the initial seed mass and
after 48-h period the final seed mass. For the food intake we also
took into account the spilled seeds in the container that were
not obtained and consumed from the birds. We measured food
intake over a 48-h period during the peak of food provisioning
and reproductive performance on day 4 to 6, day 6 to 8, day 8
to10, and day 10 to 12.
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Blood Sampling and Oxidative Stress
Biomarkers
We blood-sampled females three times: (a) before mating,
(b) on day 13, just after respiratory measurements, and
(c) at the end of the experiment, on day 35, when chicks
reached full independence. Blood sampling always took part
early in the morning just after lights on. After a brachial
vein puncture, we collected blood sample of 75 µl in
capillaries and stored in heparinized Eppendorfs 100 µl.
Blood sample was immediately centrifuged for 10 min at
3340 g to separate plasma (Centrifuge MPW-56, MPW
Med. instruments). Plasma sample was stored at −80◦C
until further analyses which took place within 1 month
after the end of the experiment. Following the protocol of
Costantini and Dell’Omo (2006) for the d-ROM test, we
estimated oxidative damage and the results are expressed
as mmol of H2O2 equivalents. The oxy-adsorbent (OXY)
test measures the total non-enzymatic antioxidant capacity
(Costantini and Dell’Omo, 2006) by quantifying the ability
of plasmatic antioxidants to cope with hypochlorous acid
(HClO); an endogenously produced oxidant. We followed
the protocol of Sudyka et al. (2016) and values are expressed
as mmol of HClO neutralized. The plasma concentration
of uric acid was measured by the endpoint uric acid
assay kit (Diacron International, Grosseto, Italy) and we
followed the protocol of Zagkle et al. (2020). All analyses
for the colorimetric assays were run in duplicate using
an absorbance reader (Sunrise, Tecan’s Magellan, Tecan
Trading, Switzerland). In the end, we estimated oxidative
stress index by calculating the ratio of the oxidative damage
to the total non-enzymatic antioxidant capacity in the plasma
multiplied by 1000.

Statistical Analysis
We performed all analysis using R computer software (R version
4.1.2, R Core Team, 2021). For the linear mixed effect models
we used lme4 package (Bates et al., 2015) and lmerTest package
(Kuznetsova et al., 2017) to calculate the degrees of freedom
and p values. Post hoc comparisons were performed using
Tukey method in case of two groups of means, and Sidak
method for multiple groups of means. Least square means
(LSM) and standard error means (±SE) were calculated using
emmeans package (Lenth, 2022). All non-significant interactions
(p > 0.05) were removed from the models. We checked all
our models for normality assumptions and homogeneity of
variance by visual inspection of the residuals and in some cases
variables (i.e., clutch size, uric acid and oxidative stress index)
were log-transformed to meet the assumptions of normality.
All figures presented are based on raw data. The sample
size in many biological experimental studies may not always
reach a sufficient amount (i.e., for logistic reasons as in this
study) and thus decreasing considerably the statistical power.
We, therefore, present and interpret the biological effects in a
language of evidence (Muff et al., 2022) and clarity (Dushoff
et al., 2019) rather than in the cut-off binary decision of the
p-Value < 0.05.

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

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

Oxidative Status
We tested for differences in oxidative stress biomarkers (response
variable) in females between the two ambient temperatures
(factor I) performing one-way ANOVA when sampled just before
reproduction. We sampled mothers at the nesting age of 13
and 35 days old, at the peak of food provisioning and toward
the end of offspring rearing respectively. The given oxidative
stress biomarker was set as a response variable and we added
nestling age (categorical variable with two levels: 13 and 35),
ambient temperature and the feather-clip manipulation groups
as predictors and their interaction as well. The body mass of
the female was included as a covariate, while the identification
number of the female was a random effect to account for the
repeated measures.

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

Nestling Development
(a) To test differences in body mass, tarsus, and wing length
(response variables) between the two ambient temperatures
(factor I) until the feather-clip manipulation that took place
on day 6 we performed linear mixed effect model including
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interaction between ambient temperature and experiment day.
Brood size was also included as a covariate to control for any
differences between small and large broods and the identity of the
female and the identity of the chicks were set as random effects.
(b) We performed linear models over the nestling age since the
relationship appeared to be linear (contrary to the asymptomatic
growth slope) to test differences in body mass, wing, and tarsus
length in nestlings (response variable) between the two ambient
temperatures (factor I) and the feather-clip manipulation groups
(factor II). For this model we included a third factor of the
experimental day (factor III; levels: day 8, 10, 12, 16, and 35)
and the interaction between the three factors (factor I × factor
II × factor III). The brood size was included as a covariate
to control for any differences in nestling development between
small and large broods. The identity of the chicks was included
as a random effect to account for the repeated measurements
during the development nested in the identity of the mother to
control for any dependence in the nestling development from
the same mothers.

RESULTS

Biparental Traits
A total of 82 pairs were exposed to either cold conditions of
14◦C (n = 39) or warm conditions of 25◦C (n = 43). Birds were
more successful in laying eggs at the cold compared to warm
conditions; about 82% of the 39 pairs (32 out of 39) in the cold
and about 51% of the 43 pairs (22 out of 43) in the warm laid eggs
(χ2
= 8.67, p= 0.003; Figure 1A). From those pairs that laid eggs,

a total of 26 out 32 chicks hatched in the cold, and 18 out of 22
in the warm. There was no evidence that ambient temperature
influenced hatching success (χ2

= 0.002, p= 0.95). When chicks
hatched (day 0), there was moderate evidence in clutch size
(after log-transformation) between the two ambient conditions
(F1,52 = 5.7, p = 0.02; one-way ANOVA, Figure 1B); females
in the warm laid significantly smaller clutches than the females
in the cold. Variation in egg mass (ANCOVA) was explained by
the ambient temperature (F1,49.5 = 5.7, p= 0.02; Figure 1C) and
female body mass (t = 2.52, F1,46.7 = 6.3, p = 0.01), while there
was no evidence that the clutch size had an effect on egg mass
(t = 0.91, F1,37.9 = 0.8, p= 0.36).

Female Traits
Body Mass
Initial body mass measured before mating did not differ
between the two ambient temperatures (F1,81 = 2.28, p = 0.13;
one-way ANOVA). Body mass decreased continuously from
the day that chicks hatched until day 6 (F2,78.6 = 297.8,
p < 0.001), but no difference was found between the two
ambient temperatures (F1,45.5 = 2.72, p = 0.11). Interaction
between ambient temperature and nestling age was found to be
statistically unclear. We applied the feather-clip manipulation
when chicks were 6 days old and there was no evidence that
the body mass of the females differ between the experimental
groups (F1,38 = 2.02, p = 0.16). Linear mixed effect model
analysis revealed that there was strong evidence that nestling

age was associated with female body mass (F4,157,0 = 44.4,
p < 0.001); body mass decreased significantly for all females
during nestling–rearing period. We found weak evidence for an
interactive effect between feather-clip manipulation and ambient
temperature (F1,36,9 = 3.7, p = 0.06). Unclipped females in the
warm temperature revealed the lowest body mass (11.9 ± 0.4;
LSM± SE) compared to the feather-clipped females in the warm
(13.2 ± 0.4; LSM ± SE), unclipped (13 ± 0.3; LSM ± SE)
and feather-clipped (12.9 ± 0.3; LSM ± SE) in the cold (model
results in Supplementary Table 2 and post hoc analysis in
Supplementary Table 3). We also performed ANCOVA for
female body mass (g) on day 16 and found moderate evidence for
an interactive effect between ambient temperature and feather-
clip manipulation (F1,37 = 4.26, p = 0.04). Unclipped mothers
in the warm temperature revealed the lowest body mass in
comparison to the other three groups (Figure 2A).

Oxidative – Antioxidant Status
Effect of Temperature Before Reproduction
There was no evidence for an influence of ambient temperature
on uric acid when birds were sampled in the morning,
just before mating (F1,72 = 0.61, p = 0.43; Figure 3A).
Similarly, no evidence of ambient temperature in non-enzymatic
antioxidant capacity (F1,69 = 0.25, p = 0.61; Figure 3B).
We found moderate evidence in oxidative damage, measured
as d-ROM, between the two groups of ambient temperature
(F1,73 = 5.36, p = 0.02); females in the warm conditions
revealed higher oxidative damage (LSM ± SE: 1.75 ± 0.07)
than females in the cold conditions (LSM ± SE: 1.49 ± 0.07)
(Figure 3C). Differences between the two ambient temperature
in oxidative stress index (after log-transformation), calculated
as the ratio of the oxidative damage to the total non-enzymatic
antioxidant capacity multiplied by 1000 (Costantini et al.,
2007), were not statistically clear (F1,68 = 2.46, p = 0.12;
Figure 3D).

Effect of Temperature and Feather-Clipping During
Offspring Rearing Period
We found no evidence for an interactive effect between sample
point, feather-clipping and ambient temperature in any of the
oxidative stress biomarkers and thus removed these from the
models. There was a statistical clear difference in uric acid
(after log-transformation) between the two sampling points
(F1,38.6 = 65.5, p < 0.001); uric acid in females was higher
at the end of the offspring rearing period (LSM ± SE:
−0.05 ± 0.07, on day 35) compared to the peak of offspring
rearing period (LSM ± SE: −0.76 ± 0.07, on day 13). While
ambient temperature did not explain any variation in uric acid
(F1,38.2 = 2.9, p = 0.09), there was moderate evidence that
feather-clip manipulation had an effect in uric acid (F1,39.0 = 4.6,
p = 0.03). Feather-clipped females regardless of the ambient
temperature revealed higher uric acid (LSM± SE:−0.28± 0.08)
than the un-manipulated (LSM ± SE: −0.53 ± 0.08) females
(Figure 3A). Non-enzymatic antioxidant capacity also differed
significantly between the two sampling points (F1,36.5 = 20.23,
p < 0.001); non-enzymatic antioxidant capacity was significantly
lower (LSM ± SE: 74.7 ± 5.5) in females toward the end of
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FIGURE 1 | (A) Egg-laying success in percentage (χ2
= 8.67, df = 1, p = 0.003), (B) clutch size (after log-transformation) and (C) egg mass (g) for the two ambient

conditions (14◦C and 25◦C). Different lower-case letters indicate statistical significance.

FIGURE 2 | (A) Body mass (g), (B) tarsus length (mm) and (C) wing length (mm) of the females. Body mass of the females is shown at nestling age of 16 days old.
Blue color stands for the cold conditions while red for the warm conditions. Filled symbols and boxplots represent unclipped mothers (control) while the open
symbols and boxplots the feather-clipped mothers. Boxplots show the median, the range and the inter-quartiles, and the symbols indicate individual values. Different
lower-case letters indicate statistical significance.

reproduction in comparison to the peak of offspring rearing
period (LSM ± SE: 106.6 ± 5.4) (Figure 3B). However,
neither ambient temperature (p > 0.05) nor feather-clip
manipulation (p > 0.05) explained variation in antioxidant
capacity. The effect of ambient temperature on oxidative
damage was statistically unclear (F1,36.5 = 0.17, p = 0.67) and
similarly the effect of feather-clip manipulation (F1,35.9 = 1.1,
p = 0.29). There was weak evidence that oxidative damage
differed between the two sampling points (F1,40.1= 3.1, p= 0.08);
oxidative damage was slightly higher at the end of offspring
provisioning period (LSM ± SE: 1.25 ± 0.05) on day 35 than
during the peak of offspring provisioning period (LSM ± SE;
1.13 ± 0.05) on day 13 (Figure 3C). Oxidative stress index
(after log transformation) did not differ between ambient
temperature groups (F1,37.39 = 0.87, p = 0.35) and feather-clip
manipulation groups (F1,36.58 = 1.34, p = 0.25) but differed
between the sampling points (F1,36.9 = 21.91, p < 0.001);
oxidative stress index was higher toward the end of offspring-
rearing period (LSM ± SE: −4.0 ± 0.09) compared to the

peak of offspring-rearing period (LSM ± SE: −4.55 ± 0.09;
Figure 3D).

Maternal Trait
We found statically clear differences in food intake (within
48-h period) between the two ambient temperature groups
(F1,32 = 15.41, p < 0.001; Figure 4); food intake in mothers
raising hatchlings 4 to 6 days old at the warm temperature was
lower (9.4 ± 1.4 g; LSM ± SE) than food intake in mothers
raising hatchlings from 4 to 6 days old at the cold temperature
(16.1± 0.9; LSM± SE). After the implementation of the feather-
clip manipulation, there were statistically clear differences in food
intake between the two ambient temperatures (F1,31.5 = 25.59,
p < 0.001) and the three sample points (F1,84.5 = 46.59,
p < 0.001). However, there was no evidence that feather-clip
manipulation had an effect in food intake from the mothers
(F1,31.5 = 0.01, p = 0.91). There was no evidence for a three-
way interaction between factor I, factor II and sample point
(p = 0.44). Brood size explained most of the variation in food
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FIGURE 3 | (A) Uric acid, log-transformed (mmol/L), (B) OXY (mmol HClO neutralized), a metric for non-enzymatic antioxidant capacity, (C) dROM (mmol/H2O2

equivalents), a metric of oxidative damage and (D) oxidative stress index, calculated as the ratio of the oxidative damage to the total non-enzymatic antioxidant
capacity multiplied by 1000, in plasma concentration of the mother zebra finches (Taeniopygia guttata). At the left panel biomarkers are shown when sampled before
reproduction and tested for differences using one-way ANOVA (factor I: ambient temperature) and at the right panel during offspring rearing period at nestling age of
13 and 35 days old (blood sample 2 and 3 respectively) tested with linear mixed effect model (factor I, factor II and blood sampling as a third factor). Blue color
stands for the cold conditions while red for the warm conditions. Filled symbols and boxplots represent unclipped mothers (control) while the open symbols and
boxplots the feather-clipped mothers. Boxplots show the median, the range and the inter-quartiles, and the symbols indicate individual values. Different lower-case
letters indicate statistical significance.
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FIGURE 4 | Food intake within 48-h period of the mothers between cold and warm conditions and after the feather-clip manipulation at day 6 food intake between
feather-clipped and unclipped mothers raising chicks at the warm (red color) and cold (blue color) ambient temperature. Different lower-case letters indicate
statistical significance.

intake (F1,34 = 20.5, p < 0.001). Food intake of the females
increased along the development of the chicks, and it was lower
for the females breeding in the warm conditions compared to
the higher food intake of the females breeding in the cold
conditions (Figure 4).

Offspring Traits
There is no evidence that body mass of the hatchlings differed
between the ambient temperature conditions (F1,47.2 = 0.27,
p = 0.6) from when eggs hatched (day 0) until the day of
the feather-clip manipulation (day 6). The interaction between
ambient temperature and nestling age was statistically unclear
(F1,271.3 = 0.74, p = 0.47). There was strong evidence that
body mass of the nestlings differed with the nestling age
(F1,271.3 = 491.54, p < 0.001) and there was moderate evidence
that the brood size had an effect on body mass (F1,55.37 = 4.29,
p= 0.04).

After the feather clip manipulation (day 6), we found
moderate evidence for an interaction between ambient
temperature (factor I), feather-clip manipulation (factor II)
and the nestling age (factor III); factor I × factor II × factor III
(F4,465 = 3.64, p = 0.01, see Supplementary Figure 5B). At the
age of 35 days old, nestlings raised from unclipped females at
warm ambient temperature had lower body mass compared to
feather clipped females at the warm temperature compare to all
three other groups, while no differences were detected during the
nestling development (Figure 5A and Supplementary Table 4).
Chick mass depended also on the brood size (F1,39.8 = 5.8,
p= 0.02; Supplementary Table 5).

For the tarsus length of the chicks, we detected statistically
clear interaction between ambient temperature and feather-clip
manipulation (factor I × factor II, F1,115.5 = 9.07, p = 0.003).
Chicks raised from the unclipped females at warm conditions
had smaller tarsus length (mm) in comparison to the other
three groups; warm feather-clipped, cold unclipped and cold
feather-clipped (Figure 5B). Tarsus length was positively related
to nestling age (tarsus length increased with increasing age from
16 to 35 days old; F1,102.97 = 88.96, p < 0.001), while brood

size on day 35 did not explain any variation of tarsus length
(F1,117.06 = 9.07, p = 0.76). On the other hand, wing length was
not affected by either of the two manipulations (factor I and factor
II) but significantly related to nestling age; wing length was higher
with increasing age (from 16 to 35 days old; F1,114.59 = 2233.67,
p < 0.001).

DISCUSSION

First signs of reproductive limitations in line with the heat
dissipation limit hypothesis (HDL, Speakman and Król, 2010b)
appeared on the level of reproductive performance of both
parents, in that breeding pairs at warm temperature were less
successful in producing a clutch compared to the breeding
pairs at the cold (Figure 1A). Egg production in terms of
egg number and mass was significantly lower under warm
compared to cold ambient temperature (Figures 1B,C), which
is consistent with previous findings revealing decreased egg size
and mass (Williams and Cooch, 1996; Schaper and Visser, 2013)
with increasing ambient temperatures (but see Griffith et al.,
2020). In addition, breeding zebra finches showed decreased
egg mass and clutch size when exposed to a high foraging
cost feeder similar to the one we implemented (Yap et al.,
2021). Here, we suggest that reduced clutch size and egg
mass in the warm conditions resulted from a combination of
both warm temperature and elevated foraging costs. Physical
exercise increases heat production and thus combined with
warm ambient temperature during reproduction resulted in
lower reproductive output suggesting that the capacity of heat
dissipation may indeed be important. By feather-clipping females
around the brood patch and the pectoral muscles, we enhanced
heat dissipation capacity up to 0.03 W (9.5%) compared to
the unclipped females (for further details see Supplementary
Material). Results on maternal reproductive performance clearly
support HDL hypothesis with unclipped females revealing lower
body mass maintenance compared to the females with increased
heat loss rate. Warm ambient temperature combined with
enhanced physical activity appeared to negatively affect oxidative
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FIGURE 5 | (A) Body mass (g), (B) tarsus length (mm), and (C) wing length (mm) of the nestlings raised in cold (14◦C, blue color) and warm conditions (25◦C, red
color) on day 35. Filled symbols and boxplots represent nestlings raised by the unclipped mothers (control) while the open symbols and boxplots nestlings raised by
the feather-clipped mothers. Boxplots show the median, the range and the inter-quartiles, and the symbols indicate individual values. Different lower-case letters
indicate statistical significance.

damage in females prior to reproduction, whereas oxidative stress
biomarkers were unaffected by both treatments, temperature,
and feather-clip manipulation, during and toward the end of
the reproductive activities. Even though food intake did not
differ significantly between the clipped and unclipped groups, the
variation might be masked by the food intake obtained by the
mother and lack of direct measurements of food passed on to the
nestlings. Offspring development was affected indirectly by our
maternal manipulations of heat dissipation capacity, with smaller
size and lighter mass of nestlings raised by the unclipped – and
thus constrained in heat dissipation – mothers compared to the
clipped mothers, corroborate evidence on HDL hypothesis. Our
two-factorial experimental design indicates that warm ambient
temperature limits energy expenditure during highly intensive
activities like reproduction and that experimentally releasing the
heat burden through feather clipping does relax the thermal
limitations. Heat dissipation capacity appears as limitation of
sustained performance.

Heat Dissipation Limitations in Breeding
Females
All mothers gradually decreased their body mass during nestling
rearing period (Supplementary Figure 5A), but un-manipulated
mothers in the warm revealed lower body mass when nestlings
reached 16 days old compared to the other three groups of
mothers eased of heat constrains (Figure 2A). This suggests that
unclipped mothers in the warm were limited by the capacity
to heat dissipate. The differences in body mass cannot be
explained from the food intake, since food intake, even though
dependent on ambient temperature, was independent of the
feather-clip manipulation (Figure 4). Body mass loss during
reproduction has been previously observed in birds and it has
been formulated as a consequence of either a consumption of
the energy reserves (“cost of reproduction” hypothesis) or an
adaptation to lower the flight costs of adults during nestling
rearing (“mass-adjustment” hypothesis) (Hillström, 1995). In this
study, birds had unlimited access to food during a 13 h-period
of daylight and thus the hypothesis that birds were not able to

replenish their energy stores may not be supported by the “cost
of reproduction” hypothesis. Maternal feather-clip manipulation
in blue tits (Cyanistes caeruleus) enhanced heat loss by 0.09 W
and revealed lower body mass loss in feather-clipped females
compared to the unclipped ones when nestlings were at 14 days
old (Nord and Nilsson, 2019). This is in line to the results
of our present study, even though the difference in heat loss
is smaller (0.03 W). Higher energy expenditure induced by an
experimentally enlarged brood size in great tits (Parus major)
was negatively related to body mass (Nadav, 1984), and Nord and
Nilsson (2019) suggested that unclipped females may have lost
more body mass due to the higher energetic costs of panting to
dissipate heat compared to the feather-clipped ones. Panting is a
known mechanism in passerines for heat dissipation (McKechnie
and Wolf, 2019) and more likely to take place during high
ambient temperatures (Oswald et al., 2021), and during singing
increasing heat loss (Pessato et al., 2020). Panting requires a
high amount of water expenditure causing changes in blood
chemistry (Calder and Schmidt-Nielsen, 1966; Schmidt-Nielsen,
1972), and perhaps unclipped mothers in the warm in our study
may have used more energy to dissipate heat via panting (or
via singing) compared to the clipped mothers in the warm (and
both experimental groups in the cold) explaining the body mass
difference. We did observe that birds in the climatic chamber
with warm temperature were more likely to sing than birds in the
cold climatic chamber (pers. observations), but such observations
require further experimental testing. Also, body temperature rises
during exercise (Ward et al., 1999; Guillemette et al., 2016) and
this rise becomes more pronounced with increasing ambient
temperatures (Tucker and Noakes, 2009; Tapper et al., 2020a).
When body temperature reaches lethal levels as shown in tree-
swallows during offspring provisioning period (i.e., 15% of all
observations exceeded 43◦C; Tapper et al., 2020a), organisms
have evolved different mechanisms to avoid any irreversible
physiological damage (i.e., pacing strategy in human athletes;
see review in Tucker and Noakes, 2009). Eider ducks (Somateria
mollissima) also stop their flights when body temperature rises
(Guillemette et al., 2016). Lowering the pace may explain high
body mass loss in unclipped birds at the warm temperature.
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Unclipped females breeding in warm conditions, hence with heat
dissipation limitations, may have lost body mass as a strategy
to lower metabolic heat production. For instance in humans,
runners with lower body mass revealed an advantage of decreased
heat production and thus were able to run faster than heavy
runners under the hot ambient temperature of 35◦C (Marino
et al., 2000). In summary, the body mass changes of mothers
in response to two manipulations provide strong experimental
support that the capacity to dissipate heat may indeed represent
a limit during sustained parental workload.

Enhancing the Ability to Heat Dissipate
and Oxidative Stress
Since metabolic rate is affected by ambient temperature
(Scholander et al., 1950), production of reactive oxygen species
(ROS) is likely to be also affected by environmental temperature
(Selman et al., 2000; Blagojević, 2007; Monaghan et al.,
2009). In this study, after 3 weeks of acclimation to the
climatic conditions, zebra finches were sampled just before
reproduction and revealed higher levels of oxidative damage
at the warm ambient temperature than the cold temperature
(Figure 3C). Acute exposure in high ambient temperatures
and/or simultaneous physical activity may induce oxidative stress
(Lin et al., 2006; Mestre-Alfaro et al., 2012). Exercise produces
heat and in combination with warm ambient temperature
likely caused a surplus of body heat; this may explain the
higher levels of oxidative damage compared to the cold we
found before the reproductive event. However, oxidative damage
and non-enzymatic antioxidant capacity during chick-rearing
period appeared unaffected by both manipulations, such as
ambient temperature and feather clipping. Mongolian gerbils
(Meriones ungulicatus) exposed to 10◦C, 21◦C, and 30◦C during
reproduction also did not reveal differences in various markers
of oxidative stress (Yang et al., 2013), similar outcome to this
study. High levels of oxidative damage were detected in zebra
finches when exposed in high temperatures (38◦C and 42◦C)
during their adulthood, but this effect did not appear in birds
that experienced heat-exposure in their early life (Costantini
et al., 2012). Previous experience or duration (acute or chronic)
of the exposure to the temperature may thus explain the fact
that we detected differences in oxidative damage at the early
stage of the experiment but not later during the reproductive
events. The oxidative damage that birds experienced at the
beginning, through increased physical activity at warm ambient
temperatures, may have driven changes in the line of the
antioxidant defense mechanisms, such as the non-enzymatic
antioxidant capacity and uric acid (Ji, 1999; Stier et al., 2019).

Non-enzymatic antioxidant capacity of females in this study
was lower toward the end of nestling-rearing period compared to
the peak regardless of ambient temperature and feather-clipping
(Figure 3B), confirming that the antioxidant capacity can be
up-regulated for the reproductive activities (Costantini et al.,
2014a). During intensive physical activities such as reproduction,
organisms use antioxidants for maintaining oxidative balance.
Ad libitum access to food in this study gave the opportunity of
the mothers to upregulate their antioxidant defenses (Speakman

and Garratt, 2014), thus avoiding the risk of further oxidative
stress. An opposite pattern in uric acid was detected with higher
uric acid toward the end of reproduction. In birds, uric acid
has been suggested to act as endogenously produced antioxidant
when oxidative stress is encountered (Tsahar et al., 2006; Alan
and McWilliams, 2013). For example, uric acid was found
to be positively related with allantoin (its’ oxidative product)
in white-crowned sparrows during intensive exercise (Tsahar
et al., 2006). High levels of uric acid were observed in godwits
prior to migratory flight, which perhaps was caused from the
breakdown of proteins that originate from body tissue (Gutiérrez
et al., 2019). Here, when the up-regulated antioxidant capacity
was reduced, then the uric acid took over toward the end
of the reproduction and most of the variation was explained
mainly by the feather-clip treatment regardless of the ambient
temperature (Figure 3A). Feather-clipped females due to higher
energetic investment to raise large and heavier offspring (higher
reproductive output) entailed catabolism of proteins possibly due
to lower investment for self-maintenance, and uric acid activated
to diminish any further physiological costs. In conclusion, both
oxidative stress biomarkers, non-enzymatic antioxidant capacity
and uric acid, suggest that mothers during offspring-provisioning
period did encounter oxidative stress and thus drove changes
for the upregulation of antioxidant capacity and uric acid to
protect for further costs. However, we should be cautious when
interpreting the data of oxidative stress since this study is based
on a limited number of assays only in plasma, without measuring
enzymatic antioxidants or ROS production and is known that
different assays or tissues may bring different results (Speakman
and Garratt, 2014). Feather-clip manipulation influenced uric
acid, suggesting that females eased from thermal limitations may
increase energetic investment toward current reproduction, but
this may also come with a cost of encountering oxidative stress,
perhaps with lower future reproduction.

Nestling Development Constraints
Maternal treatment (i.e., feather-clipping) not only affected their
own body mass over the course of the reproductive event and
possibly oxidative stress but also nestling development and the
interactive effect was only detected at the nestling age of 35 days
old (Figure 5B and Supplementary Figure 5B). At the nestling
age of 35 days zebra finches reach almost a fully developed
juvenile size and move toward independence from their parents
(Zann, 1996). Nestling zebra finches produced in 30◦C ambient
temperature were smaller in body mass and tarsus length than
those in 18◦C; however, these differences were only visible at
the age of 28 days, but not at the age of 12 days (Andrew
et al., 2017). This outcome is similar with our findings, in
which reduced offspring mass and size were observed at the
warm temperature raised by unclipped females on day 35, when
nestlings reached nearly fully developed juvenile size, and no
differences were observed in the early stages of development.
Parental care and offspring development are closely coupled
(Ricklefs, 1984; Zann, 1996) and it is unclear if the effect during
the last stage of development is due to cumulative effects over
the development of the offspring or due to the difficulty to
quantify the effects of maternal care at the early stages of nestling
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development. For instance, the early stage of development is
characterized by intensive nestling signals, such as begging calls,
that may modify and influence parental care and the level of food
provisioning (Leonard and Horn, 2001). Begging calls take part
in young zebra finches up to 14-16 days old and after fledgling
young ones are less active and beg just before feeding bout
(Zann, 1996). Even though mothers were constrained by the heat
dissipation capacity, they were rather modulating maternal care
due to nestling signals, hence masking any effects at the early
stage. Perhaps, any effects of thermal constrains during sustained
parental workload are more likely to shape offspring development
at the later stage of development.

Any conditions experienced during a specific biological stage
very often impact the performance of the individuals at the
subsequent biological stage (Blomberg et al., 2014). When zebra
finches bred in two ambient temperatures of 18◦C and 30◦C,
nestlings raised in the hot temperature were lighter and smaller at
28 days than those raised in the cold but the effect of body mass
was removed when they reached 90 days old (complete juvenile
size) and only the effect in tarsus remained (Andrew et al., 2017),
a partial “catch-up.” Here, nestlings raised by the unclipped
mothers in the warm differed significantly in body mass and
tarsus length compared to the other three groups, while wing
length remained unchanged (Figures 5B,C). We did not follow
their post-juvenile development (as in the study of Andrew et al.,
2017) and we do not know whether nestlings were able to catch
up with increasing their body mass. Tarsus length represents
skeletal size in birds and may act as a “thermal window” which
may serve for heat dissipation (Speakman and Ward, 1998).
For instance, Allen’s rule suggest that small morphological traits
should rather reflect an adaptive response to cold climates for
heat conservation and large in warm climates for higher heat
loss. Reduced body size is associated with warm climates, while
increased with cold ones following Bergmann’s rule (Ashton,
2002; Cunningham et al., 2013; Kruuk et al., 2015; Andrew et al.,
2017; Oswald et al., 2021). However, here we found that nestlings
raised by the feather-clipped females in the warm were larger
than those raised by unclipped, suggesting that the mechanistic
link between the climate experienced during development and
the body size is likely driven by the physiological constrains
of parental care and food provisioning. Wing length represents
both skeletal size and feather growth, which depends on other
factors like for example nutritional supply (Senar and Pascual,
1997; Oswald and Arnold, 2012; Andrew et al., 2017). Feathers
require necessary nutrients for growth (Hill and Montgomerie,
1994) and nestlings in this study even though we observed
differences in body mass and tarsus length, wing length was
unaffected that may be explained by the similar amount of
nutrients obtained through the seeds. In addition, tarsus size
of the nestlings at this stage (35 days old) was more developed
close to adult size (Figures 2B, 5B) while wings were not fully
developed (see differences in female and offspring wing length;
Figures 2C, 5C). Perhaps any effects on wing length could be
detected later when wings are fully developed close to adult
size. Low mass and small structural size in nestlings implies
lower survival probability (Magrath, 1991; Schwagmeyer and
Mock, 2008; Ronget et al., 2018) and Tapper et al. (2020b) show

evidence that nestlings with lower mass and size raised from
unclipped mothers were less successful to fledge than those
raised from the feather-clipped mothers. The observed effects
on nestling size and mass provide strong evidence that HDL
plays a pivotal role in reproductive success and thus fitness
of the organisms.

We predicted that feather clipping compared to unclipped
treatment would remove the thermal limitations on reproductive
performance at both ambient temperatures, but we can confirm
this prediction only for the high and not for the low
ambient temperature. Clearly, the difference between clipped
and unclipped birds for the high ambient temperature is in
agreement with HDL hypothesis, but the effect of clipping at the
low ambient temperature may rather hint to opposite thermal
constrains. Cold ambient temperature in combination with the
feather-clip manipulation may have enhanced heat dissipation
so much that birds now face an additional energetic burden for
thermoregulation, namely to remain normothermic and not to
cool out to much (Sadowska et al., 2019). Possibly, the activity
levels modulate the impact of the feather-clipping treatment
and females in the cold must allocate energy to remain warm
when they are not active. In high ambient temperature clipping
would improve the thermoregulation of the active birds, reducing
their costs of thermoregulation. The effects of clipping on the
energy balance of active birds in cold temperature and of inactive
birds in high temperature should be intermediate. While we
observe food intake difference only between warm and cold
treatment and not between the feather manipulations, we do
observe body mass effects on females and offspring and structural
size effects on offspring only in the difference between clipped
and unclipped females at the warm ambient temperature and
not in the cold. Non-enzymatic antioxidant capacity decreased
for all females during nestling-rearing period (Figure 3B),
uric acid increased, but this was more pronounced for the
feather-clipped females, both in warm and cold temperature,
than the control (Figure 3A). These results may suggest the
upregulation of the antioxidant defense system could neutralize
the adverse effects of oxidative stress (Alan and McWilliams,
2013; Gutiérrez et al., 2019) but the mechanism may differ
between the ambient temperatures. The association between
reproduction and oxidative stress is rather complex and may also
act as a constrain. Experimentally induced oxidative stress in
canaries (Serinus canaria) delayed the hatching date and affected
the clutch size (Costantini et al., 2016), suggesting that indeed
oxidative stress may act as a constrain during reproduction. On
the other hand, even if females were able to increase energy
toward reproductive output avoiding oxidative stress, it may not
necessarily be an advantage of the nestlings to gain more mass or
develop larger beyond the observed levels (Blanckenhorn, 2000).
Thus, it would be interesting to experimentally enhance energetic
demands through an enlarged brood size and investigate whether
breeding animals released of thermal constraints may raise
energy expenditure. To conclude, this study corroborates HDL
hypothesis, but it also indicates that alternative limitations are
likely occurring during reproduction and these may even entail
a differential view of opposing thermal limitations between active
and non-active phases.
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CONCLUSION

Our study under controlled laboratory conditions provides
now comprehensive support for the HDL hypothesis and
adds up to the current evidence accumulated for free-living
birds that also support HDL hypothesis (Nilsson and Nord,
2018; Nord and Nilsson, 2019; Tapper et al., 2020a,b). We
consider the simulation of high foraging costs of free-living
birds despite the typical ad libitum access to food in the
laboratory as important requirement for meaningful testing
of HDL hypothesis in captive species. Under the scenario
of contemporary climate change, which is characterized by
continuously rising ambient temperatures and extreme weather
events such as heat waves (Ummenhofer and Meehl, 2017),
thermal limitations can be expected to impose even bigger
and strenuous challenges for organisms in general, and during
reproduction in particular. Higher-than-normal temperatures
may induce oxidative stress which also seems to be the driver for
changes in the line of antioxidant defense, but further research is
required to understand potential trade-offs between management
of oxidative stress under thermal limitations and body condition.
Oxidative stress avoidance during reproduction might be the key
to understand the allocation of resources to either current or
future reproduction. Any challenges due to high temperatures
during reproductive events may suppress both current and
future reproduction (see also Andreasson et al., 2020), and
consequently setting limits to species distribution. Our research
under controlled conditions provides clear understanding on
thermal limitations to influence reproductive output in terms
of quantity and quality. Such detailed understanding of what
limits species distribution and fitness may enable us to tailor
conservation approaches that are particularly needed under the
current global change scenario.
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