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Weather influences both the distribution and life-history strategies of birds. Temperature
ranks amongst the more important weather parameters in this regard since warming
springs in temperate and high latitudes and more frequent heat-waves globally have
caused major changes in breeding phenology and negatively affected adult and juvenile
survival, respectively. Both long-term and stochastic changes in temperature can have
fundamental consequences for avian reproduction even when the effects are not lethal,
such as via thermal constraints on parental provisioning and chick growth. To date, most
of what we know about temperature effects on nestling development and parental effort
during reproduction is based on correlative data. In addition, an increasing amount of
evidence indicates that temperature change also significantly affects birds that breed in
cooler temperate areas, which so far has been somewhat overlooked. Therefore, in this
perspective piece, we outline the existing literature on temperature effects on nestling
development and parental behavior, with an emphasis on what needs to be done to
address the causal effects of temperature change on avian reproduction under climate
change. We finish by providing an outlook over future avenues of research, and give
suggestions of some specific areas that might be especially promising in developing this
field of research.

Keywords: body temperature, climate change, life history, heterothermy, hyperthermia, overheating,
reproduction, trade-off

INTRODUCTION

Weather and climate have profound effects on the distribution, reproduction, survival and behavior
of birds. Two well-known examples are earlier egg laying to track warming springs and increased
mortality under extreme weather events. Warmer spring temperatures in temperate and high
latitudes have induced phenological shifts to synchronize the start of reproduction with earlier
leafing and flowering of plants and the consequently advanced peak of caterpillar abundance (Crick
et al., 1997; Visser et al., 1998; Dunn and Winkler, 1999; Sanz, 2002; Charmantier et al., 2008;
Källander et al., 2017). Extreme weather events, such as heat waves, occur with increasing frequency
around the globe and are predicted to continue to do so (Coumou and Robinson, 2013; Mutiibwa
et al., 2015). This has been implicated as a cause of mass mortality events in several taxa, including
birds (McKechnie et al., 2012; Fey et al., 2015), and has been suggested to be the driver of the
collapse of entire bird communities (Riddell et al., 2019).

All temperature effects are not as apparent and dramatic, but can still influence physiology and
behavior with downstream consequences for life-history decisions. Because birds are endothermic
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and largely homeothermic, they use a suite of behavioral
and physiological responses to avoid overheating when air
temperature increases. The risk of overheating can be reduced
by seeking shade, resting, and drooping the wings (e.g., Smit
et al., 2016; Pattinson et al., 2020), which lowers both heat gain
and production. When air temperature increases above body
temperature, the bird can only lose heat by evaporative cooling.
Birds from some orders, such as nightjars and doves, have
a substantial evaporative cooling capacity via both cutaneous
and respiratory pathways (Smith et al., 2015; McKechnie et al.,
2016; O’Connor et al., 2017; Talbot et al., 2017). Other groups,
such as songbirds, rely largely on respiratory heat loss through
panting, which is less effective and also involves physical
work that increases heat production (Whitfield et al., 2015;
McKechnie et al., 2017; Smith et al., 2017). Some of the
water- and energy costs of high temperatures can be mitigated
by a controlled increase in body temperature, “facultative
hyperthermia” (e.g., Nilsson et al., 2016; Gerson et al., 2019). This
reduces the need for heat dissipation by reducing the thermal
gradient between the body and the surroundings, meaning
less energy and water is needed to fuel evaporation. While
these responses mostly allow the bird to avoid overheating,
they are connected to other costs. For example, sustained
periods of above-normal body temperature are damaging for
cell membranes and may cause oxidative stress (Lin et al., 2006;
Daniel et al., 2010; Del Vesco et al., 2015). Moreover, time
and energy that is devoted to keeping cool must be procured
from other competing demands. It follows that increased
investment in thermoregulation could reduce time for other
parts of self-maintenance or reproduction in adults, and draw
resources away from growth in developing nestlings. Thus, even
sub-lethal effects of high temperature are expected to cause
population declines through constraints on foraging behavior
(Conradie et al., 2019), and higher-than-normal temperature
during embryonic or chick development can alter nestling
physiology for the duration of the birds’ life (reviewed in
Nord and Giroud, 2020).

Much of what we know about the adverse effects of high
temperature is derived from studies on birds in already hot
and dry climates, where additional thermoregulatory challenges
to an already challenging life brings effects ranging from
devastating to unbearable (McKechnie and Wolf, 2010; Conradie
et al., 2019, 2020; Riddell et al., 2019). However, this work
is largely correlative, which complicates interpretation of the
causal role of changing air temperature in explaining the
observed effects. By comparison, we still know relatively
little about how increasing temperature and heat waves affect
physiology and behavior in adults and chicks in cooler parts
of the world. Slight increases in temperature in such biomes
could prove beneficial in situations where chick growth is
thermally constrained (see below). On the other hand, it is also
conceivable that heat waves could have serious consequences
since there has likely been, at most, weak selection for heat
dissipation and tolerance in temperate regions. Hence, it is
clear that we have yet to understand many aspects of the
causal effects of air temperature on nestling development and
parental effort.

In this perspective paper, we outline the available evidence
for heat wave- and temperature change effects and discuss these
findings in light of ongoing climate change. We will emphasize
that experimental studies are currently in high demand if we
are to understand the causality of how future thermal challenges
may alter breeding investment and, hence, the trade-off between
current and future reproduction. We finish by outlining a
number of research trajectories that we believe are the most
urgent to address in future work. We will focus on studies
on wild birds since those are more likely to be immediately
affected by climate change compared to production animals
inside temperature-controlled facilities (but see e.g., Naga Raja
Kumari and Narendra Nath, 2018). Furthermore, analogous
effects in poultry are covered in detail elsewhere (Yahav, 2009;
Loyau et al., 2015; Nord and Giroud, 2020).

EFFECTS OF NATURAL VARIATION IN
TEMPERATURE ON NESTLINGS

There is substantial variation in the reported effects of
temperature on nestling growth and thermoregulation. Much
of this variation can probably be explained by geographical
location. For example, high air temperatures in already warm
and arid parts of the world negatively influence body mass
(Murphy, 1985; Cunningham et al., 2013; Salaberria et al.,
2014), structural size (Cunningham et al., 2013; Salaberria
et al., 2014), nestling mortality (Murphy, 1985), fledging success
(Cunningham et al., 2013), and post-fledging survival (Greño
et al., 2008). In contrast, high air temperatures in cooler
temperate areas can have positive impact on nestling growth
(McCarty and Winkler, 1999; Eeva et al., 2002). Other studies
have found that nestling growth benefits from stable nest
temperatures, but that variable or too high nest temperatures
adversely affects growth (Lloyd and Martin, 2004; Larson et al.,
2015) and fledging success (Ardia, 2013; Larson et al., 2015).
However, air or nest temperature alone is probably inherently
correlated with variation in food availability and, hence, parental
effort. Although path analysis may aid in separation of direct and
indirect effects of temperature (see McCarty and Winkler, 1999;
van de Ven et al., 2020) we still need studies that experimentally
manipulate nest temperature to unambiguously evaluate the
causal role of increasing temperature from environmentally
driven effects on parental effort and provisioning.

EFFECTS OF MANIPULATION OF NEST
TEMPERATURE ON NESTLING GROWTH
AND THERMOREGULATION

Surprisingly few studies have experimentally manipulated
nest temperature after hatching, and those that have done
so were all conducted at relatively high latitudes. Rodríguez
and Barba (2016a,b) found that both increased and decreased
nest temperature had negative effects on the growth of
great tit (Parus major) nestlings in a Mediterranean habitat
and that heated nestlings suffered reduced post-fledging
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survival (Rodríguez et al., 2016). This suggests that natural nest
temperature was close to optimal for nestling development. In
contrast, Dawson et al. (2005) found that moderate heating of
tree swallow (Tachycineta bicolor) nests increased both nestling
growth and fledging success in a northern, temperate area. These
studies did not record changes in nestling body temperature
or any other metabolic responses to the manipulation. Thus,
we do not know if the effects of changing temperature can be
explained by alteration of the ontogeny of thermoregulation
in the nestlings. Andreasson et al. (2018) heated blue tit
(Cyanistes caeruleus) nests and measured both nestling growth
and thermoregulatory responses to the manipulation. These
authors found that nestlings in heated nests had a higher
body temperature and lower body mass gain throughout the
nestling period. Body temperature was high and stable in the
heated group even at developmental stages where the control
birds were poikilothermic. Hence, it is conceivable that the
suppressing effects on growth were, at least partly, explained
by increased allocation of resources to thermoregulation. Yet,
Andreasson et al. (2018) found no effects on mortality in the nest
and, surprisingly, reported slightly higher apparent long-term
survival in heated nestlings.

EFFECTS OF TEMPERATURE ON
PARENTAL FORAGING AND EFFORT

In already hot and dry environments, high air temperatures
commonly result in reduced foraging rate, mostly due to
increased resting during the hottest parts of the day (Tieleman
and Williams, 2002; Edwards et al., 2015; Funghi et al., 2019).
In addition, foraging success also declines with increasing air
temperature, either due to difficulties in combining foraging with
behaviors promoting heat dissipation (du Plessis et al., 2012) or
due to reduced food availability when prey seek shelter from high
temperatures (Cunningham et al., 2013). Hence, nestlings will be
fed less, and with lower quality prey, when temperatures increases
(Cunningham et al., 2013; Wiley and Ridley, 2016), resulting
in costs to growth (Cunningham et al., 2013). It follows that
continuing climate change may exacerbate current constraints
on foraging to a point where the distribution of bird species in
hot and arid areas will be severely restricted, not only due to
lethal effects of overheating but also due to missed opportunities
that could otherwise have been used for reproduction (Conradie
et al., 2019). This could explain why some desert birds with long
potential breeding seasons increasingly avoid breeding during
the hottest parts of the year (Duursma et al., 2017). Cooperative
breeding is commonly observed in such biomes, which is
typically interpreted as a mechanism to ameliorate the effects
of challenging and unpredictable environments (Rubenstein and
Lovette, 2007). It follows that increasingly challenging thermal
environments might trigger changes to the size and genetic make-
up of cooperative breeder groups as a means of minimizing
negative effects on nestlings. However, although high mean daily
maximum temperatures reduced nestling survival in southern
pied babblers (Turdoides bicolor), larger group sizes of feeding
adults could not buffer this effect (Bourne et al., 2020a).

We argue that constraints on foraging success and
provisioning rate due to high air temperature are not just
confined to hot and arid areas, since, just as in hot environments
(Nilsson et al., 2016), adults in temperate areas show increasing
body temperature at higher air temperature (Nilsson and Nord,
2018). On top of this, experimental work has shown that body
temperature increases with increasing parental effort, resulting
in heat storage (Nilsson and Nord, 2018). If parents cannot
dissipate this excess heat at the same rate as it is produced,
they may reach a point where they have to reduce work rate to
avoid the deleterious consequences of sustained hyperthermia
(Speakman and Król, 2010). For example, breeding starlings
(Sturnus vulgaris) reduce provisioning rate when air temperature
increase, probably due to increased heat load (Clark, 1987).
It follows that the risk of hyperthermia due to increased heat
load may shift the diurnal pattern of nestling feeding. By
concentrating feeding to cooler times of the day, i.e., dusk
and dawn, the risk of hyperthermia might be minimized given
that nestlings can sustain the resultant longer periods of low
provisioning rates. The risk of overheating may also affect birds
during other parts of the annual cycle. Eider ducks (Somateria
mollissima) in the Baltic Sea stop flying altogether when reaching
a heat storage threshold (Guillemette et al., 2016).

EVALUATING THE CAUSAL ROLE OF
TEMPERATURE ON PARENTAL EFFORT

While it is difficult to manipulate air temperature in natural
environments, some studies have increased parents’ ability for
heat dissipation by removing the feathers covering the ventral
parts of the body to create a thermal window. After experimental
facilitation of heat dissipation, nestling-feeding blue tits in
northern Europe could maintain work rate whilst simultaneously
reducing body temperature, investing more in self-maintenance,
and siring larger nestlings (Nord and Nilsson, 2019). Feather-
clipped female tree swallows at a temperate site in North America
had higher feeding rates (at least in hot air temperatures) and
produced heavier nestlings compared to controls (Tapper et al.,
2020). This underlines that effects of high temperatures are
likely also in temperate areas. However, the effect of a release
from the risk of overheating may be context-dependent. For
example, in another study on blue tits, breeding females used
the reduced constraints on foraging effort to invest in self-
maintenance by increasing their level of constitutive innate
immunity (Andreasson et al., 2020).

THE LINK BETWEEN TEMPERATURE,
PARENTAL EFFORT AND NESTLING
PHENOTYPE

Reduced and variable provisioning rates in higher-than-normal
temperatures may put nestlings into periods of food stress. This
can cause irreversible effects on the subsequent adult phenotype
(e.g., Monaghan, 2008). For example, zebra finch (Taeniopygia
guttata) nestlings reared under food restriction had higher intake
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rates and basal metabolic rate in adulthood than nestlings reared
with ad libitum food (Careau et al., 2014). Furthermore, zebra
finch nestlings in the wild fledged at smaller size in warmer
than in somewhat cooler areas (Andrew et al., 2017). This size
difference remained when zebra finches were reared in captivity
with ad libitum food (Andrew et al., 2017). This indicates that
body size changes may be a result of either thermal adaptation to
reduce heat load, or a direct suppressing effect of heat on nestling
growth (Andreasson et al., 2018), more than a consequence
of altered parental behavior per se (Wiley and Ridley, 2016).
Thus, increasing temperatures during nestling development can
drive changes in physiological and morphological traits that
remain to adulthood in both direct and indirect ways (see also
Nord and Giroud, 2020).

FUTURE PERSPECTIVES

The few studies on heat constraints on avian reproduction that
are available from colder parts of the world suggest that, just as in
hot and dry areas, higher-than-normal temperature can suppress
current and future reproduction in both direct and indirect
ways. However, most causal aspects of thermal constraints on
parental effort and chick development remain largely unexplored.
It will be particularly important to separate the causal role of
temperature on adult and juvenile traits from any associated,
indirect, effect of temperature on the ecosystem. Below, we
outline what we believe to be the most critical areas for future
investigation and experimentation, with the hope of catalyzing
further and broader study within this timely research field.

(i) Broader geographic and environmental coverage: Previous
studies suggest variation in effects of heat exposure
depending on the thermal context of the habitat.
There is now a need to broaden the latitudinal and
altitudinal coverage to better understand when increasing
temperature is ameliorating and when it is constraining.
Studies should also assess when, within a site, a given
temperature change transitions from being beneficial to
detrimental, and how this varies across a species’ range,
which could indicate potential for local adaptation.

(ii) Experimental studies: With few exceptions, studies
that have investigated the thermal sensitivity of bird
reproduction have used natural variation in air or nest
temperature, which limits conclusions on causality.
We need more studies that manipulate the thermal
environmental or heat transfer processes in parents
and/or chicks in fully factorial designs within and beyond
predictions from climate change models in both cold
and warm locations (e.g., IPCC, 2013; Figure 1). This
will inform us about the extent to which climate change
and extreme weather events may impact life history
trade-offs. Likewise, there is a need for studies that
heat-challenge parents in the wild, because the current
approach of relieving constraints need not be ideal to
reveal reproductive trade-offs, since: (1) the experimental
effect is opposite to that experienced during a heat

wave and (2) parents may re-allocate saved resources
through different pathways depending on individual
demands (e.g., Andreasson et al., 2020). Possible avenues
for achieving this could include increased flight costs,
changes to lipid content/composition of the skin or other
changes to body insulation to alter thermal conductivity,
and pharmaceutical treatment to induce peripheral
vasoconstriction with consequent reduction in dry- and
respiratory heat loss. These methods are not without
problems since they inevitably will influence other
physiological processes and/or aerodynamic performance
of the bird.

(iii) A physiological perspective on behavior: Studies addressing
the constraining role of air temperature on avian
reproduction would gain from increasingly incorporating
thermo-physiological measurement. Because temperature-
effects on nestling development and physiology can be
expected to be quadratic, with adverse effects occurring at
the warm and cold end of the spectra, such measurements
will provide crucial mechanistic depth to observed fitness
consequences, such as why heat stress during development
sometimes improve short- or long-term survival (Dawson
et al., 2005; Andreasson et al., 2018) but at other times
negatively affect survival (Rodríguez et al., 2016).

(iv) Studies across life histories: It is conceivable that species
with different life histories, e.g., slow- or fast-paces of life
or resident vs. migratory behavior, will be differentially
affected by temperature change. For example, species with
lower work rate, long lifespan and small brood sizes may be
better equipped to deal with heat waves, e.g., by reducing
reproductive effort during heat wave years (cf. Martin and
Mouton, 2020). Moreover, most birds at high latitudes are
migrants (Newton and Dale, 1996). At least in some cases,
such birds have not advanced the start of reproduction
to match warming springs when resident, sympatrically
breeding, species have (e.g., Källander et al., 2017). Thus,
there may be selection for residency, increasing the
proportion of residents in partially migratory birds. In
addition, it remains to be tested if the decreased activity
during the hottest part of the day, commonly observed
in warm and dry areas (Tieleman and Williams, 2002;
Edwards et al., 2015; Funghi et al., 2019), will become
more pronounced with increasing temperatures globally,
and more common overall in temperate biomes.

(v) Short- and long-term effects on the individual: In some
cases, a high temperature during breeding is conducive
for growth and survival (Dawson et al., 2005). In other
cases, higher temperature appears constraining in the
short term, but beneficial for fitness over longer time
periods (Andreasson et al., 2018). In other cases still,
it may be the other way around (Nord and Nilsson,
2016). Future studies should monitor fitness effects of
temperature over the life span of an individual, and ideally
couple this to measurements of physiological mediators of
the observed effects.

(vi) Population-level effects: Reports on temperature-driven
breeding failure (e.g., Sharpe et al., 2019) or altogether
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FIGURE 1 | Putative designs for manipulation of heat transfer in nestlings and adults. There is a need for more experimental studies to address the causality of
temperature effects on avian reproduction in a warming world. (A) The thermal environment of the nest, at least for hole-nesting species, can easily be manipulated
by the addition of a chemical (e.g., hand warmers, as in the figure) or an electrical heating device below the nest. (B) Parental heat transfer can be manipulated by
removal of the plumage covering the abdomen and pectoral muscles (the main heat-producing tissue) using small scissors. Future studies should also seek to
device methods to decrease heat transfer rate in parents. Photographs © Jennifer Page [University of Glasgow; Panel (A)], Andreas Nord (B).

skipped breeding seasons (e.g., Duursma et al., 2017; see
also Martin and Mouton (2020) for similar effects in
relation to drought periods) are becoming increasingly
frequent. If this occurs in short-lived species that are
unlikely to reproduce more than once, or if coupled
to mass mortality events (McKechnie and Wolf, 2010;
Riddell et al., 2019), population-level effects are expected.
It would be interesting to know e.g., how selection for
temperature tolerance operates and manifests under such
circumstances (cf. Burggren, 2018; Stillman, 2019), and
whether there is compensatory breeding in long-lived
species in the breeding season following an extreme
weather event (sensu Bourne et al., 2020b) also in
temperate areas.

(vii) Heritability of temperature-induced effects: Studies on wild
and domesticated animals show that key thermoregulatory
traits, such as heat production, body temperature, and
temperature tolerance, show moderate to high heritability
(typically 0.4–0.6) (e.g., Bowen and Washburn, 1984;
Ueno and Komiyama, 1987; Nilsson et al., 2009). It
is relevant to ask if induced non-genetic changes to
the thermoregulatory phenotype are also inherited. For
example, if offspring to parents that developed during, or
later experienced, a heat wave are born “heat tolerant,” they
might be maladapted to the normally colder temperatures
of their habitat. Work on ectotherms (e.g., Wang et al.,
2015) and plants (e.g., Li and Brawley, 2003) show that
parents exposed to warm temperature sire offspring that

are more heat-tolerant. To the best of our knowledge, there
are no corresponding data for endotherms.

CONCLUSION

It is clear that increasing global temperature and frequency of
extreme weather events may reduce work rate with consequences
for parental effort in both warm and, notably, also in temperate
environments. This can add to direct, negative effects of high
temperature on juvenile growth and maturation (Nord and
Giroud, 2020). In hot environments, these factors may result
in a shift in the timing of breeding (Duursma et al., 2017),
or even aborted breeding (e.g., Sharpe et al., 2019), ultimately
causing a shift in distribution ranges (Conradie et al., 2019). In
temperate areas, the consequence of reduced work rates may be
smaller brood sizes and general changes of life history strategies
(Nilsson and Nord, 2018).

Future adaptations to a warmer climate at temperate latitudes
may parallel extant adaptations to hot environments, e.g.,
reduced metabolic rates (Wiersma et al., 2007a,b) to reduce
baseline heat production, and reduced reproductive investment
(Cardillo, 2002; Wiley and Ridley, 2016) to reduce work rate (and,
hence, the amount of activity-generated heat). We also speculate
that temperate species may shift their main activity to cooler
times of the day, as is known for hard-working, breeding rodents
(van der Vinne et al., 2014). Such small mammals have been
predicted to become increasingly nocturnal in a warmer world

Frontiers in Ecology and Evolution | www.frontiersin.org 5 October 2020 | Volume 8 | Article 576331

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-576331 October 6, 2020 Time: 20:56 # 6

Andreasson et al. Heat Challenged Reproduction

(Bonebrake et al., 2020). This is already the strategy chosen by
most bats, possibly to avoid adding solar heating to an already
heat-generating life style (Speakman et al., 1994). It is unlikely
that presently diurnal birds will evolve a nocturnal way of life
on account of constraints on foraging in the dark. However, in
the future, a greater part of the active foraging time may be
allocated to dusk and dawn with a consequent potential increase
in mortality by aerial predators.
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