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Climate change is forecasted to generate a range of evolutionary changes and plastic
responses. One important aspect of avian responses to climate change is how weather
conditions may change nestling growth and development. Early life growth is sensitive to
environmental effects and can potentially have long-lasting effects on adult phenotypes
and fitness. A detailed understanding of both how and when weather conditions
affect the entire growth trajectory of a nestling may help predict population changes
in phenotypes and demography under climate change. This review covers three main
topics on the impacts of weather variation (air temperature, rainfall, wind speed, solar
radiation) on nestling growth. Firstly, we highlight why understanding the effects of
weather on nestling growth might be important in understanding adaptation to, and
population persistence in, environments altered by climate change. Secondly, we review
the documented effects of weather variation on nestling growth curves. We investigate
both altricial and precocial species, but we find a limited number of studies on precocial
species in the wild. Increasing temperatures and rainfall have mixed effects on nestling
growth, while increasing windspeeds tend to have negative impacts on the growth rate
of open cup nesting species. Thirdly, we discuss how weather variation might affect the
evolution of nestling growth traits and suggest that more estimates of the inheritance of
and selection acting on growth traits in natural settings are needed to make evolutionary
predictions. We suggest that predictions will be improved by considering concurrently
changing selection pressures like urbanization. The importance of adaptive plastic or
evolutionary changes in growth may depend on where a species or population is located
geographically and the species’ life-history. Detailed characterization of the effects of
weather on growth patterns will help answer whether variation in avian growth frequently
plays a role in adaption to climate change.

Keywords: environmental change, development, heritability, life-history, maternal effects, natural selection,
plasticity

INTRODUCTION

Avian growth can affect fledgling survival and recruitment, and early life experiences are known
to impact adult phenotypes (Haywood and Perrins, 1992; Lindstrom, 1999; Maness and Anderson,
2013; Merrill and Grindstaff, 2018). Given gradual warming and increasingly stochastic weather
conditions under climate change, some growth strategies might result in higher fitness than others.
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Therefore, predicting future changes in fitness and demography
under climate change could depend on understanding the
effects of current weather variation on offspring growth. The
consequences of weather variation on offspring development will
likely be complex and will, to some degree, depend on a species’
life-history and ecological niche.

Growth patterns in birds vary, and differences among
populations may be adaptations to their local environments
(Ricklefs, 1968; Emlen et al, 1991; Starck and Ricklefs,
1998). Global patterns of variation in avian growth within
species can generate hypotheses for how the changing climate
will influence growth-related traits. For example, given the
observation that individuals tend to be smaller in warmer habitats
both within and across species (Bergmann’s Rule; Bergmann,
1847 as cited in Salewski and Watt, 2017) we might predict
that for a given species, natural selection will favor nestlings
that fledge at a smaller size in a warmer climate (Millien
et al., 2006). Introduced House Sparrows Passer domesticus in
North America and Australia both exemplify predictions from
Bergmann’s rule: birds in the colder regions of both continents
are on average larger (Johnston and Selander, 1964, 1973;
Andrew et al., 2018). Clines in body size could be driven by
natural selection developmental constraints, or both (Fleischer
and Johnston, 1984; Andrew et al, 2018). Effects on size
during development are important because many bird species
approach their final structural size before fledging, meaning
there may be little opportunity for compensation later in life
(Gill and Prum, 2019).

Plastic adjustment of growth could allow rapid adaptation to
changing conditions, but evolution of growth traits might be
required if current environmental cues no longer predict future
environments. To predict possible phenotypic changes in nestling
growth we need to understand how weather variation affects
nestling growth, how new weather conditions under climate
change are changing the selection on avian growth traits, and
the additive genetic and environmental variance of growth traits.
Some studies have identified carry-over effects of growth on
adult fitness with negative and positive consequences for body
size (Gardner et al,, 2011; Teplitsky and Millien, 2014; van Gils
etal., 2016), but few studies examine whether patterns in growth
are adaptive or maladaptive. Examining growth-environment
relationships jointly with patterns of genetic change is important
because phenotypic plasticity can mask evolutionary change
(Meril4 et al., 2001; Bonnet et al., 2017; Dobson et al., 2017), and
plastic responses can contribute to an adaptive or maladaptive
response to changing weather conditions (Ghalambor et al., 2007;
Snell-Rood et al., 2018). An essential aspect of studying growth is
to quantify it in a way that allows among population, individual
and genetic variation to be estimated (Box 1).

In this review, we (1) highlight why studying weather-related
changes in avian growth might be important to understand avian
responses to climate change, (2) review the currently documented
effects of weather on avian growth in wild populations, and
(3) highlight that understanding the selection operating on
growth traits and the inheritance of growth traits is needed to
predict future phenotypic responses. We define weather as local
within-year variation in temperature (of air and sea surface),

solar radiation, precipitation and wind, and climate as the
average weather across multiple years for a given region. We
explore the effects of minimum, maximum, average, and duration
(heatwaves, rainfall) of weather variables.

IMPORTANCE OF STUDYING
WEATHER-RELATED CHANGES IN
AVIAN GROWTH

Understanding weather-related changes in avian growth is
important for two reasons: some individuals or genotypes
might survive better than others in stressful weather conditions,
and weather variation may change a population’s demography
through influences on nestling traits.

Plasticity of Avian Growth and
Development

Because of genetic, environment, or parental effects individuals
will differ in their growth. Understanding the causes of these
growth differences is important because some individuals may
have higher fitness under changing conditions (Kruuk, 2004;
Wilson et al., 2010). In theory, the same individual or genotype
could also produce several different phenotypes given different
weather conditions (phenotypic plasticity), and the plasticity of
an individual’s phenotype could also vary among individuals
because of genetic, permanent environment, or parental effects.
Plastic changes have gained recognition as common responses
to changing environmental conditions (Ghalambor et al., 2007;
Charmantier and Gienapp, 2014; Snell-Rood et al., 2018). Central
questions in evolutionary ecology are (1) whether plasticity
will allow adaptation to new weather conditions, and (2) how
plasticity might affect the rate of evolutionary change.

Studying the plasticity of avian growth requires the estimation
of how growth patterns can change for a given individual (or a
given genotype) across different environments. Such measures
are impossible at the individual-level because a bird only grows
once. However, in long-lived and philopatric species, associations
between growth and weather variation may be likely to result
from plastic rather than evolutionary responses because the
population genetic background may change little from 1 year to
another. In a wild setting, a cross-fostering experiment across a
weather gradient (experimental or natural) may reveal if different
families have on average different or similar growth patterns
across environments (for a discussion on artificial breeding
designs, see Roff and Wilson, 2014). To our knowledge, no
studies have analyzed cross-fostering in wild birds, with the goal
of measuring differences among families in changes in growth
patterns across weather gradients.

Because a proportion of the variation in growth traits
are determined by parental behavior we might be able to
measure the plasticity of nestling growth by considering
nestling growth traits as parental traits in species where
faithful pairs repeatedly reproduce (Lloyd and Martin, 2004;
Wilson et al., 2005). Nestling growth traits that are measured
across years for parents can then be considered repeated
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BOX 1| Methods for quantifying growth.

Avian growth can be investigated using a broad range of traits and different statistical modeling approaches. Often, measurements of size or shape near fledging are
used because these are more comparable across studies and can predict post-fledging survival (Maness and Anderson, 2013). However, single time point
measurements can hide variation in growth among individuals if individuals follow different trajectories to the same final size (Figure 1).

Repeated measurements made throughout nestling development can be used to fit a curve to the data as a function of age. For growth data, logistic models are
often used, and the model’s asymptote, maximum relative growth rate, and timing of maximum growth may be estimated as biological parameters of interest
describing growth (Figures 1, 2A; Tjorve and Tjorve, 2010; Aldredge, 2016). The unified family of growth models proposed by Tjerve and Tjorve (2010, 2017) allows
flexible, comparable, and biologically interpretable estimates from various growth model families. Biologically, the asymptote should provide an estimate of the
maximum size reached by a nestling. However, the asymptote in many models may not be a good indication of a nestling’s fledging mass, as a nestling could
fledge before the maximum mass is reached, or in some avian species nestlings reach an asymptote and then decline in mass before fledging.

Such function-valued trait approaches summarize the growth trajectory and enable researchers to explore whether different environments affect the growth rate,
timing, or size of a nestling. Linear and polynomial functions could also be used, with the terms of the polynomial being treated as the parameters of interest. Instead
of fitting functions to a growth trajectory, sometimes the average difference between consecutive daily measurements (e.g., Peck et al., 2004; Harter, 2007; Divoky
et al., 2015) or the daily deviation from growth in ideal conditions are used as an indication of daily growth (Keller and Noordwijk, 1993).

Character-state models provide a flexible method for modeling growth, where one can estimate age-specific measurements as separate, yet correlated traits (Roff
and Wilson, 2014; Figure 2B). Note that character-state and polynomial functions are equivalent in many situations. In a character-state approach covariances
among age-specific masses can be fitted across all ages, or be restricted to consecutive ages only, in what is called an “ante-dependence” model (see the
supplementary material of Hadfield et al., 2013; Thomson et al., 2017; Hadfield, 2019). Both function-valued trait and character state approaches to modeling
growth are identical to models that measure trait plasticity across environments, but replace environmental variation with age (Falconer, 1952; Via and Lande, 1985;
Jong, 1990; Gavrilets and Scheiner, 1993; Chevin et al., 2013). Function-valued trait approaches can perform poorly if individuals or genotypes have different curve
shapes and can be harder to interpret biologically (Roff and Wilson, 2014). Generally, function-valued trait approaches use fewer parameters. Therefore, when
sufficient data are available, comparison of function-valued and character-state approaches might be valuable in determining when during ontogeny function-valued
trait approaches are not capturing variation during growth (Morrissey and Liefting, 2016). If a linear model is used, environmental effects on the slope or intercept of
the line could be detected, yet a gain or loss of mass at any specific time during growth, which could be biologically important, would be difficult or impossible to
detect. A character-state might be better able to determine when during ontogeny the environment affects a trait. Houslay (2017) provides accessible tutorials
implemented in the R package MCMCglmm for both character state and function-valued trait approaches that could be used to model avian growth (Hadfield, 2010).
Function-valued trait and character-state approaches can be analyzed in a mixed model framework, so that hierarchical (co)variances are estimated (function-valued
trait approach, Aldredge, 2016; character-state approach, Thomson et al., 2017). Further, Bayesian models now allow the fitting of flexible models that can estimate

the fixed effects of weather and environmental variation on specific parameters or age-specific traits in a single model (Hadfield, 2010; Burkner, 2017).

Maximum
Growth Rate

Mass (g)

. | Timing of
Maximum Growth

Timing of
asymptote

Age (days)

FIGURE 1 | Parameters estimated in a standard logistic curve. The maximum
growth rate (red arrow) gives an indication of the speed of growth, the
asymptote gives an indication of the nestlings’ maximum size achieved during
the period of study (blue horizontal dash), the timing of maximum growth gives
an indication of when during ontogeny maximum growth occurs
(purple/vertical dash + dotted line), and the timing of the asymptote might
indicate developmental timing (black vertical dashed line). Five growth curves
are shown, with the same asymptote but varying in the timing of maximum
growth (purple dash and dotted lines) or in maximum growth rate (red dotted
lines). All curves have the same asymptote as the reference curve (thick black
curve) but vary in their trajectory. If a study of nestling growth only measures
mass at the asymptote as in this example, variation throughout the trajectory
of the growth curve is hidden. Whether this variation impacts fitness is
currently unknown.

measures of a parental trait. We can then try to examine
the plasticity of the parental care contribution to nestling
growth by examining how nestling growth traits vary across

Mass (g)
Mass (g)

Age (days) Age (days)

FIGURE 2 | Hypothetical example of a (A) function-valued trait approach and
a (B) character-state approach for modeling a chick growth curve.

environments for a given parent or pair of parents. Importantly,
because reproductive investment is a complex function of age
and parental condition, such a model will require careful
consideration of parental age or breeding experience (McCleery
et al, 2008) and the weather conditions parents experience.
Consequently, informing such a model will likely require
large sample sizes but will provide valuable information on
the suite of growth responses individual parents or parental
genotypes could generate.

One of the challenges in studying plastic responses in wild
populations is determining the environmental variable to which
an organism responds (Scheiner, 1993; Gienapp and Brommer,
2014). This problem is further complicated because a trait could
be affected by multiple weather variables, interacting weather
variables, or even the same weather variables in different ways at
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different times throughout ontogeny (Figure 3). Recent statistical
techniques try to address the difficulty of identifying time
windows of weather variation that affect a trait of interest (van
de Pol et al,, 2016). The van de Pol et al. (2016) method is an
exploratory approach that compares multiple windows within a
period of time (relative to the biological variable or an absolute
time frame) to determine those that best predict (relative to all
windows examined) the trait of interest. To understand when
during the breeding season weather affects nestling growth,
it may be useful to explore weather variation within the
prelaying, prenatal, and growth stages (Figure 3). Importantly,
we mainly discuss physical growth in this review, but many of the
impacts of weather also affect the development (e.g., cognition,
thermoregulation, motor function) of nestlings. Understanding
how and when during the breeding season development is
affected by weather is an additional complexity that will be
important to study for a more complete understanding of the
impacts of weather.

In the context of growth and development, identifying
environmental correlates may still be challenging because
weather variation among prelaying, prenatal, and postnatal
periods might be tightly correlated - making it difficult to
disentangle during which period weather variation affects a trait.
For more easily manipulated weather effects like temperature,
experimental work may allow researchers to measure the
effects of different time windows by manipulating temperature
during specific time periods (Andrew et al., 2017; Andreasson
et al, 2018, 2020a; Figure 3). Exploring effects of weather
variation outside the breeding season will be valuable if weather
patterns are expected to have long-term effects on the resources
available or the condition of parents during the breeding
season. Understanding the environmental cues that affect the

expression of a character is essential because plasticity might
allow persistence in the face of changing weather conditions
(Vedder et al., 2013), but could also increase the speed of
extinction if cues are no longer informative (Reed et al,
2010). Further, in seabirds nestling growth is routinely used
as an indicator of environmental conditions (Cairns, 1988).
Inferences from such traits require an intimate understanding
of the relationship between environmental variation and the
measured biological trait (Grémillet and Charmantier, 2010;
Brisson-Curadeau et al., 2017).

Nestling Growth and Demography

Weather effects on nestling traits can also affect the demographics
of bird populations (Bryant, 1978; Salaberria et al, 2014).
In many avian species, growth is likely to affect survival to
fledging (nestling survival) and post-fledging survival (juvenile
survival). In a review of predictors of juvenile survival, Maness
and Anderson (2013) found (in a subset of quality-controlled
studies) that nine out of ten studies identify an effect of
nestling mass on juvenile survival, but noted that few studies
assess whether growth rates affected juvenile survival. Given
evidence that growth traits can influence nestling and juvenile
survival (Maness and Anderson, 2013), the effects of variation
in growth caused by weather patterns might most strongly
affect demography in short-lived bird species (Sether and
Bakke, 2000). However, if nestling growth traits determine
adult survival or fecundity, weather-induced nestling variation
might change the demography of a broad range of avian
species. During early life, environmental conditions, like weather,
are expected to play a role in shaping adult phenotypes
and fitness (Lindstrom, 1999). A meta-analysis of the effects
of early developmental conditions in birds and mammals

|Parenta| Energy Budget ::

|_|Weather|

l & )
| Prelaying | | Prenatal | Postnatal
Egg Incubation || Parental Foraging || Brooding
Hormones + Size || behaviour Behaviour Behaviour

——

Sibling
Environment

_| Nestling Energy
- Budget

Mass (g)

Growth

-~

Maximum
Growth Rate

ETiming of
: Maximum Growth
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FIGURE 3 | Paths by which weather can impact variation in growth as described by parameters estimated from a general logistic curve. While we display physical
growth in this figure, it will be useful to map the development of tissue functions (e.g., cognition, thermoregulation, motor function) onto this growth curve to compare
and contrast development and physical growth over the nestling period. Many of the factors that impact growth are also likely to impact development.
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found that poor early developmental conditions increases the
rate of decline in fecundity with age, but developmental
conditions do not influence the age-specific decline in survival
in adults (Cooper and Kruuk, 2018). However, the latter
result relies heavily on mammal studies, since only one avian
study in this meta-analysis investigates the effects of the
developmental environment on survival senescence (Hammers
et al, 2013). Future studies on birds should investigate the
effects of early life conditions (including weather) on traits
expressed in adults.

DOCUMENTED WEATHER EFFECTS ON
AVIAN GROWTH

Understanding current responses to weather enable us to
extrapolate responses to predict future changes. Here, we review
the effects of weather on growth and discuss the different
ontogenic pathways through which weather could impact growth
(Figure 3). To cover studies investigating the effect of weather
on nestling growth, we searched in the ISI Web of Science on
November 2nd, 2020. We used the keywords ‘avian’ OR ‘bird’
+ ‘growth’” OR ‘development’ 4 ‘climate change’ OR ‘global
warming’ OR ‘weather’ OR ‘temperature’ OR ‘wind’ OR ‘rainfall’
OR ‘precipitation’ OR ‘sunshine’ OR ‘solar radiation” OR ‘solar’
OR ‘insolation’ OR ‘experiment’ + ° offspring’ OR Suvenile’
OR ‘nestling, which brought up 989 references. We restricted
papers to experimental and observational studies that examined
the effect of weather variation on nestling growth, leaving
36 studies. Specifically, we retained studies that examined the
effect of weather variables (wind, precipitation, solar radiation,
temperature, ice- cover, sea-surface temperature) on nestling
phenotypes during the growth period. Weather effects identified
from our literature search are included in Tables 1-4.

Weather Impact of Growth Through

Prenatal Effects
In addition to any effects of weather conditions on nestling
growth in birds, conditions during embryonic development could
affect post-hatching growth. A mother may influence the size of
an egg and the hormones in an egg, potentially in response to
environmental cues (Love and Williams, 2008; Bentz et al., 2013).
The importance of egg size on nestling growth traits is somewhat
uncertain. Effects of short-term weather variation on egg size
tend to be limited (Nager and Noordwijk, 1992; Christians, 2002;
Thomson and Hadfield, 2017; Griffith et al., 2020), and some
studies note that egg size affects hatching traits, but this effect
deterjorates through ontogeny (Krist, 2011; Williams, 2012).
Weather variation can, but does not always, influence
maternal hormones transported into the egg, and these
components can affect nestling growth (Schwabl, 1996; Groothuis
et al., 2005; Addison et al., 2008; Groothuis and Schwabl, 2008;
Ruuskanen et al., 2016). In particular, weather impacts on food
may have a strong effect on maternal hormones deposited
in the egg and could aid the matching of brood size to
environmental conditions (Verboven et al., 2003; Gasparini et al.,
2007; Vergauwen et al., 2012; Benowitz-Fredericks et al., 2013;

Miiller and Groothuis, 2013; Merkling et al., 2016). Other
than hormonal influences, weather could also indirectly impact
nestling growth through antioxidants, immunoglobins and
antimicrobial agents (Williams, 2012), but these effects might be
more indirect, as these compounds are less likely to affect growth
directly and instead likely help nestlings survive in the face of
environmental challenges (e.g., parasites).

If weather patterns during the prenatal period can predict the
environment that a nestling will develop and grow in, a mother
may be able to provide cues or influence the phenotype of her
offspring to better match its future environment. However, the
extent to which mothers provide such signals, and whether these
signals are adaptive, is mostly untested in the wild. Whether
a species has such cues may depend on the predictability
of the environment it evolved in, and whether such cues
remain adaptive will depend on how the predictability of the
environment changes. Parents may even provide auditory cues to
their prenatal offspring to signal warm environments resulting,
for instance, in lighter 13-day old nestlings in zebra finches
Taeniopygia guttata (Mariette and Buchanan, 2016).

Predicting changes in growth caused by climate change
may depend on knowing the effects of an embryo’s thermal
environment on the nestling phenotype. Weather can directly
affect the thermal environment that avian embryos experience
and influence parental incubation behavior (DuRant et al., 2010;
Griffith et al., 2016). Embryo thermal tolerance varies among
species, with species from colder climates tending to have broader
tolerances and lower optimums (Webb, 1987). However, even
temperature variation within the range tolerated by an embryo
can impact a nestling phenotype (Hepp et al., 2006; DuRant et al.,
2010; Nord and Nilsson, 2011).

More experiments warming nest microclimates during
incubation on a wide range of species might help clarify
the impacts of a warmer incubation environment on nestling
growth. Nest microclimate experiments are valuable because
they reveal the combined effect of indirect thermal effects on
the parents and direct effects on embryos (Table 4). Current
results from experiments that warm the nest microclimate are
variable and different species from the same study location
can have contrasting effects on nestling growth (e.g., Mueller
et al., 2019; Table 4). Few studies have experimentally cooled
nests, but those that do find that it decreases nestling size and
growth (Table 4). A cross-fostering experiment in tree swallows
provides an interesting insight because nest warming during
incubation increases the early age mass of nestlings incubated
in a warm nest (raised by parents in a control nest) and the
late-age mass of nestlings incubated in a control nest but raised
by parents from a warm nest (Pérez et al.,, 2008). The cross-
fostering experiment suggests carry-over effects of warming on
parental care during growth and direct benefits of warming on
young nestlings.

Post-hatching Weather Effects on Avian
Growth

Variation in weather during the growth period is likely to affect
chicks both directly and indirectly. Growth can be influenced
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TABLE 1 | Associations between aspects of temperature and nestling growth traits identified from our literature search.

Species Temperature variable Association with growth Study
Zebra Finch Mean daily maximum during growth Mean mass (-) and tarsus length (0) Andrew et al., 2017
Taeniopygia guttata

European bee-eater
Merops apiaster

Lesser kestrel
Falco naumanni

European roller
Coracias garrulus

Common fiscal Lanius collaris

Cliff Swallow
Petrochelidon pyrrhonota

Lance-tailed manakin
Chiroxiphia lanceolata

Superb Fairy wren Malurus cyaneus
Superb Fairy wren Malurus cyaneus

Lapland longspur Calcarius lapponicus
Pied flycatcher Ficedula hypoleuca

Great tit

Parus major

Pied flycatcher
Ficedula hypoleuca
Pied flycatcher
Ficedula hypoleuca
Wryneck

Jynx torquilla
White stork
Ciconia ciconia
Adelaide Rosella
Platycercus elegans adelaidae

Blue tit Cyanistes caeruleus

Spotless starling
Sturnus unicolor

Curlew sandpiper
Calidris ferruginea*

Chaffinch

Fingilla coelebs
Linnet

Carduelis cannabina
Skylark

Alauda arvensis
Yellowhammer
Emberiza citrinella
Tengmalm’s owl
Aegolius fenereus
Golden plover*
Pluvialis apricaria

Mean daily maximum between hatching
and measurements

Maximum during 2-day period before
measurement

Maximum during 2-day period before
measurement

Daily maximum

Mean daily maximum during growth

Mean daily maximum during breeding
season

Mean maximum before growth

Mean maximum during period the end
of the previous breeding season

Mean maximum during growth

Mean and maximum between mass
measurements

Mean daily during growth

Mean daily during growth

Mean during growth

Mean hourly during the daytime
between measurements

Mean daily during 7 days of growth

Mean day and night during growth

Night-time standard deviation

Mean during 2-day period before
measurement

Mean during growth of nestling from
first brood

Mean during growth of nestling from
second brood

Mean between growth measurements

Mean daily minimum during linear
growth

Mean daily minimum during linear
growth

Mean daily minimum during linear
growth

Mean daily minimum during linear
growth

Mean daily during the breeding season

Mean daily minimum 2 days prior to
measurement
Mean daily minimum over age interval

Residual mass (0)

Mass gain in adobe cavity nests (-)
Mass gain in wooden nest boxes (-)

Mass gain in adobe cavity nests (0)
Mass gain in wooden nest boxes (-)
Diurnal change in mass at age 6 days
©)

Nestling mass at age 10 days (-)

Linear growth rate (-)

Mass at age 14 days (+, — quadratic)
Mass at age 14 days (-)

Daily growth rate (+)

Age-specific mass at age 7, 10, and
13 days (+)

Residual wing length (+)

Residual wing length (4, — quadratic)

Subarctic population residual mass (+)
Temperate population residual mass (+)
Daily growth of mass and 8th primary
from age 14 to 16 days (-)

Relative growth rate (+)

Nestling linear growth in mass and bill
surface area (+)

Nestling linear growth in mass (-)
Average 2-day increase in mass (),
head-bill length (), tarsus length (-),
fourth primary length (-)

Wing length (+) and bill length (+) at
age 14 days

Mass (-), tarsus length (-), wing length
(), and bill length (-) at age 14 days
Observed/expected growth of mass (+)
Observed/expected growth of bill
length (+)

Linear mass (0) and tarsus (0) growth
rate

Linear mass (0) and tarsus (0) growth
rate

Linear mass (+, — quadratic) and tarsus
(+, — quadratic) growth rate

Linear mass (0) and tarsus (0) growth
rate

Nestling duration (0)

Residual mass (0)

Residual change in mass (+)

Arbeiter et al., 2016

Catry et al., 2015

Catry et al., 2015

Cunningham et al., 2013

Imlay et al., 2018

Jones and DuVal, 2019

Kruuk et al., 2015
Kruuk et al., 2015

Pérez et al., 2016
Siikamaki, 1996

Eeva et al., 2020

Eeva et al., 2020

Eeva et al., 2002

Geiser et al., 2008

Kosicki and Indykiewicz, 2011

Larson et al., 2018

Mainwaring and Hartley, 2016

Salaberria et al., 2014

Schekkerman et al., 1998

Bradbury et al., 2003

Bradbury et al., 2003

Bradbury et al., 2003

Bradbury et al., 2003

Kouba et al., 2015

Machin et al., 2018

Temperature variables are sorted in the order maximum, mean, and minimum temperature and alphabetically by first author. Columns indicate the species, the weather
variable found to be associated with a growth trait, the growth trait and whether the association was positive (+), negative (-) or not significant (0), and the study reference.

*Precocial species.
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TABLE 2 | Associations between aspects of precipitation and nestling growth traits identified from our literature search.

Species

Precipitation variable

Association with growth

Study

Canada goose

Branta canadensis
Grasshopper Buzzard Butastur
rufipennis

Tree Swallow
Tachycineta bicolor
Eurasian bittern
Botaurus stellaris

Pied flycatcher Ficedula hypoleuca

European bee-eater
Merops apiaster
Chaffinch

Fingilla coelebs
Linnet

Carduelis cannabina
Skylark

Alauda arvensis
Yellowhammer
Emberiza citrinella
Wryneck

Jynx torquilla

Blue tit

Cyanistes caeruleus
White stork

Ciconia ciconia
Tengmalm’s owl
Aegolius fenereus
Fairy wren Malurus cyaneus

Blue tit Cyanistes caeruleus

Lapland longspur Calcarius lapponicus
Gambel’s white crowned sparrow
Zonotrichia leucophrys gambelii

Pied flycatcher

Ficedula hypoleuca

Great tit

Parus major

Pied flycatcher
Ficedula hypoleuca

Cumulative before and after
hatch (June/July)

Cumulative post-hatch
(June/July)

Cumulative 3 days prior to
measurement

Cumulative between
measurements

Cumulative between mass
measurements

Mean daily between hatching
and measurement

Mean daily during linear growth

Mean daily during linear growth

Mean daily during linear growth

Mean daily during linear growth

Mean hourly during the day
between measurements

Mean daily 5 days prior to
measurement

Mean daily during 7 days of
growth

Mean daily during the breeding
season

Mean before nestling growth

Mean during 2-day period
before measurement

Mean daily during growth
Mean daily during growth

Mean daily during growth

Maximum number of
consecutive rainy days during
growth

Maximum number of
consecutive rainy days during
growth

Principle Component 1 of Gosling Size
(+)

Days to grow from 10 to 90% of final
mass (-)

Grams per day mass gain from O to
10 days (+)

Residual mass (-)

Daily increase in mass (-) and tarsus
length (-)

Age-specific masses at age 7, 10, and
13 days (-)

Residual mass (0)

Linear mass (0) and tarsus (0) growth
rate

Linear mass (0) and tarsus (0) growth
rate

Linear mass (0) and tarsus (0) growth
rate

Linear mass (-) and tarsus growth rate
)

Daily growth of mass from age 3-5 and
5-7 days (-)

Nestling mass at age 11 days (+)

Relative growth rate (-)

Nestling duration (0)

Mass at age 14 days (+)

Average 2 days increase in mass (+),
head-bill length (0), tarsus length (+),
and fourth primary length (+)

Daily growth rate (-)
Daily growth rate (-)

Subarctic population residual mass (0)

Temperate population residual mass (0)
Residual wing length (+)

Residual wing length (+)

Brook et al., 2015

Buij et al., 2013

Cox et al., 2019

Kaspryzkowski et al., 2014

Siikamaki, 1996

Arbeiter et al., 2016

Bradbury et al., 2003

Bradbury et al., 2003

Bradbury et al., 2003

Bradbury et al., 2003

Geiser et al., 2008

Grzedzicka, 2019

Kosicki and Indykiewicz, 2011

Kouba et al., 2015

Kruuk et al., 2015

Mainwaring and Hartley, 2016

Pérez et al., 2016

Pérez et al., 2016

Eeva et al., 2002

Eeva et al., 2020

Eeva et al., 2020

Precipitation variables are sorted in the order of cumulative, mean, and number of days with, precipitation and alphabetically by first author. Columns indicate the species,

the weather variable found to be associated with a growth trait, the growth trait and whether the association was positive (+), or negative () or not significant (0), and the

study reference.

by changes in thermal environments (e.g., Cunningham et al.,
2013; McKinnon et al., 2013; Tables 1, 4), and changes in food
availability and parental care (e.g., Keller and Noordwijk, 1994).
Scientists have long been interested in the effects of weather on
growth and both historical and recent studies provide a baseline
for making qualitative and quantitative predictions for changes in
growth under different weather conditions (Lack and Lack, 1951;
Hawksley, 1957; Tables 1-4). Predicting how climate change will
impact avian growth depends on understanding how nestlings are

affected by different weather components and how these weather
components are expected to change under climate change.

A Warmer Growing Environment Can Positively or
Negatively Impact Nestling Growth

Average global temperatures are expected to continue to increase
with climate change, and for many regions, the frequency of
heatwaves and variability of thermal environments are expected
to increase (Intergovernmental Panel on Climate Change, 2018).
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TABLE 3 | Associations between combined weather effects, wind speed, sunshine, and nestling growth traits identified from our literature search.

Species

Weather Variable

Association with growth

Study

Blue tit Cyanistes caeruleus

Eurasian bittern
Botaurus stellaris
Tengmalm’s owl
Aegolius fenereus

European bee-eater
Merops apiaster

Chaffinch

Fingilla coelebs
Linnet

Carduelis cannabina
Skylark

Alauda arvensis
Yellowhammer
Emberiza citrinella

Barn Swallow
Hirundo rustica

Mean wind speed during 2-day period
before measurement

Mean wind speed between
measurements

Mean daily wind speed during breeding
season

Mean daily windspeed between
hatching and measurement

Mean daily sunshine between hatching
and measurement

Mean daily sunshine hours during linear
Mean daily sunshine hours during linear
Mean daily sunshine hours during linear
growth

Mean daily sunshine hours during linear

Temperature on day of nestling
measurement

Average 2 day increase in mass (0),

head-bill length (0), tarsus length (),
and fourth primary length (+)

Daily increase in mass (-) and tarsus
length (-)

Nestling duration (0)

Residual mass (0)

Residual mass (+)

Linear mass (0) and tarsus (0) growth
rate
Linear mass (0) and tarsus (0) growth
rate
Linear mass (0) and tarsus (-) growth
rate
Linear mass (0) and tarsus growth rate
©)
Nestling mass at age 8-12 days (-)

— High wind speed dampened effect

Mainwaring and Hartley, 2016

Kaspryzkowski et al., 2014

Kouba et al., 2015

Arbeiter et al., 2016

Arbeiter et al., 2016

Bradbury et al., 2003

Bradbury et al., 2003

Bradbury et al., 2003

Bradbury et al., 2003

Facey et al., 2020

Mean temperature between hatching
and measurement

American kestrel
Falco sparverius

Principle Component 1 of weather
during nestling growth period
(associated with increased wind,
rainfall, and cold air temperature)

— High rainfall increased effect
Nestling mass at age 8-12 days
()

— High wind speed dampened effect

Nestling mass (-) and length of tenth Dawson and Bortolotti, 2000

primary (-) at age 20.5-24 days

Columns indicate the species, the weather variable found to be associated with a growth trait, the growth trait and whether the association was positive (+), negative (=),

or not significant (0), and the study reference.

Increasing temperatures can result in either challenging or
improved growing conditions for nestlings and can operate either
directly through thermal changes experienced by nestlings or
indirectly by affecting parents’ foraging or brooding behavior
(Andreasson et al., 2020b; Table 1 and Figure 3). The
effects of warming may vary among species, populations, and
environments because some populations may be closer to their
thermal limits or may be more susceptible to dehydration. For
example, species living in environments below their thermal
optimum may benefit from increased natural air temperatures
during development (e.g., McKinnon et al., 2013), while increased
air temperatures or heatwaves may have strong negative impacts
on species living close to their thermal limits (Conradie et al,
2019). The effect of thermal changes depends on the ability
of nestlings to thermoregulate. If temperatures are beyond a
nestling’s thermal neutral zone (the temperature range that
body temperature is maintained with little energy expenditure),
nestlings will have inefficient physiological processes unless they
allocate energy to thermoregulation. Further, nestlings might use
limited energy resources on thermoregulation, instead of growth,
to prevent body temperatures outside their thermal maximum
(e.g., Andreasson et al., 2018).

In many bird species, warmer temperatures are associated
with faster growth, heavier asymptotes, heavier age-
specific masses, or have no effects at all (Dyrcz, 1974

Hiraldo et al., 1990; McCarty and Winkler, 1999; see Table 1).
But, warming temperatures can also correlate with slower growth
and smaller nestlings. In a population of blue tits in Lancashire
in the United Kingdom, warmer air temperatures correlate with
slower increases of tarsus length, head size, feather length, and
body mass (Mainwaring and Hartley, 2016), and in nestling
Eastern kingbirds Tyrannus tyrannus high temperatures covary
with smaller age-specific masses (Murphy, 1985). Similarly, in
arid environments, warmer temperatures correlate with smaller
nestlings (Cunningham et al,, 2013; Wiley and Ridley, 2016;
Andrew et al., 2017; Van de Ven, 2017). In arid environments,
warming may frequently approach the thermal maximum of
many bird species, resulting in smaller nestlings and increases
in nestling mortality either from decreases in parental foraging
or direct challenges for nestlings (Cunningham et al., 2013;
Wiley and Ridley, 2016; Van de Ven, 2017; Conradie et al.,
2019). Studies that experimentally heat passerine nestlings
tend to find that warmer conditions slow growth and result
in smaller nestlings in warm climates (Rodriguez and Barba,
2016b; Andrew et al., 2017; Table 4), but that warmer conditions
have a positive or mixed effect on nestling mass and size in cool
temperate environments (Dawson et al., 2005; Andreasson et al.,
2018; Table 4). In many instances, it will be important to explore
specific aspects of temperature (e.g., maximum, minimum,
mean) because they may affect growth differently (Table 1). For
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TABLE 4 | Associations between experimental manipulations of environmental conditions and nestling growth traits.

Species Experimental manipulation Association with growth Study

Blue Tit Heating of nest during growth Increase in mass with age (-) Andreasson et al., 2018
Cyanistes caeruleus Tarsus and wing length at age 14 days (0)

Zebra Finch Mass and tarsus length at age 28 days (-) Andrew et al., 2017
Taeniopygia guttata

Tree Swallow Growth rate constant of mass (+), length of Dawson et al., 2005

Tachycineta bicolor

Great Tit

Parus Major

Great Tit Cooling of nest during growth
Parus Major

Great Tit Heating of nest during incubation

Parus Major

Carolina Wrens
Thryothorus ludovicianus

European starlings Heating of nest during incubation

Prothonotary warbler
Protonotaria citrea

Tree Swallows
Tachycineta bicolor

Heating at origin nest during incubation
Heating at nest of rearing during incubation

Cooling at origin nest during incubation

Cooling at nest of rearing during incubation
Cooling nest temperatures during incubation
Blue tits
Cyanistes caeruleus
Mountain blackeye
Chlorocharis emiliae

Warming of nest and rain protection during
incubation and growth

Tree Swallow
Tachycineta bicolor
Blue tits

Cyanistes caeruleus

Experimental timming of female ventral feathers

Experimental trimming of parent’s ventral
feathers (Control and experimental broods were
both enlarged)

Experimental trimming of parent’s ventral
feathers (Control and experimental broods were
both enlarged)

ninth primary feather (+), and length of
tarsus (0)

Mass at age 15 days (-) Rodriguez and Barba, 2016b
Mass at age 15 days (0)

Tarsus length at age 15 days (-)

Rodriguez and Barba, 2016a

Age-specific tarsus length, and mass (0) Alvarez and Barba, 2014

Mass and tarsus length growth rate (0)

Nestling period (-) Mueller et al., 2019

Mass at age 9 days (-)

Nestling period (0) Reid et al., 2000
Mass at age 3 days (0)

Ratio of mass to tarsus cubed at age
10 days (0)

Nestling period ()

Mass at age 8 days (+)

Mueller et al., 2019

Variation in mass at 1 day of age (-) Ardia et al., 2009

Residual Mass at age 4 and 7 days (+) Pérez et al., 2008
Residual Mass at age 10 and 13 days (+)
Residual (-) and absolute mass (-) at age 4
and 7 days

Ardia et al., 2010

Absolute mass at age 10 days (-)

Growth rate (-)
Mass at age 14 days (-)

Nilsson et al., 2008

Nestling period (=), mass growth rate
constant (+), wing length growth rate
constant (+), tarsus length growth rate
constant (+)

Mitchell et al., 2020

Nestling asymptotic mass (+) Tapper et al., 2020

Mass of nestlings at age 14 days (+) Nord and Nilsson, 2019
— Only for first time breeding females
Wing length (+) and tarsus length
(0) at age 14 days
Mass (0), tarsus length (0), and wing length Andreasson et al., 2020a

(0) at age 14 days

Columns indicate the species, the weather variable found to be associated with a growth trait, the growth trait and whether the association was positive (+), negative (=),

or not significant (0), and the study reference.

example, crimson rosella Platycercus elegans nestlings are heavier
when the minimum nest temperature is high, but nestlings
are lighter when the mean nest temperature is high (Larson
et al., 2015). Finally, birds that produce several broods could
face different weather conditions for each brood. For example,
because temperatures are warmer when spotless starlings Sturnus
unicolor produce their second brood, increasing temperatures
result in smaller 14-day old nestlings, while the opposite effect
is found for first broods (Salaberria et al., 2014). Different
temperature regimes during early and late broods suggest

nestlings in late broods might be more strongly impacted by
warming conditions unless parents can adjust nesting locations
(presumably to cooler locations) for their second broods.

Sensitivity to Thermal Variation Could Vary
Throughout Nestling Ontogeny

To understand the impacts of temperature variation, we also
need to investigate the potentially varying impacts of a thermal
challenge during different time points in ontogeny. To predict
warming effects on growth patterns it may be important
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to identify periods of weather within a season that might
impact growth and determine how these time periods are
predicted to change.

Development of thermoregulation varies among species,
but endothermy develops after hatching in birds and earlier
during ontogeny in precocial species than in altricial species
(Dunn, 1975; Whittow and Tazawa, 1991; Nichelmann and
Tzschentke, 2002; Price and Dzialowski, 2018). Because of
better thermoregulatory abilities, young precocial nestlings
may be better able to survive temperature challenges than
young altricial species (Hohtola and Visser, 1998). Within a
species, mass is an important determinant of thermoregulatory
ability (Visser, 1998), but most studies investigate relationships
between size and thermoregulation among species and it is
unknown how this relates to variation among nestlings within
a species. In the context of a warming environment, smaller
birds could be better able to cope with heat stress through
faster evaporative cooling (McKechnie and Wolf, 2010), but
evaporative cooling causes water loss, leaving small birds
vulnerable to dehydration (Whitfield et al., 2015). Consequently,
small nestlings may be more susceptible to high temperatures
in water-limited environments than large nestlings because of
potential dehydration (Whitfield et al.,, 2015). However, many
small birds that live in hot and arid environments will have
adaptive strategies, like facultative hyperthermia, that allow
tolerance of challenging high temperatures (Gerson et al., 2019;
Freeman et al., 2020).

To predict the effects of a warming environment on
avian growth, it will be important to know whether hot
temperatures during early life can improve tolerance of warmer
environments later in life. Evidence from poultry suggests
temperature conditioning during incubation and early ages can
improve growth performance in warm and cold environments
(Nichelmann and Tzschentke, 2002; Shinder et al., 2002; Loyau
et al,, 2015; Oke et al., 2020; reviewed in Nord and Giroud,
2020). No study has investigated the effects of short-term
prenatal exposure to hot or cold temperatures in wild birds, but
continuous exposure to low incubation temperatures generally
reduces a nestling’s thermal regulatory ability (reviewed in Nord
and Giroud, 2020).

How Does Adult Thermoregulation Relate to
Offspring Thermoregulation?

According to the ‘climate variability hypothesis, high latitude
birds may be better able to tolerate temperature variation
(Stevens, 1989). This hypothesis suggests that organisms that
experience more variable climates should have wider thermal
tolerances, and climate variation tends to increase with latitude
(Stevens, 1989). A meta-analysis of non-migratory birds supports
the climate variability hypothesis - adults of bird species
living in variable environments can tolerate a broader range
of temperatures (Khaliq et al., 2014). Importantly, migratory
bird species do not demonstrate a trend toward increased or
decreased tolerance to environmental conditions with latitude.
However, when trying to predict the impacts of weather changes
on bird species, the variability of the environments where the
species evolved may be important. Given this empirical result on

adults, we might predict that the offspring of species adapted to
more variable environments can tolerate more warming. Note,
however, that the relevance of tolerance in adults depends on how
tolerance of offspring is related to adult tolerance. If offspring
have broader or narrower thermal niches than adults, they may
have better or worse resilient than adults to direct effects of
temperature challenges. No studies of wild birds have measured
thermal tolerance development and compared it to adult birds’
thermal tolerance (Nord and Giroud, 2020).

Weather Impacts Growth Through Changes in Food
Availability

Weather variation affects the timing of food abundance, which,
depending on when reproduction occurs, can affect the food
available for nestling growth (Naef-Daenzer and Keller, 1999;
Both et al., 2006; Daunt et al., 2006; Visser et al., 2006). Major
components of climate change are shifts in the mean and
variability of weather conditions. A consequence of shifting
weather conditions is that cues used by birds to time their
breeding may become unreliable predictors of food abundance
(Bonamour et al, 2019). The mismatch hypothesis suggests
that species at lower trophic levels are better able to track
shifts in climatic variation than are those at upper trophic
levels, resulting in top consumers being less able to time their
reproductive events to match food abundance (Stenseth et al.,
2002; Thackeray et al., 2016). Because of changing or variable
climatic conditions, many birds may have fewer available food
resources while offspring develop. For example, both rainfall
changes and an inability to temporarily track shifts in prey species
can decrease food availability during nestling growth (e.g., black
kites Milvus migrans Hiraldo et al., 1990; Lapland longspurs and
white crowned sparrows Pérez et al., 2016). In Baird’s sandpiper
Calidris bairdii, increases in asynchrony of hatching date with
peak biomass of crane flies (Tipulidae) correlates with a slower
maximum growth rate (McKinnon et al., 2012). In thick-billed
murres Uria lomvia, earlier ice break-up covaries with decreases
in Arctic cod Boreogadus saida and increases in capelin Mallotus
villosus in the murre diet. Further, hatching later relative to
the ice breakup is associated with smaller 14-day old nestlings
(Gaston and Elliott, 2014).

Some avian nestlings demonstrate a remarkable ability to
persist under periods of scarce food. Laboratory research and
avian husbandry suggest that, in some bird species, nestling
growth is incredibly flexible in response to food restriction.
Chickens Gallus gallus domesticus, Japanese quail Coturnix
japonica, and mallards Anas platyrhynchos raised on restricted
diets pause their growth (sometimes for months) then resume
typical growth trajectories when food restriction stops, with no
evident effect on adult morphology (Jordan, 1953; Singsen et al.,
1964; reviewed in Schew and Ricklefs, 1998). Similarly, some
seabird species can slow chick growth and delay fledging in years
with low food abundance or poor weather conditions (Barrett
and Rikardsen, 1992; Weimerskirch et al., 2001; Chiaradia and
Nisbet, 2006; Kuepper et al,, 2018), and white-fronted bee-
eaters Merops bullockoides can pause growth during periods of
low food availability (Emlen et al, 1991). Some species can
maintain growth early in the nestling stage because of spare yolk
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(Romanoff, 1944), but nestlings may be more vulnerable to food
shortages when the yolk is depleted. For many species extending
growth will not be possible because the time window for breeding
is restricted (e.g., many Arctic breeding birds). If the timing of the
breeding season is constrained, it may be optimal to mature at a
smaller size rather than arrest growth until suitable food sources
become available.

Life-History Strategy May Determine How Parental
Care Changes Under More Difficult Weather
Conditions

Weather can also have indirect effects on growth by influencing
the foraging or brooding behavior of parents (Taylor, 1983;
Machmer and Ydenberg, 1990). The degree to which birds can
adjust their parental effort is likely to depend on their life-
history, possibly resulting in differing magnitudes of impacts
of weather variation in species with high versus low adult
survival (Ghalambor and Martin, 2001). For instance, under
unpredictable or stressful conditions, long-lived species may
invest less in reproductive effort, including parental care, with
a stronger impact on nestling growth. All species face trade-offs
in their allocation of resources into reproduction and survival
(Stearns, 1989). These trade-offs may be particularly apparent
in altricial species and in species with nestlings dependent on
parents for food or thermoregulation. Parents can cope with
fewer resources by increasing foraging effort at the expense of
their body condition - helping chicks to survive challenging
weather conditions. For example, in tree swallows, increases
in rainfall correlate with increases in parental provisioning at
the expense of declines in adult body condition (Cox et al,
2019). Alternatively, parents may invest less in reproduction
during stressful situations to preserve or maintain their body
condition. Yellow-nosed albatrosses Diomedea chlororhynchos
appear to increase provisioning in response to poor nestling
condition only if food is plentiful, limiting the costs of
reproduction for themselves in unfavorable years (Weimerskirch
et al, 2001). Future work could determine which strategy
is adaptive for different life-histories under unpredictable or
extreme food conditions.

Other Components of Weather Can Also Affect
Nestling Growth

Climate change is increasing the frequency of heavy precipitation
events (Intergovernmental Panel on Climate Change, 2018), and
rainfall can have variable effects on avian growth (Table 2).
The effects of rainfall on nestling growth may depend on when
rainfall occurs relative to a species’ breeding season (Kruuk
etal,, 2015). During nestling growth, rainfall can decrease growth
rates and age-specific morphometrics (Siitkamaki, 1996; Kosicki
and Indykiewicz, 2011; Kaspryzkowski et al., 2014; Pérez et al,,
2016; Cox et al., 2019, but see Mainwaring and Hartley, 2016;
Grzedzicka, 2019; Table 2). Decreases in growth can result
from nestlings having difficulty thermoregulating because of
wet downy feathers or difficult foraging conditions for parents
(Nye, 1964; Keller and Noordwijk, 1994). In great tits, days with
some rainfall greater than 1 mm result in decreases in daily
mass gain by nestlings. The negative association between rainfall

and daily mass gain in great tit nestlings is suspected to be
caused by decreases in foraging of parents because experimental
trapping of adults has negative effects on growth comparable
to daily rainfall (Keller and Noordwijk, 1994). In hot and dry
regions, prey abundance may increase in rainy conditions and
will improve foraging conditions for parents and nestling growth
rates (Sicurella et al., 2014).

In some studies rainfall has mixed effects on growth or
only impacts nestlings at specific ages. Robinson et al. (2017)
categorized 3 years of their study on Arctic peregrine falcons
Falco peregrinus tundrius as cool and wet or as warm and dry.
In cool and wet years, nestlings grew the fastest, grew to a lower-
than-average asymptote, and attain their maximum growth rate
at a younger age (Robinson et al., 2017). In little auks Alle alle,
rainfall during the nestling period correlates with decreases in the
masses of young nestlings, while in red-capped larks Calandrella
cinerea monthly rainfall has a positive effect on the mass of older
nestlings, but no effect on young nestlings (Konarzewski and
Taylor, 1989; Ndithia et al., 2017).

In contrast to rainfall during nestling growth, rainfall outside
the breeding season might increase avian growth rates and masses
because of the generally beneficial effects of rainfall on vegetation
and insect abundance. In a population of superb fairy wrens
Malurus cyaneus, increases in rainfall prior to nestling growth
result in heavier nestling masses (Kruuk et al., 2015). Higher
rainfall during the nestling stage is associated with increases
in gosling size in the Canada goose Branta canadensis, but
the authors suggest that high rainfall during growth is likely
associated with high rainfall prior to the nestling stage (Brook
et al, 2015). The authors suggest that disentangling whether
rainfall during growth had a negative effect on Canada goose
nestling growth might be hard because the observed effect was
a combination of earlier rainfall effects on vegetation and direct
effects of rainfall on nestling size.

In many regions, global climate change is expected to increase
ocean wind speeds but decrease land wind speeds (Torralba
et al, 2017). Increases in wind speeds often correlate with
lower age-specific nestling masses in seabirds. Common terns
Sterna hirundo, for example, display reductions in growth when
wind speeds are high (Langham, 1968), maybe because of a
reduction in the ability of parents to capture prey (Taylor,
1983). Interestingly, high wind speeds do not appear to affect
nestling growth of a relative of common terns, sandwich terns
Thalasseus sandvicensis, perhaps because of differences between
these two species in foraging behavior or morphology (Langham,
1968; Taylor, 1983). In the little auk, wind speed and decreases
in visibility correlate with lower masses in nestlings older
than 5 days (Konarzewski and Taylor, 1989). Environmental
differences at breeding locations might determine whether a
weather variable impacts growth in black-legged kittiwakes Rissa
tridactyla, wind speeds do not affect nestlings on a colony in the
Gulf of Alaska, but high wind speeds do reduce the growth of
nestlings on a colony in the Norwegian Sea (Elliott et al., 2014;
Christensen-Dalsgaard et al., 2018). Marine birds may need to
change or increase their foraging behavior with changing weather
conditions, or offspring will need to adjust to lower or variable
food provisioning.
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Components of foraging behavior in birds can vary among
individuals, and individuals may change their behavior differently
in response to weather conditions (Woo et al, 2008; Patrick
et al, 2014). Differences among individuals in foraging and
how foraging behavior develops may be essential to determine
which strategies are adaptive in an altered environment. Beyond
effects on foraging, wind may stress (e.g., via noise) nestlings
directly, resulting in altered growth phenotypes (Crino et al,
2020). Evidence from blue tits suggests that increases in wind
speeds negatively affect the growth of fourth primary feathers,
mass and tarsus, so a decline in average wind speeds on land may
result in more favorable growing conditions for some land birds
(Table 3; but see Sicurella et al., 2014).

Variation in sea-surface temperature is also likely to
impact food availability for many seabirds. Average sea-surface
temperatures are expected to increase globally, with some regions
warming more rapidly than others (Intergovernmental Panel
on Climate Change, 2013). Sea-surface temperature changes are
likely to affect marine bird species by changing their prey species’
distribution, abundance, and phenology, generally resulting in
lower food availability and, in extreme cases, in mass seabird die-
offs (Piatt et al., 2020). Associations between warm sea-surface
temperatures and slower daily mass gain are found in numerous
seabird species (Bertram et al., 1991; Hedd et al.,, 2002; Gjerdrum
et al,, 2003; Smithers et al., 2003; Peck et al., 2004; Ancona et al,,
2011; but see Pinaud et al., 2005). Additionally, sea-ice coverage,
age, and distribution will be important for provisioning in ice-
associated seabirds (Gaston and Elliott, 2014; Divoky et al., 2015).
Generally, increases in sea-surface temperatures correlate with
decreases in nestling masses in seabirds, likely because of low prey
availability during breeding.

Lastly, the interaction of different weather effects may change
our predictions of future change because interactions among
weather variables or other changing variables could enhance
or ameliorate negative effects. For example, in a study of barn
swallows Hirundo rustica, nestling mass between age 8-12 days is
negatively associated with increasing temperatures, and this effect
is stronger during heavier rainfall, but weaker during high wind
speeds (Facey et al., 2020).

Variation in Weather Conditions May More Strongly
Impact Later-Hatching Nestlings

The hatching order of a nestling within a brood might play
an important role in how weather interacts with growth.
In species with asynchronous hatching, older nestlings can
outcompete younger nestlings for food, and younger nestlings
will frequently grow more slowly, fledge at a smaller size, or
die from starvation or aggression from older nestlings (Mock
and Parker, 1998). Siblicide can be facultative or obligate.
When siblicide is facultative, aggression and siblicide within a
brood may be less frequent when food availability and weather
conditions are favorable (e.g., Bortolotti et al., 1991; Reynolds,
1996). Egg-hormones, parental incubation, and parental feeding
behavior might all modulate competition among nestlings
(Mock and Parker, 1997; Miiller and Groothuis, 2013). Weather
conditions could act as cues for changes in physiology or
behavior that promote or impede competition among nestlings.

If climate change generally results in weather conditions that are
unfavorable for growth (less food, increased thermal stress), the
strongest impacts of changing weather conditions will likely be
on later hatching nestlings.

WEATHER AND THE EVOLUTION OF
AVIAN GROWTH

Because weather can influence avian growth in many ways, a
change in weather will likely result in altered selection on nestling
growth traits and influence the evolution of nestling growth
traits that are heritable. To predict the evolution of avian growth
traits, we need to understand the evolvability of these traits as
well as natural selection acting on them. Both these components
of evolution, i.e., growth evolvability and natural selection on
growth, can change according to environmental variations.

Estimation of the Evolutionary Potential
of Growth Is Challenging

Little is known about the heritability of nestling growth traits
under different weather conditions, making it difficult to predict
how and whether nestling traits will evolve in response to
changing climate. Similarly, little is known about how variation
in weather affects natural selection on growth traits.

Fewer studies have investigated the heritability of growth
parameters such as the asymptote, growth rate, and timing of
maximum growth (Figure 1) in the wild. Tarsus length at 13-15
days of age in European starlings is heritable when analyzed using
either offspring-midparent regressions (h* = 0.43 [SE = 0.12])
or full-sibling analyses (h® = 030 [SE = 0.22]) in a partial
cross fostering experiment (Smith and Wettermark, 1995). Such
high heritability for tarsus length is similar to findings of many
other avian quantitative genetic studies (Postma and Brommer,
2014). However, when Smith and Wettermark (1995) used an
analysis of variance to estimate the heritability of logistic growth
curve components fit to the starling’s masses, they found the
asymptote to be heritable (h* = 0.25 [SE = 0.21]) but not
the inflection point or growth constant. Age-specific size and
mass measurements also have been found to be heritable in
medium ground finches, and great tits (h? of fledging mass = 0.24
[SE = 0.02]; Garant et al., 2005).

Advances in statistical techniques used in quantitative genetics
now allow a more accurate measurement of the evolutionary
parameters of nestling growth in wild populations. Mixed models
called ‘animal models’ that use between-individual relatedness
within a population and can handle uneven sampling designs
offer an improvement over offspring-midparent regressions
(Kruuk, 2004; Wilson et al., 2010). Use of an animal model in
house sparrows shows the nestling age-specific masses and tarsus
lengths to be heritable (h? for mass at 5 days = 0.57 [SE = 0.19],
mass at 10 days = 0.86 [SE = 0.13]; tarsus at 5 days = 0.81
[SE = 0.22], tarsus at 10 days = 0.63 [SE = 0.11]; Bonneaud
et al., 2009). In a more recent large cross-fostering experiment
of blue tits, age-specific masses throughout a nestling’s growth
period are found to have low heritabilities using an animal model
(h? ranged from 0.07 [SE = 0.04] at 0 days to 0.09 (SE = 0.03]
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at 6 days (Hadfield et al, 2013). The authors attributed the
low additive genetic variances and heritabilities of nestling age-
specific masses to their multivariate statistics and experimental
design, where they controlled for the effects of viability selection
when estimating (co)variances among nestlings (Hadfield et al.,
2013). Analyses accounting for missing data from individuals that
do not survive until nestling mass measurement can help avoid
biases in estimates of selection and additive genetic variances for
nestling traits (see Hadfield, 2008 for a thorough discussion)

In poultry, the heritability of growth parameters (asymptote,
the timing of maximum growth, growth rate, age-specific
mass/size) can be moderately heritable (e.g., h* range = 0.15 -
0.66; Grossman and Bohren, 1985; Mignon-Grasteau, 1999;
N’Dri et al., 2006; Dana et al., 2011; Haunshi et al., 2012) and
selection on domestic species provides evidence that growth
traits can evolve under these controlled settings (Marks, 1990
as cited in Steigner et al.,, 1992; Noordwijk and Marks, 1998;
Zuidhof et al., 2014). Heritability of avian growth might be higher
in husbandry settings compared to wild populations because
of controlled rearing conditions, which reduce the amount of
environmental variation. Quantitative genetic studies on avian
growth in wild conditions are presently too scarce to make more
robust conclusions on the expected levels of heritability, so we
encourage more studies to estimate the additive genetic variance
of nestling growth parameters in wild avian populations.

Heritability Is Environmentally
Dependent

An important note relevant to weather conditions is that
heritability measures are only applicable to the population and
the environment where they are measured. The denominator
in the calculation of heritability, phenotypic variance, is equal
to the sum of genetic variance and environmental variance.
Hence, an increase in the environmental variance of a trait
results in a decrease in the heritability estimate. Additionally,
environmental variation can impact the level of additive genetic
variation estimated for a given trait (Gebhardt-Henrich and
Noordwijk, 1994; Charmantier and Garant, 2005; Wood and
Brodie, 2016). Early papers measuring the heritability of growth
traits noted that poor environmental conditions during growth
might restrict the expression of additive genetic variance,
resulting in lower heritability of the fledgling or adult phenotypic
traits in unfavorable environments (Gebhardt-Henrich and
Noordwijk, 1991, 1994; Gebhardt-Henrich, 1992). The original
hypothesis of environmental influence on the heritability of
growth by Noordwijk (1982 as cited in Noordwijk and Marks,
1998) suggests that under unfavorable conditions, a nestling
might not reach its genetically determined size, but instead
would be constrained because of maturation at a set age.
However, under favorable conditions a nestling will reach a final
size before age-induced maturation. Therefore, the hypothesis
suggests that variation in the asymptote under unfavorable
conditions might be more likely to reflect environmental
differences among nestlings and the variation under favorable
conditions might reflect genetic differences among individuals
(Noordwijk and Marks, 1998). A change in the genes that

underlie the phenotypic expression of a trait could also cause
a change in additive genetic variation between environments
(Wood and Brodie, 2016). For example, in a hot environment,
genes that play a role in heat tolerance might largely determine
the additive genetic variance in a growth trait, while in a
thermoneutral environment, genes that play a role in metabolism
and growth might explain most of the differences among
individual growth trajectories. Therefore, weather variation
could affect rates of evolution through an increase or decrease
in heritability by increasing or decreasing the environmental
and/or the additive genetic contribution to variation in nestling
growth traits. Lastly, because heritability is dependent on
environmental variance, directly reporting the additive genetic
variance of a trait scaled by the mean will allow accurate
comparisons of evolvability across traits and species (Houle,
1992; Hansen et al, 2011). It is important for researchers
to report both metrics when trying to evaluate the general
evolvability of any trait.

While we might not know how heritability will change with
different weather patterns, we do know that annual changes
in the heritability of nestling size traits in response to changes
in environmental conditions have been observed. Following a
brood size manipulation experiment in great tits, Gebhardt-
Henrich and Noordwijk (1991) found that heritability of mass
at 15 days of age (near asymptotic mass) might be lower in
large broods (average h> = 0.40 [SE = 0.54]) than in small
broods (average K% = 0.75 [SE = 0.36]), but only in years when
environmental conditions are unfavorable. Notably, standard
errors are large, and results are not statistically significant, but this
study is one of the earliest to postulate an effect of environmental
conditions on evolutionary parameters in nestling traits. In a
comparison of age-specific size measurements following a brood
size manipulation in blue tits, Kunz and Ekman (2000) detected
high heritability estimates for age-specific tarsus (age 8 and
10 days), wing (age 6 days), and mass (age 6 and 8 days)
measurements in smaller compared to larger broods. While
not focused on weather conditions, other more recent studies
have noted higher heritability in more favorable environments
(Charmantier et al., 2004; Garant et al., 2005).

Experimental studies on poultry provide insight into how
weather impacts might influence the evolutionary response of
chick growth traits. Marks (1996) examined the response to
artificial selection for increased 4-week body mass in restricted
versus full nutritional diet lines of Japanese quail (Coturnix
japonica) and found that the restricted diet line had much
lower phenotypic increases (no changes in phenotype for many
generations) in 4-week body mass. The quail chicK’s growth
conditions are artificial but could indicate that evolutionary
changes in nestling size will be slower in environments where
weather conditions reduce food availability, as is expected for
climate change in many ecosystems.

Generally, these studies indicate that the heritability of
fledging mass increases under favorable conditions, but we
should cautiously extrapolate from the current literature because
the taxonomic range of current results is restricted, and many
studies do not investigate the effects of weather. Further, no
studies to our knowledge evaluated the changing heritability
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of growth rates or the timing of maximum growth in
wild populations.

Perspectives on Adding Complexity and

Interactive Effects
Beyond the genetic variance of a trait, the evolution of a
trait also depends on its genetic covariance with other traits
(Willham, 1972; Arnold et al., 2008; Walsh and Lynch, 2018).
The evolution of growth traits may be constrained because
of genetic correlations among traits. For example, genes that
increase asymptotic mass may decrease the maximum growth
rate. Therefore, weather variation could affect the evolution
of growth traits by influencing the genetic covariance among
traits. To date, no study has investigated how weather variation
shapes genetic covariances among chick growth traits. Hence it
is difficult to determine if genetic constraints or the effect of
weather on genetic constraints will have an important role in the
evolutionary response of avian growth traits to climate change.
Finally, in addition to a given growth trait’s evolutionary
trajectory being dependent on genetic correlations, selection on
growth traits induced by climate change can interact with other
selective forces. For instance, comparative studies have shown
that adult and nestling birds are repeatedly smaller in cities than
in surrounding rural areas (Bailly et al., 2016; Caizergues et al.,
2018). However, as with weather effects, such trends have not
yet been attributed to either plastic or evolutionary processes.
Several factors that directly influence growth and are affected by
climate change (e.g., food availability) are also affected by growing
urbanization. Predictive models will hence need at some point to
include the complexity of these different and interacting selective
forces. Some authors (e.g., Grimm et al., 2008) have hypothesized
that since urban areas are ‘heat islands, cities provide an
interesting opportunity to study how global warming will impact
specific traits (Rivkin et al., 2019). Describing growth curves in
urban birds could, hence, be informative in understanding how
warmer temperatures and changes in resources influence avian
growth. Gene flow from populations adapted to urban habitats
into populations in more natural habitats could also provide
individuals pre-adapted to warmer conditions (e.g., adaptation
with gene flow; Tigano and Friesen, 2016).

CONCLUSION

Human-induced warming has resulted in average global
temperatures increasing by 1°C since the preindustrial period,
and temperatures are likely to increase by 1.5°C or more in
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