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Avian nests are critical for successful reproduction in birds. Nest microclimate can affect
egg development, chick growth and fledgling success, suggesting that nest building
behavior should be under strong selective pressure to nesting conditions. Given that
the internal microclimate of the nest is critical for avian fitness, it is expected that
nest morphology is shaped by the local environment. Here we review the relationship
between nest morphology and climate across species’ distributions. We collate growing
evidence that supports a link between environmental conditions and particular nest
traits, within species and across species. We discuss the degree to which phenotypic
plasticity in nesting behavior can contribute to observed variation in nest traits, the role
of phylogenetic history in determining nest morphology, and which nest traits are likely to
be influenced by climatic conditions. Finally, we identify gaps in our understanding of the
evolution of nest morphology and suggest topics for future research. Overall, we argue
that nests are part of the extended phenotype of a bird, they play a crucial role in their
reproductive success, and may be an important factor in determining which species will
be able to persist in the face of ongoing climate change.
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IN A NUTSHELL

• Birds build nests that are suitable for maintaining the ideal microclimate conditions for egg
and chick development.

• We discuss the diversity of nest morphologies found among species and individuals.
• We show considerable evidence of building adaptations in nest size, lining and composition

to local climate conditions.
• We suggest future research ideas to improve our understanding of how bird nest building

behavior evolved.

INTRODUCTION

The role of environmental variation in the evolution of animal traits has been the subject of
extensive study. There are hundreds of examples of selection on traits to various environmental
conditions (Guidi et al., 2016; Meachen et al., 2016; Alhajeri and Steppan, 2018), such as beaks in
Darwin’s finches and malagasy vangas that have diversified in different environments (Reddy et al.,
2012; Lamichhaney et al., 2015). In the same way that selection acts on phenotypes generating
adaptations, selection should exert pressure and influence the evolution of traits that arise from
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behaviors and are extrinsic to species’ phenotypes (extended
phenotypes), such as birds’ nests (Mainwaring, 2015).

Nests are ephemeral structures but they are fundamental for
species’ persistence (Hansell, 2000). They are built by parents
to provide an optimal environment for their progeny, and
several studies have shown that the conditions inside nests can
dramatically affect offspring survival (Heenan, 2013; Mainwaring
et al., 2014; DuRant et al., 2019). Therefore, nest morphology
can be considered a phenotypic trait that should be subject to
variation and driven by selection on nest building behavior of
parents, like other traits that affect fitness.

There is a tight association between avian reproductive success
and the climatic conditions inside the nest (microclimate)
(Collias and Collias, 1984). An optimal nest microclimate
influences the length of the incubation and nestling periods,
which in turn affects parental condition and investment, hatching
synchrony and brood size (Lombardo et al., 1995; Ardia
et al., 2010; Griffith et al., 2016; Mueller et al., 2019). Nest
microclimate can promote optimal embryonic development at
the egg stage which enhances brood performance and chick
survival (Durant et al., 2013a; Ospina et al., 2018). This is because
temperature and humidity that are outside the species’ tolerance
range can compromise chick growth (body mass and structural
size), influence microbial activity and water loss from eggs, as
well as affect innate immunity, thermoregulatory and motor
performance, and even sex ratios (Lombardo et al., 1995; Ardia
et al., 2010; Deeming, 2016; Rodríguez and Barba, 2016; Larson
et al., 2018; Wada et al., 2018; Belnap et al., 2019; Merrill et al.,
2019). When incubation and brooding conditions have such
fitness consequences, selective pressures that guarantee a suitable
nest microclimate are expected to be high (Hansell, 2000; Greno
et al., 2008; Hepp and Kennamer, 2012).

Indeed, parents also alter incubation behavior in relation to
time of day, time in the season, embryo age, ambient temperature
and precipitation (Feldheim, 1997; Álvarez and Barba, 2014;
McClintock et al., 2014; Walters et al., 2016; Carroll et al.,
2018). Parental behavior is integral to mitigating the effects of
weather at the nest, especially extreme weather events, such
as heavy rain, flooding or abnormal temperatures (Burger,
1978; Clauser and McRae, 2017). In hot, arid environments,
for instance, clutch overheating poses great threats to egg
survival and parents modify the duration and frequency of
incubation bouts to minimize absences at the nest (Mougeot
et al., 2014) and shade eggs to prevent eggs from overheating
(Clauser and McRae, 2017). Egg arrangement in the nest and
the frequency of egg-turning can also alter cooling/warming
rates (Šálek and Zárybnická, 2015). It has been shown that egg
turning can be more frequent in unshaded nests and eggs on
the edges that are more prone to temperature variation are
moved more often (Šálek and Zárybnická, 2015; Kelsey et al.,
2016). However, any form of nest structure per se (e.g. cup
nest or mat of vegetation versus scrapes on the ground) has
important influence on clutch microclimate. Deeming (2011)
has shown that humidity within cup nests is more stable across
species’ latitudes with distinct levels of humidity than in scrapes.
Eggs on scrapes are particularly exposed to the environment,
and parents must compensate for weather adversities (Collias

and Collias, 1984). In fact, it has been suggested that it is less
energetically costly for parents to invest in building a thermally
suitable nest to promote optimal development, than to invest
in behavioral compensation during incubation (Mainwaring
and Hartley, 2013); a suitable nest with stable microclimate
optimizes heat exchange in incubating parent/s and reduces heat
loss or gain in eggs during parental absence, thereby reducing
parental investment (Smith et al., 1974; Collias and Collias, 1984;
Reid et al., 2000).

In this review, we aim to highlight the potential role of climate
in the evolution of nest building behavior and consequently,
nest morphology. We introduce the topic by briefly examining
the traits that we use to define nest morphology and discuss to
what degree the phylogenetic history of these traits determines
their potential to respond to climatic pressures. From there
we move on to a discussion of the mechanisms that drive
variation in nest construction with special focus on local climate
and we suggest topics for future research on the evolution of
nest morphology.

To gain insights into how ubiquitous the association between
nest morphology and the local climate is, we used the Web of
Science (1945–2020) database to search for papers in English on
bird nest microclimate and structure, that contained the words:
bird and nest temperature or nest structure. Of 1,290 records
rendered by this search, 52 papers investigated explicitly the
relationship between the climate and nest building adaptations.
From these, 88% report significant associations (19.7% of those
with humidity and temperature, 13% with humidity only and 56%
with temperature only, the remaining showed nest morphology
variation across seasons and distributions but did not infer
the role of climate). Of the total, 65.4% of studies were of
a single species, 34.6% included more than one species, and
only 22.2% of those used phylogenetic comparative methods to
address broad evolutionary questions on nest building behavior
(Supplementary Table 1). As we examine the associations
between nests and environment, we explore the extent to
which nest building behavior responds to selective pressures and
propose new research questions to gain further insights into the
relationship between nest and environment. Moreover, although
this review focuses on compiling evidence for the role of climate
in nest morphology, we also discuss other selective forces that,
in conjunction with climate, have the potential to shape nest
morphology evolution.

DEFINING THE MORPHOLOGY OF A
NEST

Before we consider the role of climate in shaping nest
morphology, it is important to clarify how we define nest
morphology and the phylogenetic history of the traits involved.
We use “nest morphology” to refer to the general nest structure,
which is comprised of shape, size, lining, and composition. Like
many other structures, it is hard to accurately describe a nest in
a single dimension, given the diversity of nest morphologies and
their component materials. This complexity reflects the general
consensus that all aspects of nest morphology should be taken
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FIGURE 1 | Bird nest shape classification (A) supported cup from Terpsiphone mutata; (B) dome from Amblyospiza albifrons; (C) suspended cup (pouch) from
Icterus galbula; (D) cavity from Melanerpes uropygialis. Colors were chosen to contrast birds from nests and do not depict natural colors. Illustration by DMP.

into account in order to understand function (Zyskowski and
Prum, 1999; Hall et al., 2013; Medina, 2019).

Nest Shape
There is general agreement on the categories of classification
for overall nest shape (open cup, dome, cavity; Figure 1), and

these groupings have been widely used (Price and Griffith,
2017; Duursma et al., 2018; Fang et al., 2018). Broadly,
nests can be classified as open cups and domes—those that
have a roof. There are also cavity nests, which may or not
contain an open cup or a dome within. Some nest shapes
are hard to classify, like the pouches of some weavers, that
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are so deep that they are effectively more similar to a domed
nest than an open nest of any kind. Similarly, the nests
of some galliforms (like bush-turkey or malleefowl) are not
conventional domed nests (with a roof and side entrance) but
are, instead, large mounds on the ground where eggs are buried
(Hansell, 2000).

Nest shape has often been considered as an important
taxonomic character that is ideal for mapping onto phylogenies
for the purposes of ancestral reconstruction (Winkler and
Sheldon, 1993; Zyskowski and Prum, 1999). This is because
nest shape is considered to be invariable within families and
genera, but variable at higher taxonomic levels (Price and
Griffith, 2017; Fang et al., 2018; Medina, 2019). Hansell (2000)
highlights, however, that some families have species with nests
that are cup, domed and in cavities (e.g., Furnariidae, Thraupidae,
Psittacidae). Parrots for example, are known for using cavities,
but there are a handful of species that do not (e.g., Myopsitta
monachus, domed nest).

Nest Size
Besides the general shape, another trait considered part of the
morphology of a nest is its size. Many studies use length and
width to describe nest size (Heenan and Seymour, 2011; Windsor
et al., 2013; Lambrechts et al., 2017), although in the case
of domed and cavity nests, width is harder to measure, and
width is more often used as a measure for open nests (referred
to as inner cup width). Other measures related to nest size
that can be useful in describing the general structure of the
nest are the cup depth, width of the walls and the thickness
of the base.

Unlike general nest shape that is highly conserved across
and within species, nest size is much more labile. There is
considerable variation in nest size across species, and the main
predictor of nest size is the body size of the builder (Slagsvold,
1989; Møller, 2005; Deeming, 2013). However, within individuals
there is also significant variation in the nest size. African
weavers (Ploceus spp.) build multiple nests during the breeding
season and individuals can change the size of their nests over
time, suggesting considerable plasticity in this trait, which in
fact could be related to changing weather across the season
(Walsh et al., 2010, 2011). It is important to consider that
African weavers use nest building as part of courtship, so like
other phenotypic traits, nest size may be driven by multiple
selective pressures, including sexual selection (Soler et al., 1998;
Møller, 2005; Moreno, 2012; Tomás et al., 2013). Although only
affecting species where nests are sexually selected, if multiple
selective forces shape the size of the nest, the potential to
respond to climatic conditions might be constrained. Indeed,
both sexual and natural selection can drive the evolution of nest
size in the same direction (e.g., toward larger size), making it
difficult to tease apart the contributing roles of drivers of trait
variation. A similar example of concurring selection pressures
involves female penduline tits (Remiz pendulinus), which face
high energetic demands during incubation and, thus, select a
mate based on the insulation capacity of the nest he constructs
(Hoi et al., 1994).

Nest Lining and Composition
Another component that will be crucial in our discussion of the
links between nests and climate is the lining of the nest. Many
birds (but not all) collect feathers, plant down, and/or fur and use
them to cover the inner cup, which is thought to be critical in
providing insulation. Materials are classified as lining if they have
no structural function and are placed within the nest (Hansell,
2000; Mainwaring et al., 2016). This trait is usually quantified by
the amount (weight) of lining inside a nest (Mainwaring et al.,
2012), but the type of materials used is also important as both
are crucial in understanding the thermal efficiency of the nest
as a whole. Materials used in nest building are highly variable
and can range from mud and saliva in rufous hornero (Furnarius
rufus) and swift (Aerodramus fuciphagus) nests, to paper money
and bones in raptor nests (Hansell, 2000; Ellis et al., 2009).
Thus, when analyzing other nest characteristics, such as mass,
it is important to take component materials, and their physical
density, into account.

Birds are selective in choosing materials for their nests, which
suggests adaptive value in this behavior (Bailey et al., 2014; Muth
and Healy, 2014; Briggs and Mainwaring, 2019). The choice
of material can be relatively consistent within species (Biddle
et al., 2018a). Pied flycatchers (Ficedula hypoleuca) prefer deer
fur over other materials (Briggs and Mainwaring, 2019), and
zebra finches (Taeniopygia guttata) choose materials based on size
and structural properties (Muth and Healy, 2014). Considerable
variation across closely related species is also observed. The
magpie lark (Grallina cyanoleuca) and its sister species the
torrent-lark (Grallina bruijnii) build a cup nest made of mud,
but most members of the family (Monarchidae) weave their
nests from plant material (Del Hoyo et al., 2017). Indeed,
birds can show flexibility in selection of materials observed
within species and across very small spatial scales (up to
4 km) (pied flycatchers, Briggs and Deeming, 2016). Parents
actively adjust nest building decisions to match the availability
of local materials, such that urban populations of multiple
species have been shown to incorporate man-made materials
(Wang et al., 2009; Suárez-Rodríguez et al., 2013). Thus, unlike
other traits like nest shape, the choice (and amount) of nest
materials seems to have great evolutionary potential to respond
to selective pressures.

The thermal performance and structural properties of the
materials used for nest construction are of primary importance,
and the way materials are laid down is critical in changing
air flow and water absorption thereby influencing insulation
capacity (Skowron and Kern, 1980; Rohwer and Law, 2010;
Crossman et al., 2011; Deeming and Biddle, 2015; Biddle
et al., 2018b,c). However, the choice of nest materials is
also associated with factors other than thermal properties
that, in combination, enhance breeding success. Males often
select nest materials to increase nest appearance and thus his
attractiveness, or can also use materials that have anti-parasite
benefits (Veiga et al., 2006; Mennerat et al., 2009). The spotless
starling uses unpigmented feathers and aromatic plants to
enhance antimicrobial protection and nestling survival (Ruiz-
Castellano et al., 2018). The European starling adds aromatic
herbs to their nests that improve nestling condition through
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stimulating higher parent attendance and longer incubation
bouts (Gwinner et al., 2018).

NEST MORPHOLOGY AND CLIMATE

Nest Shape
Among species that build a nest structure, the presence or
absence of a roof, or whether or not, it is placed in a cavity,
can have large effects on the thermal performance (Griffith
et al., 2016), leading to the expectation of intraspecific variation
in nest shape in species with wide geographic ranges. It is
puzzling that within-species, the potential to dramatically alter
nest shape (e.g., from cup to domed or vice versa) appears to
be rare (Cardoni et al., 2017). It is possible that general nest
shape is already well adapted to environmental conditions in the
species’ current distribution, such that variation at this level is
unnecessary at smaller taxonomic scales. Alternatively, changing
nest shape could require high levels of flexibility in building
behaviors, which might be difficult to develop. Although very
rare, there are examples of variation in nest shape within species.
One example is the golden-headed cisticola (Cisticola exilis),
which is described as having open cup nests in some parts of
its distribution in NE India and domed nests in other parts
(Del Hoyo et al., 2017), but the causes for these differences
are unknown. Another interesting case is that of the bay-
capped wren-spinetail (Spartonoica maluroides), which builds
two different nest types in the same region in Argentina, but the
causes for such variation are not completely clear either (Cardoni
et al., 2017). These systems might be ideal to investigate the
role of climate in driving intraspecific nest variation at broader
scales. Current information, however, is not enough to draw any
conclusions, and climate is not the sole selective pressure acting
on nest shape. For example, weavers, which have domed nests,
are heavily parasitized by cuckoos in Africa and their domed
nests have been suggested to decrease parasitism rates (Krüger
and Davies, 2004; Medina et al., 2020).

Nest shape can play an important role in extreme
environments where suboptimal nest design can be lethal
to the offspring. The zebra finch, for example, faces high
temperatures during the breeding season in Australia, and there
is some evidence that by constructing domed nests parents
can protect the eggs from direct sunlight which may reduce
the risk of eggs reaching lethal temperatures (Griffith et al.,
2016). Indeed, looking at the interspecific level some recent
studies have suggested that domed nests might be a type of
specialization in arid environments. Duursma et al. (2018) found
that in Australia, arid places have a higher frequency of domed
nest species compared to other non-arid regions. Conversely,
Medina (2019) did not find associations between nest shape
and particular environments in Australian species, but evidence
that species with domed nests have smaller distributions and
suggested that dome nests were lost as birds expanded to other
environments and the range of climatic conditions. Nevertheless,
these findings remain to be rigorously tested worldwide, through
broad comparative studies that take into account phylogenetic,
and spatial correlations.

Overall, explanations for the evolution of nest shape in
passerine birds have focused on two main hypotheses: predation
pressure versus microclimate variation (Martin et al., 2017).
According to a long-standing assumption, domed nests are
more common in tropical and southern hemisphere regions
because the shape of the dome reduces predation risk (Oniki,
1979). However, studies have recently revealed that predation
rates are similar for different nest types (cup and dome) and
across latitudes (Martin et al., 2017; Mouton and Martin, 2019),
and birds seem to respond to predation risk by changing
nest placement rather than nest shape (Forstmeier and Weiss,
2004; Peluc et al., 2008). In fact, domed nests are associated
with smaller absolute body size in passerines, supporting
thermoregulatory explanations for their evolution (Martin et al.,
2017). Smaller individuals have higher rates of heat exchange due
to their disproportionately large surface area to volume ratios
compared with larger-bodied individuals, with consequences
for energy and water budgets at both ends of the temperature
scale (hot and cold conditions) (Boyles et al., 2011). Domed
nests that confer a stable microclimate, with protection from
temperature extremes, rainfall and sun exposure, may reduce
the thermoregulatory costs of attending parents and provide
thermal benefits for embryos and nestlings. Such benefits may
lead to a reduction in parental effort, increased offspring
growth rates and reductions in the lengths of the incubation
and nestling periods, thereby reducing predation risk, with
disproportionate effects for smaller species (Martin et al., 2017;
Matysiokov and Remes, 2018).

In summary, studies have pointed to considerably low
intraspecific variability in nest shape, and species with
such variation are still poorly investigated. Under the
broad interspecific level, however, nest shape may represent
an important adaptation to the selective pressures of the
environment with dome nests commonly occurring in small
ranges and arid places (Duursma et al., 2018; Medina, 2019).
Studies have also demonstrated associations between dome
nests and body size highlighting the thermal function of these
structures, although further research is still required to fully
dissociate climate-related hypotheses from predation risk
(Martin et al., 2017; Medina, 2019). Future research testing
for associations between nest shape (e.g., domed versus cup),
passerine body size and the nature and extent of weather
extremes, both hot and cold, may improve our understanding of
the direct effects of weather on nest microclimate versus body
size-related thermoregulatory costs.

Nest Size
Traditionally, large nests are thought to be adaptive in cooler
regions where they can confer a more stable microclimate than
smaller nests (Collias and Collias, 1984) and, thus, climate-driven
selection pressures on nest size are likely to be pronounced.
Variation in nest size is more extensively investigated at the
intraspecific level across large geographic ranges with distinct
environmental conditions or in relation to the length of breeding
seasons where large shifts in weather are observed across
months. For instance, the ring ouzel (Turdus torquatus) is widely
distributed in Eurasia, including across elevations, such as in
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the montane regions of West Carpathians, Slovakia (Janinga
and Višòovská, 2004). Variation in nest width and depth in
this species is correlated with differences in the climate (wider
and deeper nests are found in cooler climates), a result of
either latitude or elevation gradients (Janinga and Višòovská,
2004). The yellow warbler (Dendroica petechia) shows even more
pronounced building modifications, whose distribution extends
to subarctic climate where they build larger, thicker, taller cup
nests that are also less porous and more insulated than nests from
warmer regions (Rohwer and Law, 2010).

Although there is a good deal of correlational evidence for a
link between nest size and local climate, studies need to apply
scrutiny in assigning causal mechanisms and consider additional
factors that are potentially important in the interplay between
climate and nest size (or morphology in general). For example,
in the black-throated blue warblers (Setophaga caerulescens),
nest wall thickness increases with elevation where temperatures
are generally lower. Yet, there is no relationship between
wall thickness and ambient temperature during the breeding
season (Smith et al., 2018) and further studies are needed to
understand the real extent of temperature in driving differences
in nest size across elevation in the species. Likewise, the
bearded reedling (Panurus biarmicus) builds larger and thicker
cup nests when facing lower daily minimum temperatures,
but nest height and the shape of the base are influenced
mostly by the density of reeds, as these birds adapt their
nests to the structure of the supporting vegetation (Malzer
and Hansell, 2017). The cavity nester, thorn-tailed rayadito
(Aphrastura spinicauda) builds smaller nests in warmer months
as a consequence of using less insulating material (Botero-
Delgadillo et al., 2017). However, a smaller nest size is not
necessarily the result of selection for cooler nests in warmer
temperatures, as time constraints on breeding later in the season
might cause parents to accelerate the nest building process,
or nest material might simply become scarce, thereby affecting
nest morphology (Botero-Delgadillo et al., 2017). In a similar
example, the wood thrush (Hylocichla musteline), builds shorter,
shallower and thinner open cup nests as the season progresses
and temperatures increase (Powell and Rangen, 2000). However,
the increasing energetic constraints parents face as the season
advances could also cause a reduction in building effort over time.
Additionally, bigger nests might be more exposed to predators
later in the season when leaf-out occurs, suggesting variation in
nest construction may be driven by changing predation pressure
(Powell and Rangen, 2000).

Indeed, selection for larger nests could be constrained by
predation risk, since many predators are diurnal and use vision
to locate nests, and it is known that bigger nests, relative to
body size, are more susceptible to predation (Møller, 1990;
Martin and Li, 1992; Biancucci and Martin, 2010; Mouton and
Martin, 2019). In fact, the pressure to construct small and
inconspicuous nests may outweigh the pressure to produce
a suitable nest microclimate (Møller, 1990; Crossman et al.,
2011, but see Akresh et al., 2017; Kubelka et al., 2019). These
competing selection pressures can be particularly important
for exposed, open cup nesters (Matysiokov and Remes, 2018).
If competing pressures constrain the evolution of thermally

adapted structures, parents might compensate for the thermal
deficiencies of smaller nests by spending more time incubating
or covering the clutch with leaves to regulate the temperature
and relative humidity, although the latter strategy can also
be employed to camouflage the clutch (Collias and Collias,
1984; Kreisinger and Albrecht, 2008; Prokop and Trnka, 2011).
However, supposing that parents instead build thicker walls
and base, the resulting reduction in the area of the inner
cup could limit clutch or egg size (Suárez et al., 2005), and
parents would face a trade-off between predation avoidance and
offspring production. Although it is also possible that smaller
nests have denser walls or that nest size (cup space) is not
linked to clutch size (Antonov, 2004; Biancucci and Martin, 2010;
Akresh et al., 2017; Malzer and Hansell, 2017). Collating data
on nest dimensions and density for a wide range of species
from distinct climatic regions and predator regimes would be
key to further our understanding on this system by testing two
inter-related questions: could predation and thermal selection
pressures on open nests lead to lower offspring production?; and
would a decrease in size be compensated by material choice and
wall density?

The evidence presents a tight link between nest size and
thermal properties of the nest, but structural support might
be a very important pressure as well. An investigation with
cup nest from 36 Australian species revealed that as species
body size increases, nest surface area increases isometrically,
but nest wall thickness increases on a higher scale than would
be expected isometrically or if nests were built to prevent heat
loss (Heenan and Seymour, 2011). This result led the authors
to conclude that structural support was the most fundamental
selective pressure driving the evolution in nest size among
cup nesters (Heenan and Seymour, 2011). However, this study
did not look into the relationships between nest morphology
and the environment, and a later investigation using the same
species revealed that nest insulation is in fact highly correlated
with local climate (Heenan et al., 2015). Thicker nest base
and better insulating materials, such as wool and feathers,
are used by different species in cool climates and thinner
nest base and poorly insulating materials, such as sticks and
grasses, in warm climates. This trend is more pronounced when
accounting for humidity, where species from warm climates
facing high precipitation build nests that are poorly insulated
and consequently less absorptive (better draining). Authors
concluded that nest material, more than nest size, is the central
element varying with climate across Australian cup nesting
species (Heenan et al., 2015).

Unlike nest shape, nest size shows considerably high
variation both within and between species. The variety of
nest sizes seems to match the constraints of local and
temporal climate conditions, where larger structures are built
in cooler environments. From a macroevolutionary perspective,
size seems to correlate with climate where nests with denser
walls and thicker base are found in cooler and drier regions
(Heenan et al., 2015). However, a clear trend is not always
detected as many interplaying factors seem to drive nest shape
(Kern et al., 1993; Biancucci and Martin, 2010) and further
studies including phylogenetic comparisons a global sample
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of species are needed to reach a thorough understanding
of these findings.

Nest Lining and Composition
Nest lining can comprise a large part of the total nest mass and
is among the most flexible of nest traits (McGowan et al., 2004).
In particular, species that face changing weather conditions
throughout the months (e.g., those with long breeding seasons in
temperate regions), show large variation in the composition and
amount of nest lining (Mainwaring and Hartley, 2008; Akresh
et al., 2017). For example, in cavity nesters, the amount of animal
hair in collared flycatcher nests and the diversity of animal
hair in great tit and blue tit nests decreases as the breeding
season advances. This suggests that the insulating properties of
fur are no longer necessary as ambient temperatures increase
(Harnièárová and Adamík, 2016).

Seasonal change in the composition and amount of lining,
however, can be a by-product of material availability. The
preference for animal hair early in the season may reflect low
availability of plant and other nest materials (Harnièárová and
Adamík, 2016). In the blue tit, the mass of nest lining also declines
with the season as ambient temperatures increase. Authors
suggest that the decrease in lining is adaptative, rather than a
reflection of availability, because nest base mass remains constant
over the season (Mainwaring and Hartley, 2008). Similarly, in
long-tailed tits, a dome nesting species, seasonal decline in
nest lining mass could be attributed to changes in resource
availability. However, by supplying feathers to breeding pairs,
McGowan et al. (2004) confirmed that parents incorporate lining
material in a manner that matched insulating properties with
local temperature.

Besides variation in nest lining and materials within
individuals through the season, there is also regional variation
in the types of materials used in nest construction. Populations
from the same species that inhabit different regions choose
materials depending on regional availability (Clark, 1991; Suárez-
Rodríguez et al., 2013). Nest composition is the central factor
for nest microclimate in the mound nest of the Australian bush-
turkey. Males build mounds of leaf litter on the ground and the
balance between the amount of material, water and sufficient
mixing provides the appropriate temperature through microbial
heat generation. Mounds can self-generate heat for up to several
weeks and it is known that in higher latitudes the rate of
decomposition is lower than in lower latitudes. Curiously, this
is directly due to material composition, and male bush-turkeys
have to compensate for the low rate of decomposition of plant
species in higher latitudes by using more material (Seymour
and Bradford, 1992). The common amakihi (Hemignathus virens
virens) is distributed across a range of elevations in the islands
of Hawaii with distinct vegetation communities and climatic
conditions. The environmental breadth across this species
range led to high variation in nest morphology, which was
associated with successful breeding under varying environmental
conditions. The common amakihi adjusts insulation by changing
composition in elevated areas with cold, dry conditions compared
with low wetland areas with extremely hot, wet conditions
(van Riper, 1980; Kern and Van Riper, 1984). In addition,

nests in warmer areas are built higher in the canopy and
closer to the tree’s trunk, while in cooler areas, nests are
placed near the edge of the canopy, possibly to optimize
exposure to sunlight (Kern and Van Riper, 1984). Furthermore,
this example provides evidence that nest material as well
as placement have a combined role in conferring a suitable
microclimate (Horvath, 1964; Kern and Van Riper, 1984).
The tight link between habitat and nest building shows the
importance of habitat conservation and the availability of nest
materials and nesting locations. Such impacts should test a
species’ ability to adaptively respond by changing its nest
morphology to conform to the newly imposed conditions
(Martin, 2014).

In summary, similarly to nest size, there is considerable
variation in nest composition within and between species. In
support to the climate adaptation hypothesis, less insulating
material is used in lower latitudes and altitudes, but a stronger
pattern is observed with the advancement of breeding season
and a consequent increase in temperature (e.g., Mainwaring
and Hartley, 2008; Deeming et al., 2012). Yet, we still
observe high building variability specially across locations
(Supplementary Table 2) evidencing that alternative selective
pressures, such the availability of nest materials, represent
constraints to nest lining and composition. In particular, the
level of habitat conservation has a direct impact on material
availability and broad scale studies testing species’ ability to
adaptively respond to environmental degradation by changing
nest construction should reveal interesting patterns on how
species conform to unfamiliar and unexpected conditions and
if that hampers building adaptation to climate conditions
(Martin, 2014).

FUTURE DIRECTIONS

We highlight that many of the examples identified in this review
are correlative and, so, causal relationships have only been
inferred. Thus, it is important to exert caution when drawing
conclusions about factors underlying nest building flexibility,
as multiple factors can influence nest building behavior and
morphology. We have identified several of these, including
predation pressure, anti-parasite benefits, sexual selection, other
parental strategies, availability of nest material and time
constraints. In addition, a paucity of phylogenetic breadth in
investigations of nest building behavior also points to a wide
gap in our knowledge of the evolution of nest morphology.
In particular, although also correlative, broad phylogenetic
scales can provide an evolutionary perspective about the broad
and global correlates of climate and nest morphology. Here
we point to research directions that, to date, have received
insufficient or no attention, and if explored with experiments
or on a macroevolutionary scale, will be crucial in further
elucidating a comprehensive understanding of nest building
behavior evolution.

As we show during this review, humidity seems to strongly
influence nest construction behavior (Heenan et al., 2015),
although, most studies of nest microclimate primarily consider
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the effect of temperature (73%, Supplementary Table 1).
Recent advances in our understanding of thermal physiology
suggest that humidity may have consequences for chick
growth and parental body condition via increasing the costs
of thermoregulation; high humidity reduces the gradient
driving evaporation thereby reducing the rate of heat loss via
evaporative cooling, with potential to compromise energy and
water budgets (Gerson et al., 2014). This may be particularly
important in the tropics where high humidity coincides
with high temperatures, and evaporative cooling via panting
is the primary means by which passerines dissipate excess
body heat. Comparing the morphology and microclimates
of nests of tropical species with those from other climate
zones may provide greater insights into how weather as a
whole, rather than simply temperature, shapes the evolution of
nest morphology.

Another important factor that deserves careful consideration
when investigating climate-related selection pressures on nest
morphology is the embryo physiology. Altricial and precocial
species have different thermoregulatory capacities early in life
(DuRant et al., 2013b), which may pose distinct nest microclimate
demands. Precocial species possess an early capacity to maintain
body temperatures, as they are quite mature at hatching when
they may not depend on nest microclimate anymore. Much
of the energy in precocial chicks is, therefore, allocated to
thermoregulation and, as a consequence, these birds grow
at slower rates. Conversely, altricial nestlings grow at higher
rates, but depend on nest microclimate and parental care to
maintain optimal body temperatures (Tortosa and Villafuerte,
1999). In that way, nest insulation could be highly crucial for
altricial species until they reach an age where they present
effective endothermy. These two types of embryo development
are likely to have been important in driving the evolution
of nest morphology and positioning, because maintaining an
adequate environment for nestlings could lead to stronger
pressures in altricial species (DuRant et al., 2013b). This idea
has not been tested before, but many Paleognaths like emus
and other precocial species have minimal nests or lack any
type of nest structure. Alternatively, given the fast embryonic
development in precocial species, it is also possible that nest
microclimate is equally or more important to these species, or
that they possess high levels of embryonic resistance (Fu et al.,
2017). Phylogenetic comparative studies on nest morphology
are needed, including non-passerine species—which are mostly
precocial—because they will have the potential to reveal which
nest traits are essential for chick development. Comparing the
structure and microclimates of nests of species with different
developmental modes may provide insights into which traits of
nest morphology are important for incubation and which others
are important for chick development and protection.

CONCLUSION

We have shown that variation in climate conditions across
space (latitudinal and altitudinal gradients) and over timescales
(years and breeding season) are important drivers of nest

building behavior. We have provided multiple examples of
how variation in nest morphology can be explained as an
adaptive response to climatic variation, although many studies
are correlative. Nest shape, and to a lesser extent, nest size, lining
and composition are components of nest morphology that are
heritable and phylogenetically conserved (Møller, 2005; Heenan
et al., 2015; Price and Griffith, 2017; Fang et al., 2018; Medina,
2019). This conservatism would primarily indicate relative
resistance to selective pressures. However, high phylogenetic
signal may generally reflect that building behavior interacts
with evolutionary pressures of species local climate under a
large macroevolutionary scale (Heenan et al., 2015; Price and
Griffith, 2017; Medina, 2019). In particular, nest composition
has been pointed as the central component responding to
climatic selective drivers, as insulation is higher in low ambient
temperature and humidity (Skowron and Kern, 1980; Heenan
and Seymour, 2011; Heenan et al., 2015). Parallelly, at the
intraspecific level, nest shape is markedly less labile than the
remaining features of nest morphology revealing that it is
likely less subject to selection. As a consequence, we observe a
considerably higher number of studies investigating adaptations
in size, lining and composition within species, all traits that seem
correlated (92%, Supplementary Table 1). We have observed
that species generally tend to converge on similar solutions for
nest design under similar environmental conditions, although
a clear trend cannot be conclusively drawn (Supplementary
Tables 1, 2). Nests tend to be bigger and contain more material
in higher latitudes and elevations (61% of studies) but mostly
so early in breeding seasons (76% of studies; Supplementary
Tables 1, 2). These adaptations are most commonly driven by
low temperatures where bigger diameters, thicker walls, deeper
inner cups and more insulating materials confer protection
against heat loss, although the local ambient humidity is also
crucial in determining if nests will be thicker and more insulated
(Supplementary Tables 1, 2).

More studies of nest morphology, with broad global
representation and larger temporal scales, will provide greater
understanding of how, and to what extent, climatic variation
shapes nest morphology and provide insight into whether birds
can adaptively respond to rapid changes in contemporary climate
(Mainwaring, 2015). Our review provides strong evidence for
links between nest morphology and climatic variation, suggesting
that nest building behavior can respond to temporal changes
in contemporary climate. Indeed, a recent study showed that
Goshawks in Denmark have been responding to rising spring
temperatures over the past several decades (1977–2014) by
increasing nest size (Møller and Nielsen, 2015). However,
whether such shifts will be sufficient to track changing climate
remains in question and requires greater understanding of
whether adaptation will require evolutionary, genetic change in
nest construction behavior or can be achieved via plasticity in
existing behavior (Møller, 2005). Our review details high levels of
plasticity in nest building behavior associated with particular nest
traits (e.g., nest size and composition are more flexible than nest
shape) but more research is needed on the genetic basis of these
behaviors, if we are to improve our capacity to predict species’
responses to ongoing climate change.
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